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Abstract

Electrokinetic transport demonstrates a lot of new physical behaviors in nanofluidic systems
due to the high surface-to-volume ratios and interactions between the fluid and walls of nanofluidic
systems. The unique properties of electrokinetic transport in nanoscale offer possibilities for
applications in many fields, such as biological computing, sensing, and drug delivery. Fundamental
studies of electrokinetic transport phenomena in nanoscale have been investigated numerically and
experimentally. However, the precise manipulation of electrokinetic transport in nanoscale is still
a great challenge. Traditional nanofluidic devices are difficult to achieve practical applications due
to their low accuracy and sensitivity. Surface modification is a promising method to develop
nanofluidic devices with more functionalities. Up to date, the experimental study of electrokinetic

transport in modified nanochannels is still limited.

This thesis systematically studies the electrokinetic transport phenomena in surface-modified
polydimethylsiloxane (PDMS) nanochannels, as well as applications of chip-scale nanofluidic
devices with surface modifications. At the beginning of this thesis, electroosmotic flow (EOF) is
measured in pristine PDMS single nanochannels by the current-slope method. This nanochannel is
fabricated by using solvent-induced cracking method and used to form a nanofluidic chip. The
effects of ion size, ion valence, and pH of electrolyte solutions on the velocity of EOF in the
nanochannel are experimentally studied. These results will serve as control data for the following

studies of electrokinetic transport phenomena in modified nanochannels.

Then two fundamental research projects are conducted in nanochannels modified with DNA
and charged polyelectrolytes to study the effects of surface modifications on electrokinetic
transport phenomena. Electroosmotic flow is systematically investigated in DNA grafted hard
PDMS (h-PDMS) channels with the channel size ranging from 50 nm to 2.5 um by using the
current-slope method. The effects of the DNA types, the incubation time, the pH value, the ionic
concentration of electrolyte solutions, and the UV (ultraviolet) illumination on the EOF velocity
are experimentally studied. The comparisons between the EOF in pristine nanochannels and DNA
grafted nanochannels indicate that the surface modification of nanochannel can significantly affect
the electrokinetic transport. Furthermore, the transport of fluid can be regulated by UV illumination
in DNA grafted nanochannels. The size and surface charge of nanochannels after the layer-by-layer
(LBL) deposition of polyelectrolytes are experimentally measured. The results reveal that the

increment of the coated multilayer thickness will be limited in small nanochannels. A minimum
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size of nanochannel exists when the nanochannel is modified by using LBL deposition of
polyelectrolytes. This minimum size depends on the salt additive in the polyelectrolyte solutions.
In addition, the surface charge of the modified nanochannels is determined by the outmost coated
layer. The EOF can be alternatively reversed in the modified nanochannels by repeatedly coating
oppositely charged polyelectrolytes.

Based on the results from the fundamental studies, a nanofluidic diode is developed by
modifying the surface charge and size of a nanochannel with charged polyelectrolytes. The surface
charge-governed electrokinetic transport of mobile ions results in diode-like behaviors of ionic
current in the modified nanochannel. The working principle of the nanofluidic diode is explained
and experimentally verified. The effects of the operation parameters, including ionic concentration,
nanochannel length, and frequency, are systematically investigated. Two applications of the
nanofluidic diode are presented in this thesis: improved resistive pulse sensing (RPS) system and
iontronic circuits. A nanofluidic diode is fabricated and integrated into a RPS system serving as the
sensing gate. A mathematic model for the modified RPS system is developed to evaluate the RPS
signals. Nanoparticles with a diameter of 5 nm are also experimentally detected in the modified
nanochannel-based RPS system. The experimental results are in good agreement with the numerical
simulation results. By comparing the RPS signals in the modified nanochannel with that in the
pristine nanochannel, it is found that RPS signals can be enhanced by approximately 50% when a
nanofluidic diode is used as the sensing nanochannel. By integrating multiple nanofluidic diodes
into a PDMS chip, iontronic circuits are developed. The performances of the iontronic circuits
working as bipolar junction transistor and full-wave rectifier are examined and demonstrated.
Signal manipulation and current rectification with high accuracy can be achieved by these iontronic

circuits.

This thesis develops simple methods to modulate electrokinetic transport in nanochannels by
surface modifications. The fundamental research in this thesis expands the understanding of
electrokinetic transport phenomena in nanochannels with various surface modifications. The
iontronic devices fabricated by using modified nanochannels provide new possibilities in the
development of nanofluidic systems with more functionalities, toward improved biological

computing and sensing.



Acknowledgements

First and foremost, I would like to thank my supervisor, Prof. Dongging Li for his solid support
and patient advice. His enthusiasm and foresight in academic research led me and inspired me a lot.
Under his guidance, | had a great life in my Ph.D. program. It is my fortune and great honor to
work in his lab. I also would like to thank my committee members, Prof. Pouya Rezai, Prof. Bo

Cui, Prof, Mustafa Yavuz, and Prof. Perry Chou for their valuable comments and suggestions.

Many thanks to my friends and lab partners. During the four years at the University of
Waterloo, Mr. Ran Peng, Mr. Menggqi Li, Mr. Kai Zhao, Mr. Chengfa Wang, and Mr. Kaihsiang
Lin always support and help me. With their company, life and work become enjoyable in Waterloo.

I would like to thank my parents and my sister for their love. Their support and encouragement

are important motivations in my life. I am lucky to have a supportive family.

Finally, 1 would like to thank my wife, Xiao Li. Thanks for your support and encouragement.

You are the light in my life.

Vi



Table of Contents

EXAMINING COMMITTEE MEMBERSHIP ........ccoiiiiiii e ii
AUTHOR'S DECLARATION ...ttt sttt sttt e staessaeataestaesnaeenneenneas iii
N 011 1 - ot USSR iv
ACKNOWIEAGEMENTS. ...ttt nees Vi
LLEST OF FIQUIES. ..ttt b ettt b et enne e e Xi
I TS Ao I o =T OSSR XVii
LiSt Of ADDIeVIAtioNS........cciiiice e e Xviii
LEST OF SYMBDOIS ...ttt XiX
LiSt OF PUDIICATIONS. .......viiiiiic ittt e et e e enae e e XX
Chapter 1 INTrOAUCTION .......eiiiiiiie ittt 1
1.1 ProbIem SEAtEMENT ... ...ccviii e e et e 1
1.2 RESEAICH ODJECLIVES ...eeiiiiec ettt st e e s e e 2
I T I 4TS S V01 | USSP 3
Chapter 2 Literature REVIEW .........coiuiiiiie ettt et e e e snaa e 6
2.1 Electrokinetic transport PhENOMENA ..........cciiiiiiiei e 6
2.1.1 Electric double layer theory.........ccccoiiii it 6
2.1.2 EICtrooSMOLIC FIOW .......ooiuiiiiieiie e 8
2.1.3 Electroosmotic flow in surface modified nanochannels..............cccoooeiiiniiiiiiiiciinns 10
N T (0] o] g0 1] 1TSS 11

2.2 Surface modification tECANIGUES .........ccoiiiiiiiii e 12
2.2.1 Modification by eXpPOSUe 0 ENEIGY .....cccveiiiuiieiire e e et e etee s e s e et e e sre e e saae e 12
2.2.2 Modification with nONIoNIiC SUMACtANTS. .........cooviiieiii e 14
2.2.3 Modification with charged POIYMErS ..........cociiiiiiiiiie e 15
2.2.4 Modification with stimuli-responsive PolYMErs..........ccccceeiiiiie e 18
2.2.5 SUMIMAIY ...ttt e e e s e e e e e e e e s s s et e e e e eaeessasstaneeaeaeeeessnnnsnneees 20
Chapter 3 Fundamental Research I: Electroosmotic Flow in H-PDMS Nanochannels....... 22
K J0 A oo [0t o o USSR 22
3.2 EXPErimental SECLION .........ooiiiieiiiee ettt st e 24
3.2.1 Fabrication of a single nanochannel Chip ..o 24

Vil



3.2.2 Measurement of EOF velocity by the current-slope method..............ccccoiiiiiiiiininns 26

3.3 RESUILS AN ISCUSSION .....vveeiiiee ittt sttt e e e et e et e e e e e e e e snaeeeneeas 29
3.3.1 10N SIZE BFFECES ...vvie ettt 29
3.3.2 10N VAlENCE BFFECES ...ovivi e 32
3.3.3 PH ValUE BFFECES ... 35

K2R o [od 1D LY [ 4 SRS 37

Chapter 4 Fundamental Research Il: Electroosmotic Flow in DNA Modified H-PDMS
NANOCNANNEIS ... e et e e e e srbe e e srbeeensaeeaseeeanseeenns 39

I 1o oo 0 Tod T o ST 39

4.2 Materials and MEtNOUS .........ooivriiiiee it e e nnaeeeees 40
4.2.1 Chemicals and OligoONUCIEOTITES .........c.eeiiiiiiiiieiie s 40
4.2.2 Fluidic chip fabriCAtION ........oiiiiiiiiie i 41
4.2.3 Surface MOdIfiCAtION.........c.viiiiee it e 41
4.2.4 Measurement 0f EOF VEIOCITY .........c.ooiiiiiiiiiiici s 42

4.3 RESUIES AN ISCUSSTON ...ttt ettt 44
4.3.1 Surface modification characterization by AFM..........ccccooiviiiiii i, 44
4.3.2 Effects of iNCUDAION TIME ........ooiiiiiiiiiii e 44
4.3.3 Effects of the surface COAting tYPES ......cevvvieiiii i 47
.34 PH BFFECLS ..vii e 48
4.3.5 UV illumination EffECES.........ccuiiiiiiii i 49
4.3.6 CONCENLrAtioN BFFECES .....vieiviiiii it 51

4.4 CONCIUSIONS. ...ttt ettt b et e bt e bt e enb e e beenneennneens 53

Chapter 5 Fundamental Research I11: Regulation of Nanochannel Size and EOF in
Charged Polyelectrolyte Modified Nanochannels .............ccccooiiiiiieiiii e 54

TN A Yoo (Ut o o PSR PR U P PP 54

5.2 EXPErimental SECHION .........cciiiii ittt et e et e e s ae e e nraeeneeas 56
5. 2.1 IMIALEIIAIS. ..ttt ettt b et neeenreen 56
5.2.2 Nanofluidic chip fabrication.............ccccoiiiiiii e 56
5.2.3 Surface MOdifiCatION ........cuiiiiiiieiie e 58
5.2.4 CharaCleriZatiON .........cocuveiie ittt ee e et esneeerneenteeeneeeneeens 58
5.2.5 Measurement 0f EOF VEIOCITY .........coouviiiiii it 59

5.3 RESUILS N QISCUSSION .....eeeeieiee sttt e e e et e e s e e eneeas 60
5.3.1 Growth of polymer layers on flat h-PDMS SUIfaCes..........ccooovviiiiiiie e 60

viii



5.3.2 Growth of polymer layers in nanochannels. ... 62

5.3.3 Electroosmotic flow in nanochannels coated with polyelectrolyte multilayers............ 69

5.4 CONCIUSTONS ...ttt b e bttt e s 70
Chapter 6 Fabrication Method: Surface Charged Governed Nanofluidic Diodes based on

SiNGle NaNOCNANNEIS ......viiiiii e 72
Lo TR0 1o 0o [ o4 o R OTR 72
6.2 Materials and MEtNOGAS .........ccuviiiie i e e e e saaeeneees 74

B.2.1 CREMICAIS ... viie ittt e et e et e et e et eennaeeenes 74
6.2.2 Fabrication of nanofluidic chips for nanofluidic diodes ...........c.ccceeveiiiiiiiiciiiiens 75
6.2.3 Surface modification of ion channel for nanofluidic diode............cccoooeiiiiiiiniiinns 75
6.2.4 Experimental Measurement SYSLEIM.........c.uoiiiiiriiieiie e 77
6.3 RESUILS AN dISCUSSION .....vvveiiiee ittt e e s e e et e et e et e e s e e e snaaeeneees 78
6.3.1 Working principle of the nanofluidic diode .............ccceviiiiiiiiiii e 78
6.3.2 Effects of frequency of the applied electric field............ccooeiiiiiii, 81
6.3.3 Effects of the i0niC CONCENTIALION .........cciiiiiiiiieeese e 83
6.3.4 Effects of nanochannel 1ength ............c.c.oooviiiii i 85
6.3.5 Effects of electric field Strength............cooviiiiii i 87
6.4 CONCIUSIONS ...ttt b ettt b e bbbt e b e e be e b enes 88

Chapter 7 Application I: A Method to Improve RPS Detection based on Surface Charge

Governed 10N ChanNel ... 90
% R Yoo (0ot o o PP PPR PP PP 90
7.2 Materials and MEtNOG ..........oiuiiiieiiiii e 92

7.2.1 ChemiCal FBAQENTS. .......vei et e et e e e be e e sareeennaee e e 92
7.2.2 Experimental system and fabrication of nano-RPS chips ...........ccccvvieiiiiiiiic e, 93
7.2.3 Surface modification of sensing NANOChaNNEIS.............ccccveeiiii i, 94
7.3 Mathematical MOTEN ............ooiiiiieiie e 96
T3 L EIBCHIC FHEA ...t 97
7.3.2 1onic concentration FIEld ..........cooiiiiiiie i 98
T 3B FIOW FIEIU ..ottt 98
7.4 RESUILS NG GISCUSSION .....uvieiiiiiiieiie sttt ettt ettt e et esreeeneeenneesneeaneeens 102
7.4.1 Surface charge effects on the ioNIC CUMTENt ...........ccooveiiiiiiiiec e, 102
7.4.2 Surface charge effects on RPS deteCtion............cccooviiviiiiii e 105
7.4.3 Effects of nanochannel length on the ionic current and RPS signals......................... 107

iX



7.4.4 Experimental characterization of the surface charge pattern effects on RPS detection

........................................................................................................................................ 109

7.5 CONCIUSIONS......eeeiiiee ettt ettt st e e e e s s e e st e e et e e snteeenseeeansaeeanteeennseeennes 113
Chapter 8. Application I1: Integrated lontronic Circuits based on Single Nanochannels. 114
8.1 INEFOTUCTION ......eiiiiee sttt e et e et e e srte e et e e antaeeanteeennaeeenees 114
8.2 EXPEIIMENTAL SECLION .....veiiieiiiiiii ettt 116
8.2.1 Chemical reagents and INSTIUMENTS .........c.oovieiiriiiiiieree e 116
8.2.2 Fabrication of nanofluidic chips and surface modification ..............ccccecvevviriiennnn. 116
8.2.3 Experimental data aCqUISITION ........c.coiuiiiiiiiieiie e 120

8.3 RESUILS N ISCUSSION .....vvveiiiie ittt ettt e s e e st e e s e et e e snteeennaeeenees 121
8.3.1 Characterization of the performance of ionic diodes in the chip........c.cccoocvvviiienn. 121
8.3.2 lonic bipolar JuNCioN tranSISTOrS ........c.eeiviiiieiie e 122
8.3.3 Demonstration of full-wave ionic rectifier..........c.ccooveviii e, 126

SRR o 0 [o] [V T[] USROS 133
Chapter 9 Conclusions and FUtUre WOrK ... 134
9.1 Summary of CONIIBULIONS........cciiiiiiee e 134
0.2 FULUIE WOTK ...ttt ettt ettt et ne e nbeens 136
9.2.1 Fabrication of smart nanochannels with stimuli-responsive polymers...................... 136

9.2.2 Characterization of electrokinetic transport phenomena in the nanochannels modified

With stimuli-reSponsive POIYMELS.........ciiiiiiiii e 137
9.2.3 Applications of the modified nanochannels .............ccccooviiiii e, 138
RETEIEINCES ...ttt et e st e e bt e bt e ne et e e neennee s 139
Y o] 01T o [Tt PSPPSR 166
APPENAIX Attt e e e e e st e e e e e e e be e e nreeerraeaareeeans 166
APPENAIX B e a et a e aree e 170



List of Figures

Figure 1-1. TRESIS JAYOUL......eiiiiiiiiiie ittt b et e st e e st et e s nn e e e nr e e snneeennneeennns 4

Figure 2-1. Schematic of electric double layer (left) and electrical potential distribution near a solid surface (right).

Figure 2-2. Schematic of electroosmotic flow in (a) microchannel and (b) nanochannel with overlapped EDLs.10

Figure 2-3. Scheme of LBL deposition process on a charge surface[110,112]. (a) Electrostatic interactions; (b)
hydrogen-bonding IMEEIACTIONS. .. ...vviiiiiieitie ettt ettt et e e e bn e e e e anb e e e nnneeennes 17

Figure 2-4. Schematic of morphological changes of stimuli-responsive polymer grafted surfaces. (a) Binary
brushes grafted surface. (b) Thermo-responsive polymer grafted surface[124]...........ccccovviiiiiiniiieniieen 19

Figure 2-5.Schematic of a spiropyran monolayer on a surface in the closed (left side) and open (right side)
Ry 17<] [ D PO P PRSP POPRRP PPN 20

Figure 3-1. Schematic and examples of the nanofluidic chip. (a) Schematic of the EOF measurement chip bonding
process; (b) 3D AFM image of a h-PDMS nanochannel replicated from the photoresist nanochannel mold; (¢)
Cross-section of the nanochannel with a depth 107 + 7 nm and a width 260 + 11 nm as measured by AFM.

Figure 3-2. Examples of the current-time curves measured in a channel with the cross-section of 2.5 pm X 2.5 pm
under the 50 V/cm applied electric field. (a) The curve of current change measured by replacing 1x107° M
LiCl solution with 1 x 103 M LiCl solution. (b) The curve of current change measured by replacing 1x107
M LiCl solution with 2X10™ M LiCl SOIUHON. .......c.cvriiireretereeieeeeessetete et eses st s st 27

Figure 3-3. Schematic diagram of the EOF velocity measurement system

Figure 3-4. (a) Experimental results of ion size effects on EOF velocity in h-PDMS channels. The EOF velocities
of three monovalent electrolyte solutions are measured in the channels with size ranging from 85 nm to 2.5
um. The ionic concentrations of the solutions are 1x10~° M M and the applied electrical field strength is
50 V/cm. (b) Zoomed-in version of ion size effects on EOF velocity in small h-PDMS nanochannels. .....30

Figure 3-5. (a) Model for the potential distribution of EDL on a negatively charged surface with large hydrated
counterions; (b) Model for the potential distribution of EDL on a negatively charged surface with small
NYATated COUNTETIONS. .. .vtiiiiitiiiee ittt ettt ettt ettt ettt e e skt e e e bbbt e e e aabb e e e e e sbb e e e e anbb e e e e annbreeeaannnes 32

Figure 3-6. Experimental results of ion valence effects on EOF velocity in h-PDMS channels. The EOF velocities
of three electrolyte solutions with different valence are measured in the channels with size ranging from 85nm
to 2.5 um. The ionic concentrations of the solutions are 1x10> M , and the pH is 7. The applied electric field
SIIENEH 18 5O V/CIML ...t 34



Figure 3-7. (a) Model for the potential distribution of EDL with bivalent counterions. (b) Model for the potential
distribution of EDL with monovalent COUNTETIONS. ..........cueiiriiiiiieiieie e 35

Figure 3-8. Experimental results of pH value effects on the EOF velocity in h-PDMS channels with depth ranging
from 85 nm to 2.5 um. The EOF velocities of 1x10° M KCI solutions are measured by using the current
monitoring method under an applied electric field 0f 50 V/cm. ......ooovviiiiiiiiiiiiii e 36

Figure 3-9. (a) Model for potential distribution of EDL at low pH; (b) Model for potential distribution of EDL at
374115 = R T O T T T T TP PP PP PPRPPR 37

Figure 4-1. A picture of a h-PDMS nanofluidic chip for EOF velocity measurement captured by an optical
100N (G (01 010] o TS OO O O T TP PP PPPP PPN 41

Figure 4-2. Schematic representation of the formation of grafted DNA layer on h-PDMS channel inner surfaces.

Figure 4-3. Schematic diagram of the EOF velocity measurement SYSteIM. ........c..covveeriureeriieeeniieniiieesieeenneeans 43

Figure 4-4. AFM images and surface profile of h-PDMS surfaces. (a) and (b) are the height image and surface
profile of the unmodified h-PDMS surface, respectively; (c) and (d) are the height image and surface profile
of DNA 15T modified h-PDMS surface with the incubation time of 3h, respectively; (¢) and (f) are the height
image and surface profile of DNA 15T modified h-PDMS surface with the incubation time of 24 h,
LS 0151018 A< | PP OTT P PPPPTPPPPPT 45

Figure 4-5. Measured EOF velocity as a function of the incubation time in ssDNA 15T modified nanochannels
with size ranging from 50 nm to 2.5 pum. The applied electrical field strength is 20 V/cm. The solution used
in the measurement is 1X107° M KCLat PH7.....ccocvoveiiieiieiesiceceeteee ettt st 46

Figure 4-6. Experimental results of EOF velocity in nanochannels with different end-grafted layers. The applied
electrical field strength is 20 V/cm. The solution used in the measurement is 1x10> M KCI solution at pH=7.

Figure 5-1. (a) The AFM images and (b) the profiles of the nanochannels with a depth of 54 + 1 nm and a width
B R 11 o PP TP PTPR TR 56

Figure 5-2. (a) The schematic of the nanofluidic chip bonding process. (b) An image of the nanofluidic chip

captured by an OPHICAl MICTOSCOPE. ...eeiiuvrrieiiititie ittt e ettt ettt e ettt e et e e e e ssba e e e e abb e e e abbe e e e e snneeeas 57
Figure 5-3. Schematic representation of the formation of PB-DS multilayers in a nanochannel........................ 58

Figure 5-4. (a) Schematic diagram of the EOF velocity measurement system and (b) an example of the measured
current-time Curve DY this SYSIEIML .....uuviiiiiiiiiiiiie e e e 60

Figure 5-5. (a) Schematic diagram of the surface coating process; (b) AFM image and (c) surface profile of h-

Xii



PDMS surfaces modified with two pairs of PB-DS 1ayers. ........ccccooiiiiiiiiiiiiciee e 61

Figure 5-6. The change of nanochannel size as a function of the number of layers coated on the nanochannel
surfaces. The point at layer number 0 is the original channel Size. ...........cccveiiiiiiiiiiiii e, 64

Figure 5-7. The change of nanochannel size as a function of the layer number deposited on the nanochannel
SUTTACES. 11ttt e e sttt sttt ettt ettt ettt e ettt e e ekt b e e e e o h b bt e e e oAkttt e e ek b bt e e e eR R bt e e e e R be e e e e aRRa e e e e e bbe e e e e nbbeeeeanbbeee s 65

Figure 5-8. Examples of AFM images of PB/DS modified nanochannels. (a) and (b) are the AFM images of the
nanochannel coated with 14 layers of PB/DS in salt-free solution, respectively; (c) and (d) are the AFM images
of the nanochannel coated with 8 layers of PB/DS in the solution added with 0.5 M NaCl, respectively. ...67

Figure 5-9. The change of nanochannel size as a function of the layer number deposited with different salt types.

Figure 5-10. EOF velocity of 1 X 1073 M KCI solution at various layer numbers (The applied electric field
TNEENSILY 1S 50 V/CIM).c. ittt ittt ettt e kbt e bt e e sb b e e s st e e e bb e e sabeeesnbeeenneas 70

Figure 6-1. (a) A schematic diagram of a nanofluidic chip bonding process. (b) An image of the nanofluidic chip
captured by an optical microscope. (¢) 3D AFM image and (d) profile of a nanochannel with a depth of 54 +

1 nmand a Width 0f 117 2 O MM .cciiiiiiiiii e e e e e 76
Figure 6-2. Schematic diagrams of the surface modification process of the nanofluidic diode. .............cceeeneee. 77
Figure 6-3. Schematic of the configuration of the electric measurement SYSteMm. ...........ceeerivrreeriiiiireeiiiieeennen 78

Figure 6-4. Schematic of ion depletion under a reverse electric filed (a) and ion accumulation under a forward
electric field (b). Images of fluorescent intensity gradient of a negatively charged dye (FITC) solution in the
nanofluidic diode under a reverse electric field (c) and a forward electric field (d), which are captured by an
o) o1 Tez:] B 1 s VL& (LT el o) oL PO P PPPPPPPRPPTN 80

Figure 6-5. An example of current-voltage curves measured from nanofluidic diode with trace and retrace voltage
SWEEP, TESPECLIVELY. 1ottt ittt ettt ettt e e st e e e et e e e r e e e e nbr e e e e annne s 81

Figure 6-6. (a) The measured current-voltage curves from nanofluidic diodes at different sweep speeds of applied
voltage and (b) the corresponding rectification ratios under the applied voltage of +4 V........ccccovvieeennnn 82

Figure 6-7. (a) The measured current-voltage curves from nanofluidic diodes and (b) corresponding rectification
ratios at different KCl CONCENITATIONS. .......iuvviiiriieiriie it 85

Figure 6-8. The dependence of rectification ratio at the applied voltage of +4 V measured from nanofluidic diodes
on the channel lengths and KCI concentrations (Sweep speed: 300 mV/S). .....oevvvverieiiniieiiineeniee e 86

Figure 6-9. The dependence of the rectification ratio on the applied electric field strength measured from a
nanofluidic diode with a 5 pm nanochannel. ... 87

Xiii



Figure 7-1. (a) A schematic diagram of nano-RPS system. (b) The AFM image and (¢) An image of the nanofluidic
chip captured by an optical microscope. (d) profile of a nanochannel with a depth of 54 + 1 nm and a width
1o 0 0 I I 4V o WO 94

Figure 7-2. Schematic diagrams of modified nanochannels. (a) Negative nanochannel with a coated DS layer as
the outmost layer. (b) Positive nanochannel with a coated PB layer as the outmost layer. (c) Bipolar
nanochannel with positive surface charge at the entrance region of one end of the nanochannel. ............... 96

Figure 7-3. The schematic diagram of the nanofluidic chip used in the model and numerical simulation. .......... 97

Figure 7-4. Numerical simulation of the current-potential curve for three different types of nanochannels. The bulk
concentration of KCI solution is 10 mM. The nanochannel dimensional size is 500 X 25 X 20 nm
[ T g & ) TR TP OPPPR 103

Figure 7-5. (a) A schematic diagram of the surface charge pattern and applied electric potentials. (b)Distribution
of K (top)and Cl~ (bottom) in the bipolar nanochannel with a forward-biased electric potential. (c)
Distribution of K" (top)and Cl™ (bottom) in the bipolar nanochannel with a reverse-biased electric potential
(Bulk concentration: 10 mM. The color gradient illustrates the concentration gradient of ions. The black dash
line shows the interface of the positive and negative walls of the nanochannel). (d) Potential profile along the
nanochannel centerline with the applied electric potential ranging from —3 V to 3 V (Bulk concentration: 10
1010 T PP P P PRRPPIP 104

Figure 7-6. The concentration gradient of total ions (K" and C1") in the nanochannel without particle (a) and with
a particle passing through the junction (b) under a forward electric potential (¢p; = 3V; ¢, = 0; bulk
coNCENtIation 10 MIM). 1..uuuuiiiiiii ittt e e e e s s st e e e e e e s s s n bbb e et e e e e e e e e n bbb r e e e eaeeaeanans 105

Figure 7-7. The simulated amplitudes of the ionic current change when a 5 nm nanoparticle passes through three
types of modified nanochannels (nanochannel length: 500 nm). .........cccceviiiiiiiiiiii e 106

Figure 7-8. Numerical simulation results of the current-potential curves for the bipolar nanochannels with different
nanochannel lengths. (Bulk concentration: 10 MM)..........ccuiiiiiiiiiiiiiiiiice e 108

Figure 7-9. (a) The magnitude of ionic current change as a function of the nanochannel length. (b) The ratio of
ionic current change in bipolar nanochannel to homogeneously modified channels at the applied potential of
1.5 V and different channel Iengths. ..........coooiiiiiiiiiiii e 109

Figure 7-10. The experimentally measured current-potential curve of KCl solution with a bulk concentration of 10
MM in a bipolar NANOCRANNEL. .........cuuiiiiiiii e e e e 110

Figure 7-11. Examples of measured RPS signals and histograms generated by the 5 nm gold nanoparticles in (a)
and (b) positive channels (PB layer as the outmost coated layer); (c¢) and (d) negative channels (DS layer as
the outmost coated layer); (e) and (f) bipolar channels (one end is coated with PB layer and the rest of channel
is coated with DS layer), 1€SPECtIVELY.........oviiiiiiiiiiii e 112

Xiv



Figure 8-1. (a) Schematic of the bonding process of the nanofluidic chip. (b) 3D AFM images and corresponding
height profiles of the nanochannel (left) with a depth of 50.6 + 2.2 nm and a width of 110 + 5.2 nm and (c)
the nanochannel (right) with a depth of 53.2 + 2.1 nm and a width of 125 + 8.7 nm.........cccocvvriiiennnns 118

Figure 8-2. Schematic of the surface modification procedures of the nanofluidic chip. .........cccccoveviviiriiennnn. 120

Figure 8-3. (a) A schematic of the working principle of ionic diode. (b) An example of current-voltage curve

measured from an ionic diode with a channel length of 30 LM, .......coooviiiiiiiii e 122

Figure 8-4. (a) Schematic diagram of the nanofluidic chip working as a BJT and the corresponding circuit
connection. The nanochannel connects microchannels A and B, B and C. (b) Experimental results of the ionic
current change when the BJT is serving as an ionic SWitCh. ...........ccooviiiiiiiiic i 124

Figure 8-5. (a) Schematic of the BJT circuit connection. (b) Experimental I-V curve with different input current
values. (c) Output ionic current values and (d) corresponding amplification gains of the transistor at various

TNPUL CUITENE VAIUES. 1. vveiiiiie ittt ettt ettt a bt e bt et e e s a bt e e sbb e e e ebb e e e e e e anbeeennneeenees 126

Figure 8-6. (a) A picture of the nanofluidic chip and the zoom-in view of the four ionic diodes of D;, D>, D3, and
D, captured by an optical microscope. (b) I-V curves of D1, D2, D3, and D4 under a sweep voltage of 250 mV/s.
(¢) Rectification ratios of ionic diodes (D1, D2, D3, and D4) at the bias voltage of £5 V. ...ccccvvivivineennnn, 128

Figure 8-7. (a) A schematic of the nanofluidic chip working as an ionic rectifier and the corresponding circuit
connection. (b) Full-wave rectified current signals of the Sine-wave input voltage and (c) the square-wave
input voltage with an amplitude of 3 V (Red dash lines: input voltage; blue solid lines: output current)...130

Figure 8-8. (a) Experimentally measured output current with an input square-wave voltage of 0.07 Hz. Examples
of the current change when the input polarity switches to negative (b) and positive (c), respectively, at the
working frequency of 0.07 Hz. (d) Experimentally measured output current at the working frequency of 0.1
Hz. (e) Experimentally measured output current at the working frequency of 0.1 Hz............ccccceeiiinis 132

Figure A-1. Schematic diagram of the diffusion limited pattering ProCess. ...........ueurrrreeiiiiieeniiiieee e e 166

Figure A-2. (a) schematic diagram of the ion distribution in modified nanochannels under a forward electric field.
(b) The fluorescent intensity MEASUTEMENt SYSEIML. .......eiuvrrieiiurreesitiiieeariieeesaitreeesrbreeessbreeeessnrneeeeeneees 167

Figure A-3. An example of the fluorescent intensity profile of the PB modified nanochannel at the diffusion time
0 S TP PT RPN 168

Figure A-4. (a) images of the FITC solution in modified nanochannels with different diffusion times. The PB
coated section is marked by the red rectangle. (b) The coated length as a function of diffusion time in the
nanochannel with depth of 54 nm. (c) The coated length as a function of diffusion time in the nanochannel
With depth Of 100 NML....ceiiiiiii e e et s e s e e nnneean 169

Figure B-1. lonic current change amplitudes in modified nanochannels at the bulk concentration of 10 mM and

XV



100 mM (Nanochannel length 500 ). .........coiiiiiiiiiiei e 170

Figure B-2. The dependence of the ionic current rectification ratio on the applied electric field strength measured

from a modified nanochannel with a 5 um nanochannel.............ccccocciiiiiiiiiiiii 172
Figure B-3. The measured current-voltage curves from bipolar modified nanochannels. ...........c.cccveeriiennnn. 173
Figure B-4. An example of RPS signals of Snm nanoparticles measured in unmodified nanochannel. ............. 174

XVi



List of Tables

Table 5-1. The average thickness of polyelectrolyte multilayers on h-PDMS surface. ............ccuvee.. 62
Table 6-1. A comparison of recent reported nanofluidic diodes. .........ccoocvveriiieiiiiiniie e 84
Table 7-1. The parameter values used in the SIMUIAtIONS. .........eeveiiiiiiieiiiiiie e 101

XVii



List of Abbreviations

AFM Atomic force microscope
ATRP Atom transfer radical addition polymerization
BJT Bipolar-junction transistor
CE Capillary electrophoresis
CNT Carbon nanotube
DS Dextran sulfate
EDL Electric double layer
EOF Electroosmotic flow
EP Electrophoresis
LBL Layer-by-layer
LCST lower critical solution temperature
MD Molecular dynamics
PAA Poly(acrylic acid)
PAH Poly(allylamine) hydrochloride
PB Polybrene
PDMS Polydimethylsiloxane
PDDA Poly-(diallyldimethylammonium chloride)
PEG Poly(ethylene glycol)
PEI Poly(ethyleneimine)
PEM Polyelectrolyte multilayers
PLA Poly(lactic acid)
PLGA Poly(L-glutamic acid)
PLL Poly(L-lysine)
PNIPAm Poly(N-isopropylacrylamide)
PPO Poly(propylene oxide)
RPS Resistive pulse sensing
UCST Upper critical solution temperature
uv Ultraviolet
Uvo Ultraviolet and Ozone
XPS X-ray photoelectron spectroscopy

Xviii




List of Symbols

a Radius of a spherical particle
vy Electric potential
Cp Bulk ionic concentration
do Depth of the original nanochannel
dm Depth of polyelectrolytes modified nanochannel
D Electrical displacement
D; Diftusion coefficient of ion i
& Electric permittivity of vacuum
E Electric field strength
& Dielectric constant
e Unit charge
F Faraday constant
H Nanochannel depth
I Electric current
L Nanochannel length
ky Boltzmann constant
n Normal vector directed from the surface to the fluid
Nico Number density of ions
. Average decrease in the nanochannel depth
R Universal gas constant
T Temperature
Vv Average velocity of the electroosmotic flow
Veor Velocity of the electroosmotic flow
VEp Electrophoretic velocity
w Nanochannel width
Z; Valence
p Liquid density
u Dynamic viscosity
ow Surface charge density on the walls of nanochannel
Iy Surface charge density of nanoparticle
Nup Upstream noise
Ndown Downstream noise

XiX




List of Publications

(1) J.Li, R. Peng, D. Li, Effects of ion size, ion valence and pH of electrolyte solutions on EOF velacity in

single nanochannels, Anal. Chim. Acta. 1059 (2019) 68—79. (Impact factor: 5.977)

(2) J. Li, D. Li, Electroosmotic flow velocity in DNA modified nanochannels, J. Colloid Interface Sci. 553

(2019) 31-39. (Impact factor: 7.489)

(3) Y. Song, C. Wang, J. Li, D. Li, Vortex generation in electroosmotic flow in a straight polydimethylsiloxane
microchannel with different polybrene modified-to-unmodified section length ratios, Microfluid.

Nanofluidics. 23 (2019) 1-11. (Impact factor: 2.489)

(4) J. Li, D. Li, Polyelectrolyte adsorption in single small nanochannel by layer-by-layer method, J. Colloid

Interface Sci. 561 (2020) 1-10. (Impact factor: 7.489)

(5) J.Li, D. Li, A surface charge governed nanofluidic diode based on a single polydimethylsiloxane (PDMS)

nanochannel, J. Colloid Interface Sci. 596 (2021) 54-63. (Impact factor: 7.489)

(6) J.Li, D. Li, A method to improve the resistive pulse sensing by modifying surface charge of nanochannels,

Sensors Actuators, B Chem. 337 (2021) 129773. (Impact factor: 7.100)

XX



Chapter 1 Introduction

1.1 Problem statement

The electrokinetic transport demonstrates unique performances in nanofluidic systems with at least one-
dimension size smaller than 100 nm due to the high surface-to-volume ratio. Recently, in nanofluidic, numerous
applications have been suggested for the electrokinetic transport phenomena in the fields of biology[1], chemical
analysis[2,3], and mechanical engineering[4]. For instance, the coherent and oscillatory signals in electric current
can be observed when ions transport through a nanochannel. As the size of the hanochannel becomes smaller than
10 nm, stochastic oscillations can be observed in electroosmotic current. This phenomenon that ionic transport can
generate waveform signals in small nanochannels supplies applications of sensors and nanoreactors[5]. Besides,
the overlapped EDLSs in nanochannels induce surface charge governed ion transport, which can significantly affect

the ionic current through nanochannels[6].

Many aspects of the physics of electrokinetic transport in nanochannels have been studied with the
advancement of nano-fabrication technology. However, the accurate manipulation of the electrokinetic transport
is still a challenge for researchers. Since the electrokinetic transport phenomena are mainly determined by the
surface properties in general microfluidic and nanofluidic devices, surface modification is one of the most popular
methods to effectively modulate the surface properties of nanochannels and realize complex control of
electrokinetic transport in nanofluidic systems. A series of surface modification techniques have been developed
for nanochannel functionalization. The general strategy for nanochannel surface modification is decorating
functional groups on the nanochannel surfaces, such as DNAs and polymers. These surface modification
techniques mainly focus on the surface properties of the modified nanochannels. The size regulation of
nanochannels is seldom reported, which is a key factor in electrokinetic transport phenomena. Therefore, a simple
and productive technique for the modulation of hanochannel surface properties and sizes is needed for nanofluidic

researchers.

Manipulation of electrokinetic transport phenomena plays an important role in nanofluidic systems. Surface
modification of nanochannels is an effective way to modulate electrokinetic transport in nanoscale. A lot of
numerical studies and some experimental studies have been conducted to investigate surface modifications in
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nanofluidic systems. Most of these studies focus on the surface properties and dimensional features of the
nanochannel. The experimental results of the transport of fluid and ions in the modified nanochannel are very
limited. Therefore, comprehensive understandings of electrokinetic transport in nanochannels with surface

modifications are highly desirable.

Due to the restrictions of surface modification techniques and understandings of electrokinetic transport
phenomena, the development of nanofluidic systems for practical applications is still challenging. For example,
typical surface modification methods require specific materials and extremely small nanochannels to complete
effective surface charge regulation of nanochannels. Nanofluidic diodes fabricated by decorating asymmetric
surface charges along nanochannels are commonly developed base on porous membranes. The vertical structures
of these membrane-based nanofluidic devices make it highly challenging to further integrate them into a chip-
scale nanofluidic system for meeting practical application requirements. In addition, the undefined number of
nanochannels in these devices results in low reproducibility. Therefore, integrated nanofluidic systems with simple

surface modification techniques are highly desirable and will broaden the applications of nanofluidic systems.

1.2 Research objectives

The purpose of this thesis is to investigate the electrokinetic transport phenomena in nanochannels with
surface modifications and develop integrated nanofluidic devices for applications. To achieve the goals, studies
about the characterization of electrokinetic transport in modified nanochannels, development of surface
modification techniques, and applications of modified nanochannels are conducted. The detailed objectives

include:
1) Analyze the influence factors of EOF in PDMS nanochannels.

2) Fabricate single nanochannels modified with DNAs and characterize the surface modification with an

atomic force microscope (AFM).
3) Investigate the influence factors of EOF in DNA-modified nanochannels.

4) Develop a surface modification method for regulating the nanochannel size and surface charge. The

minimum size and surface charge of the modified nanochannel are characterized.



5) Design and fabricate nanofluidic diodes based on the developed surface modification method.
Investigate the influence factors of the nanofluidic diode performance and find optimal working

parameters.

6) Develop a RPS detection system with a modified sensing nanochannel and investigate the effects of the

surface modification on the resolution of the RPS system.

7) Design and fabricate chip-scale iontronic systems based on the manipulation of electrokinetic transport

in modified nanochannels.

1.3 Thesis layout

The thesis includes 9 chapters, and the structure of the thesis is shown in Figure 1-1. Chapter 1 presents an

overview of this thesis, including a research background, motivation, and objectives of the thesis.

Chapter 2 reviews the electrokinetic transport phenomena and surface modification techniques in
nanochannels. The classic electrokinetic phenomena, including electroosmotic, electric double layer (EDL), and
electrophoresis (EP) are introduced. A summary and comparison of surface modification techniques are made.
Chapter 2 aims to present the fundamental background of electrokinetic transport phenomena and give information

on surface modification techniques.

Chapter 3 demonstrates an experimental study of EOF in PDMS nanochannels. The current-slope method is
employed to measure the EOF velocity in nanochannels. The effects of ion size, pH value, and ion valence on the

EOF are investigated. A model is presented to explain these effects on EOF transport.

Chapter 4 and Chapter 5 systematically investigate the EOF in modified nanochannels. In Chapter 4,
nanochannels modified with DNAs are developed, and the performance of the surface modification is
characterized. The effects of the incubation time on the grafting density are experimentally analyzed. An
experimental system with an ultraviolet (UV) source is built for EOF velocity measurement. The effects of DNA
types, incubation time, pH value, ionic concentration, and UV illumination on the velocity of EOF are

experimentally studied.



| Ch 1) Introduction |

| Ch 2) Literature Review |
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|
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Figure 1-1. Thesis layout.

Chapter 5 investigates the modulation of size and surface properties of nanochannels by using layer-by-layer
(LBL) deposition of polyelectrolytes. The thicknesses of the coated polyelectrolyte layer on flat surface and
nanochannel wall are experimentally measured by AFM. The influence factors of the growth of the multiple
polyelectrolyte layers on nanochannel surfaces are systematically investigated. The minimum size of nanochannels
that can be achieved by this modification method is defined. EOF velocity is measured in the modified nanochannel
by using the current-slope method. The surface charge of each polyelectrolyte layer on the modified nanochannel

is characterized based on the measured EOF velocities.

Chapter 6 demonstrates nanofluidic diodes developed on single PDMS nanochannels by surface modification
with charged polyelectrolytes. A method for generating asymmetric surface charges along nanochannels is
presented in this chapter. The experimental visualization of ion distribution in the modified nanochannel is
conducted with a florescent dye solution to explain the working principle of the nanofluidic diode. The parameters

in the fabrication and operation of the nanofluidic diode, including nanochannel length, frequency, ionic



concentration, and applied electric field, are systematically studied. The optimal parameters for the design and

fabrication of the single PDMS nanochannel-based nanofluidic diode are presented.

Chapter 7 and 8 present two applications, RPS detection system and inotronic circuits, by using nanochannels
modified with charged polyelectrolytes. In Chapter 7, a RPS detection system with a single nanochannel serving
as the sensing channel is built up. The sensing channel is modified with charged polyelectrolytes to generate
positive surface charge, negative surface charge, or opposite surface at the two ends, respectively. The effects of
the surface charge on the sensitivity of the RPS detection system are investigated. Based on the study, an effective
method for the improvement of RPS detection sensitivity is provided. Chapter 8 demonstrates a novel design of
an integrated iontronic device. This device can work as either a bipolar junction transistor or a full-wave bridge

rectifier. The functions of this iontronic device are experimentally verified and displayed.

The last chapter, Chapter 9, concludes the major contributions, conclusions, and future research directions on

electrokinetic transport and applications of nanochannels with surface modifications.



Chapter 2 Literature Review

This chapter provides an overview of classical electrokinetic transport phenomena and surface
modification techniques in nanofluidics. The fundamental knowledge of electric double layer,
electroosmotic flow, and electrophoresis is introduced. In surface modification techniques, the
conventional strategies to develop functional nanochannels are introduced, including exposure to
energy, modification with nonionic surfactants, charged polyelectrolytes, and stimuli-responsive
polymers. The surface properties and structures of the nanochannels after surface modifications are also

introduced. This chapter gives the fundamental background of the thesis.
2.1 Electrokinetic transport phenomena

2.1.1 Electric double layer theory

An electric double layer (EDL) is a rearrangement of free ions in the vicinity of a charged surface
that is exposed to an aqueous electrolyte solution. Most materials acquire electrostatic charges when
they are in contact with electrolyte solutions. The counterions in the solutions will be attracted to the
charged surface, and the co-ions will be repelled away from the surface, leading to a net charge
distribution near the surface. Theories have been developed to explain the charge distribution and the
structure of EDL, and the Gouy-Chapman-Stern model is the most widely used model in the scientific
community[7-9]. In this model, as shown in Figure 2-1, EDL is characterized by a Stern layer (also
called compact layer) comprised immobile counterions attached to a charged surface, a diffuse layer of
mobile ions that is symbolized by Debye-Huckel length (1) and a zeta potential at the shear plane
dividing the Stern layer and the diffuse layer. The Poisson-Boltzmann equation is usually used to

describe the EDL field and the distribution of ions in microchannels[10].

zieV
kpT
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Where W is the electric potential, €, is the dielectric constant of the electrolyte, g, is the electric
permittivity of vacuum, e is the unit charge, k; is the Boltzmann constant, n;., is the number density

of ions in the bulk, z; is the valence, and T is the temperature.

The stern layer with the typical thickness of one counterion diameter is very thin forming near the
charged surface. In the stern layer, the concentration of the counter-ions is much more significant than

that of the co-ions due to the strong electrostatic force, and these counter-ions are almost immobilized.



The diffuse layer forms after the stern layer, and its thickness is around three to five times of the Debye-
Huckel length which can be calculated with the equation:
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Figure 2-1. Schematic of electric double layer (left) and electrical potential distribution near a solid

surface (right).

With the dimensional size of channels reducing to the submicron and nanoscale, the conventional
theories are not applicable anymore for predicting the structure and capacitance of the EDL[11]. In
nanochannels, the EDL will overlap, and the concentration of co-ions and counter-ions are not
equal[12]. To analyze the steric effects in small nanochannels with overlapped EDL, the ion size is a
very important criterion which is not considered in the conventional Poisson—-Boltzmann equation.
Recently, several studies have been developed to investigate the ionic correlation effects on the EDL
in nanoscale, such as overscreening and crowding of the counter-ions near the charged surface[12-14].
Some modified Poisson-Boltzmann equations were presented to more accurately predict the
distribution of electric potential and ion concentration in nanochannels with overlapped EDLSs by taking
into account ion size effects[15-17]. Based on these studies, both the structure and electric properties
of EDL are related to the size of the counter-ions in the stern layer. Furthermore, the steric effects can
enhance the extent of EDL overlap in nanochannels, thus affecting electrokinetic phenomena which

depend on the EDL interactions.



2.1.2 Electroosmotic flow

Electroosmotic flow is a motion of flow caused by the interactions between electric double layer
and applied electric field. The solid surface will attract counter-ions and repel co-ions when it is in
contact with electrolyte solutions, forming electric double layer. The counter-ions in the stern layer are
immobilized, and the excess counterions in the diffuse layer will move and drive the liquid to move
with them under an external applied electric field. The rest of the liquid in the channel will be dragged
to move with the movement of the liquid near the channel wall by the viscous force, generating
electroosmotic flow. In most cases, the thickness of EDL is negligible compared with the size of
microchannels. Generally, Helmholtz-Smoluchowski theory is utilized to calculate the electroosmotic

flow velocity throughout microchannels.

Veor = %Eex (2'3)

where E,, is the external applied electric field, ¢, is the zeta potential of the channel wall and p

is the viscosity of the solution.

When the channel size reduces to the nanoscale and the thickness of EDL is comparable with the
channel size, the interaction between EDLSs has to be considered which can significantly influence the
ion distribution and EOF velocity in the channel. As a result, the EOF velocity cannot be calculated
accurately with the Helmholtz-Smoluchowski equation in nanochannels. Recently, extensive numerical
and experimental studies of the effects of ion size[18-20], ion species[21-23], ion valence[24,25], pH
value[26-28], ionic concentration[21,29-31], surface charge density[32,33], and channel size[34-37]

on the distribution of EDL and EOF velocity in nanochannels have been conducted.

Numerical studies: Several models have been developed to predict EOF in nanoscale systems.
Bazant et al.[38] presented a model including the finite ion size effects into a general continuum theory
framework to analyzed the crowding effects on EOF velocity in nanochannels. Hatlo et al.[39]
theoretically reported an improved model for predicting the double layer capacitance by including the
excess ion polarizability into the Poisson-Boltzmann theory. Bonthus et al.[40] also derived a
theoretical framework to show the dielectric profile near a surface and provided an improved
understanding of electrokinetic phenomena. With the development of these models, a lot of molecular
dynamics (MD) simulation studies have been conducted to investigate the ion distribution and EOF
velocity profile in nanochannels, considering the finite ion size effects and steric effects. Qiao and

Aluru[41] studied the velocity profiles of EOF in nanochannel by using molecular dynamics simulation
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and showed that the velocity profile of EOF will be the “parabola type” instead of the “plunger type”
in nanochannels. Freund[42] also investigated the electroosmotic flow in nanochannel by molecular
simulation and found that the velocity profile is approximately flatted in the stern layer near the channel
surface and parabolic in the middle of the channel. Rezaei et al.[43] presented the profile of ion
concentration in a charged nanochannel and reported that EDL’s boundary is located at the plane where
the ion concentrations of counterions and co-ions are equal. Joly et al.[44] also reported a similar ionic
density profile near a charged wall. Some simulation studies reported that the phenomena of charge
inversion and flow reversal in nanochannels. Qiao and Aluru[45] studied the electroosmotic flow
reversal in very small nanochannels by using molecular dynamics simulations. Their results showed
that the immobilized counterions adsorbed on the channel wall can cause a charge inversion
phenomenon, thus leading to flow reversal. Rezaei et al.[46,47] analyzed the stern layer effects on
charge inversion and flow reversal. When the total electric charges attracted by the charged surface in
the stern layer exceed the surface charge, the shear plane charge will be opposite to the surface charge,
and the electroosmotic flow will form in the opposite direction. Mashayak and Aluru[48] developed a
study based on quasi-continuum theory to predict the charge inversion phenomenon more accurately.
They stated that the electrostatic correlation effects and ion hydration are also very important to

determine the ion distribution and the charge inversion in EDLS.

Experimental studies: With the advancement of nano-fabrication technology, several studies to
experimentally examine electroosmotic flow in ultrafine channels have been reported. Jacobson et
al.[49] evaluated the electroosmotic mobilities in a nanochannel with a depth of 98 nm and in some
microchannels. By comparing the measured results of EOF velocity, they stated that there was a 35%
reduction in the electroosmotic mobility in the nanochannel in comparison with that in microchannels.
Peng and Li[50] fabricated single PDMS nanochannels and measured the EOF velocity in the single
nanochannels as small as 20 nm in depth by the current-slope method[51,52]. They found that the
overlapped EDL can significantly reduce the velocity of EOF, and the velocity depends on the ionic
concentration and the applied electric field strength. Chou et al.[53] also measured the EOF velocity in
a nanochannel of 50 nm and proposed that trivalent ions may adsorb on the negatively charged surface
and cause a charge inversion, thus introducing a reverse flow in the nanochannel. Uba et al.[54]
monitored the pH effects on the surface charge density in a PMMA channel with the depth of 120 nm
and width of 120 nm. Their results showed that the surface charge density gradually increases when the

pH of the electrolyte solution becomes larger.
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Figure 2-2. Schematic of electroosmotic flow in (a) microchannel and (b) nhanochannel with

overlapped EDLs.

2.1.3 Electroosmotic flow in surface modified nanochannels

With the advancement of lab-on-a-chip technology, EOF is widely employed as a method of
transporting liquids in microfluidic devices and nanofluidic devices due to its many advantages, such
as ease to control and high reliability[55]. Although the transport phenomena and physics performances
of electroosmotic flow have been well understood in microchannels, there still are many new challenges
presented to researchers, such as the effects of surface roughness[56], and convective and absolute

electrokinetic instability in electroosmaotic flow[57].

Effective control of EOF is a crucial factor in both microfluidic and nanofluidic devices. For
protein analysis, it typically requires suppressing the EOF to achieve a high-efficiency separation. For
capillary electrochromatography, however, the EOF needs to be generated with high throughput to
enhance the separation speed. Significant attention has been paid to EOF modulation in recent years.
In EOF modulation, the surface coating is one of the most popular methods to effectively control EOF
and minimize wall-analyte interactions in microchannels[58-62] and nanochannels[63-67]. The effects
of the coated layer on electrokinetic transport have been investigated extensively. Theoretically, Harden
et al.[68] set up a model to predict the qualitative features of EOF velocity in channels with end-grafted

polyelectrolytes and reported that the EOF mobility is essentially determined by the electrokinetic
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properties of the polymer in channels with densely grafted polymers. Adiga and Brenner[65] studied
the EOF velocity distribution in a nanopore grafted with polymer brush by using molecular dynamics
simulation method and showed that the EOF velocity depends on the coupling effects of polymer
conformational dynamics induced by the drag force of fluid flow and electrohydrodynamics. Huang et
al.[64] also investigated the electric properties of the surface on which polyelectrolyte brushes are
grafted and reported that the surface charge is dependent on the grafting density, pH, electrolyte
concentration, and the thickness of the brush layer. Cao et al.[66] stated that the maximum EOF velocity
in the polymer-grafted nanochannel center region depends on the grafting density and solvent quality.
Experimentally, the polymer or DNA chains can be irreversibly grafted onto the surface by chemical
reactions between the inner surface and coated material to create covalent bonds[69-73], or reversibly
adsorbed on the surface. Xia et al.[74] fabricated a pH-regulated smart nanochannel by coating DNA
brushed onto the inner wall of the channel. Bello et al.[75] proposed that the EOF velocity could be
progressively suppressed by absorbing polymer layers onto the channel wall. Hjerten[76] stated that
the electroosmotic flow could be eliminated in channels by coating a layer of neutral polymer. Paumier
et al.[77] measured the EOF velocity in channels grafted with neutrally charged polymers and reported
that the thickness of the coated layer could control the development of EOF. When the polymer layer
is thicker than the EDL, the EOF can be effectively prohibited even the channel surface with nonzero
zeta potential. On the contrary, if the thickness of the coated polymer layer is smaller than that of EDL,
the EOF could still occur unimpeded. Raafatnia[78] et al. further investigated the mobility of
polyelectrolyte-grafted colloids in monovalent salt solutions. They presented that the mobility is
dominated by the polyelectrolyte brush regime at high ionic concentrations. In Manning’s theory, the
neutralization of DNA charges is only determined by the valence of counterions in the solvent and
independent of its type and concentration[79]. Guo et al. studied the effects on this issue and reported
that the DNA charge neutralization is also dependent on the pH value of the solution or the
concentration of hydrogen ions[71]. Moreover, the molecular structure of DNAs can be influenced by
ultraviolet(UV) irradiation, thus changing the charges carried by DNAs[80-82]. Therefore, UV

illumination can be an elegant way to modulate EOF in the DNA coated channels without any additives.

2.1.4 Electrophoresis

Electrophoresis is a motion that charged particles move in a bulk liquid driven by an external
applied electric field. When an electric field is applied, charged particles will move along the electric
field with the Coulomb force. The direction of the movement depends on the sign of the particles’
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surface charges. The electrophoretic velocity of a charged particle in fluids can be calculated by the
equation:

G
Vgp = SOSTp Eex (2-4)

Where ¢, is the zeta potential of the charged particle surface, E., is the applied electric field

intensity.

With considering the viscous stress, the electrophoretic velocity is calculated by balancing the
flow frictional force and the electrical force exerted on the charged particles.

vy = 2 (14 ka) (2:5)

Where a is the radius of a spherical particle, When ka <« 1, which mean the EDL is very thin, the

equation can be reduced to:

2 €0€rC
Vep = g% ex (2-6)

2.2 Surface modification techniques

2.2.1 Modification by exposure to energy

The PDMS surface properties can be altered, and some surface molecular groups can be activated
by exposure to various energy sources, such as oxygen plasma[83-86] and ultraviolet light[87,88].
Plasma is a gas of positive and negative charges presenting in equal amount. It is a mixture of ions and
electrons with high energy. When a plasma is applied to a PDMS surface, the reaction occurs at the
surface, and surface oxidation is generated. The plasma treatment can significantly transfer the surface
chemistry of PDMS because the surface is subjected to high energy species, such as ions, electrons,
and radiation, during the treatment process. The reactions generated by plasma are complex, and the
mechanisms behind the PDMS surface oxidation are not well understood. Generally, the effects of
plasma exposure on PDMS surface can be defined as the following two stages. First, a silica layer of
SiOx with more oxygen ions in the molecular structure than the PDMS will be formed on the PDMS
surface after the application of plasma[89]. Second, the silica layer will disappear and be displaced by
low molecular weight PDMS groups[84,90,91]. With the surface oxidation generated by plasma
treatment, the PDMS surface wettability will increase, thus improving adhesion. This is because a

silica-like layer produced by various plasma gases is wettable. However, the surface will recover the
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hydrophobicity progressively due to the migration of untreated polymer chains from the bulk phase to
the surface through the cracks of the silica-like layer[91]. Owen et al.[84,91] experimentally measured
the thickness of the silica-like layer, which is about 10 nm, and the depth of the crack in the layer,
which is ranging from 0.3 um to 0.5 um, by using X-ray photoelectron spectroscopy (XPS). The
number of cracks is positively related to the plasma exposure time. When the exposure time is long, a
larger number of cracks are generated in the treated polymer layer, causing a rapid diffusion of PDMS
chains from the bulk PDMS to the surface.

Plasma treatment as a useful way of achieving wettability has been widely used in the microfluidic
and nanofluidic systems. The high-energy plasma treatment provides an easy bonding method of a
PDMS chip to a flat substrate. Wang el. al[92] investigated the oxidization of PDMS surfaces to form
functional molecular groups by using a chemical force microscope and stated that the oxidized PDMS
surface provides faster EOF than the native PDMS surface. Duffy et al. [93] also reported that the
channels oxidized with plasma are filled easily with liquid. The channels oxidized by plasma are widely
used in microfluidic electrophoresis because of their hydrophilicity and negatively charged surfaces
when being in contact with agueous solutions, which supporting EOF. The EOF in oxidized PDMS
channels could be maintained for several days. However, because of the hydrophobicity recovery, the
reliable analysis time by using an oxidized PDMS channel is only around 3h. This property restricted
the applications of oxidized PDMS channels. To address this problem, continuous storage of PDMS
channels in water is a good choice, which could stabilize EOF. Ren et al.[94] shown that the enhanced

EOF can be preserved as long as the channels were stored in an aqueous solution.

UV illumination has similar effects on PDMS surface modification to plasma treatment that could
initiate reactions on the surface and change its chemical properties. Some studies of UV polymerization
on PDMS have been conducted recently[95-97]. The UV light can polymerize monomer solutions onto
PDMS surfaces and form a gel-based structure. By grafting monomers with different chemical
properties on PDMS, the PDMS surface can demonstrate significantly different performances. Hu et
al.[98] achieved a high-quality separation in PDMS microchannel chips grafted with mixtures of
monomers by using UV exposure. It is also reported that the UV graft polymerization can be
significantly accelerated by preabsorbing Benzophenone on the PDMS surface. Compared with the
plasma treatment method, an advantage of the UV illumination with monomer solutions for the surface
modification of PDMS surface is that a covalent and stable polymeric coating can be formed on the

surface in response to repeated hydration and air exposure[99]. Seong et al.[95] presented a method
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that can fabricate hydrogel plugs in PDMS microchannels by using UV illumination and a photoinitiator.
Their design provides an effective DNA manipulation tool and could be an important approach for
analyzing gene expression in microfluidic chips. A combination of UV light and ozone (UVO) is also
extensively used in the surface modification of PDMS. When a PDMS surface is exposed to UV/ozone,
a photochemical process is induced, and a thin silicon oxide layer can be formed on the surface. The
thickness of the layer on PDMS is around 20~30 nm[100]. As introduced above, UV illumination can
cause a chain scission and create radicals on PDMS surfaces. The network formed with these radicals
on PDMS surfaces has similar wetting properties to the untreated surface. In contrast to UV illumination,
UVO modification method can generate a large number of hydrophilic groups both on the surface and
the subsurface of PDMS[88]. UV and UVO can significantly change the chemical properties and
structure of PDMS, thus manipulating the transport in PDMS channels. However, compared to plasma

treatment, it typically requires a very long exposure time to fully achieve the transformation process.

2.2.2 Modification with nonionic surfactants

Nonionic surfactants can be adsorbed onto PDMS surfaces and create hydrophilic layers which
can prevent the interactions between proteins and the surface and provide a stable electroosmotic flow
in microfluidic and nanofluidic devices. Brij35 (PEO-dodecanol) is one of the most widely used
nonionic surfactants in reducing the protein adsorption on the surface of microfluidic channels and
capillaries due to its commercial availability, low cost, and simple coating process. The coating process
can be achieved by incubating a PDMS surface into a coating solution directly. Then, the hydrophobic
alkyl chains of Brij 35 will be adsorbed on the hydrophobic PDMS surface. The hydrophilic ends of
PEO will be extruded to the free surface. It is reported that these hydrophilic ends could repel protein
to a sufficient distance from the modified surface and residual silanol groups on the PDMS surface[101].
Dou et al. stated that the protein separation can be facilitated in the Brij 35 coated PDMS microchannels
because the channel surface can be turned from hydrophobic interface to hydrophilic interface by the
surface coating process. They also obtained that the electroosmotic mobility will decrease when the
coating density of Brij 35 increases[102]. However, it requires at least 1 h of air drying to achieve the

coating process. Otherwise, the surface properties are unstable.

Tween 20 and n-dodecyl- b-D-maltoside (DDM) also have been commonly used for PDMS
channel surface coating. Tween 20 is poly(ethylene oxide) (PEO)-based copolymer containing a
hydrophobic head group. The hydrophobic head group can work as an anchor to facilitate its adsorption

on a hydrophobic PDMS surface. DDM is an alkyl polyglucoside that can strongly adsorb on
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hydrophobic surfaces. Similar to Brij 35, these two surfactants can turn the PDMS surface to
hydrophilic and nonionic, thus preventing protein adsorption. Boxshall et al.[103] experimentally
studied the effects of coated Tween 20 layer on PDMS surface and reported that the surfactant can
dramatically reduce the protein adsorption and fibroblast attachment. Besides, the reduction in protein
adsorption is related to the solution concentration. The effects of DDM coating on PDMS were also
investigated. The interactions between DDM alkyl chains and the PDMS surface generate bindings and
make the surface become passivated, thus minimizing protein adsorption. Furthermore, the DDM
coating could suppress the electroosmotic flow in coated channels because the surface charges are

covered by the coated surfactants[103].

Other PEG-copolymers containing different blocks have been utilized for the surface modification
of microfluidic devices. For instance, Pluronic is a series of surfactants that have the blocks of
poly(propylene oxide) (PPO) and can be strongly adsorbed on hydrophobic materials by hydrophobic
mechanism that makes it possible to be an ideal coating surfactant for PDMS surface. A method to
micropattern Pluronic on various substrates, such as PDMS and glass, has been presented by Tan et
al[103]. They pointed out that the surface wettability is a crucial factor for Pluronic adsorption that the
Pluronic adsorption only occurs when the surface wettability is at intermediate to low. Hellmich et al.
[104]experimentally studied the EOF in Pluronic F108 coated PDMS channels which are pretreated
with plasma or UV light. Compared to the native PDMS channels, the mobility of EOF is relatively
smaller in modified channels because the long polymer tails coated on the PDMS surface could extend
through the double layer and increase the viscosity significantly. Poly(lactic acid)-poly(ethylene
glycol)-biotin (PLA-PEG-biotin) is a degradable polymer that also shows effective protein resistance
properties. It can rapidly create a biomimetic surface in aqueous media and is commonly used in the

applications of tissue engineering[105,106].

2.2.3 Modification with charged polymers

Generally, a PDMS surface is negatively charged when being in contact with electrolyte solutions.
Positively charged polyelectrolytes, such as Polybrene (PB), Poly(ethyleneimine) (PEI),
Poly(allylamine) hydrochloride (PAH), Poly-(diallyldimethylammonium chloride) (PDDA), Poly-L-
lysine (PLL) can be strongly attached to PDMS surfaces by electrostatic adsorption and inverse the
surface charge of PDMS. Poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) is a copolymer with
PEG side and polycationic PLL backbone. Lee and voros[107] reported a simple modification method

of PDMS surfaces to achieve high-effective protein resistance by coating PLL-g-PEG. In this method,
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the PDMS surface was pretreated with oxygen plasma and then immersed into an aqueous solution
containing PLL-g-PEG. The polycationic PLL backbone can be attracted by the negative charges on
the PDMS surface generated by oxygen plasma treatment, and the PEG side will be oriented to the
liquid phase in the PDMS channel. The liquid/PEG interface showed excellent resistance to protein
adsorption. This approach also can be applied to graft PEG on a network of PDMS channels, thus
realizing protein patterning on the PDMS surface. Besides, the solvent swelling effects of PDMS
channels can be relieved by using organic solvent-based PEG solution to modify the channel
surface[108]. For the effects on fluid transport, the charged polyelectrolytes could repel equally charged
molecules from the surface and revise the sign of the surface charge, leading to the flow reversal of
EOF. Biddiss et al.[109] designed a PDMS microchannel with heterogeneous surface charge density
by patterning polycationic polymer PB on a channel surface to enhance the mixing efficiency of

different solutions inside the channel.

Although the physical adsorption of charged polymers is easy to achieve for surface modification,
there is still a challenge in fabricating PDMS channels with long-term stability by using this method.
To address this problem, an improved technique by exposing a PDMS surface to polycationic and
polyanionic polymers alternately has been developed[110]. Typically, the adsorbed polyelectrolytes on
the surface allow oppositely charged polyelectrolytes to be adsorbed on the coated surface that is called
layer-by-layer (LBL) coating. The LBL process is achieved by the self-assembly of oppositely charged
polyelectrolyte layers with electrostatic interactions or hydrogen-bonding interactions. Figure 2-3 (a)
illustrates the LBL deposition process that depends on electrostatic interactions. Polycationic molecules,
such as PLL, can be alternatively bonded with the polyanionic polymer of poly(L-glutamic acid)
(PLGA) to form multilayers on the treated surface[111]. For the mechanism of hydrogen bonding, as
shown in Figure 2-3 (b), the polycationic molecules with hydrogen acceptors and the polyanionic
molecules with hydrogen donors can form the multilayer structure self-assembly by the attractive
interaction between them[111,112].
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Figure 2-3. Scheme of LBL deposition process on a charge surface[110,112]. (a) Electrostatic

interactions; (b) hydrogen-bonding interactions.

The charged polyelectrolytes are deposited from solutions to the surface that means this method
can be carried out without requirements of the size and topology of the surface. Furthermore, the coated
multiple layers can cover the defects on the underlying surface. Consequently, the modified surface
properties are determined by the coated polyelectrolytes and the adsorption conditions. Decher[110]
stated that similar surface properties can be obtained on various substrates as long as they are treated
with the same polyelectrolytes. This method has been commonly used in EOF modulation by
controlling the surface charges in microfluidics. Liu et al.[113] have shown that the PDMS
microchannels coated with PB/DS multilayers exhibit a long-term stable and pH-independent EOF as
pH is ranging from 5 to 10. The coating layer number of polyelectrolytes is a key factor for EOF
reproducibility in this method. It is reported that the EOF mobility varies at low coating layer number
and becomes essentially consistent at high coating layer number[114]. The variability of EOF at low
coating layer number may be caused by the partial surface coverage and unstable coated film structure.
When the layer number increases and the film becomes thicker, the overall consistency of the coated
layer improves, and the surface charge density becomes more uniform. The layer number also affects

the thickness of the coated film and the size of the channel which influences the EOF velocity in small
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nanochannels. Dubas and Schlenoff [115] demonstrated that the thickness of polyelectrolyte
multilayers (PEM) is related to the salt concentration. The presence of salt in the solution used for
dynamic coating PEM on a surface increases the thickness of the layers. The changes in the layer
thickness are caused by the coiling of polyelectrolyte chains with a high counterion concentration
during the adsorption process. The adsorption process is achieved by ion exchange that the
polyelectrolyte chains displace the counterions near the surface. Once the adsorption was completed,
the structure and the thickness of the PEM cannot be changed anymore with changing salt concentration.
Furthermore, the adsorption of PEM was irreversible, and only a small extent of desorption was
observed after weeks[115]. Other data about the average PEM thickness with different polyelectrolytes
was reported by Haselberg et al[116].

2.2.4 Modification with stimuli-responsive polymers

Chemical grafting is commonly used for developing stimuli-responsive surfaces and interfaces.
Various stimuli-responsive polymers, such as binary polymer brushes[117-119], thermo-responsive
polymers[120-122], and light-switchable polymers, can be used to manipulate the motion of the liquid
in nanochannels by “grafting to” or “grafting from” the channel surfaces. In the approach of “grafting
to” surfaces, stimuli-responsive polymers with end functional groups can covalently bond with the
surface molecular groups and form a layer on the surface. Reversible addition-fragmentation chain
transfer (RAFT) polymerization is a suitable technique for the synthesis of polymers in aqueous
solutions with well-defined structures and molecular weights[123]. Furthermore, the polymers prepared
by this mechanism usually have dithioester-end groups and narrow molecular weight distribution. As
a result, the grafting layers on substrates are more homogeneous and allow further chemical reactions.
In the “grafting from” approach, immobilized radical initiators are attached to the surface to initiate the
polymerization. With this method, a surface with a high grafting density and thick grafting layer on the
order of 100 nm can be obtained because the monomers can penetrate through the grafted polymer
brushes easily[124]. Atom transfer radical addition polymerization (ATRP) is a versatile technique for

the synthetic route of well-defined polymer in the “grafting from” approach[123].

Surfaces with binary brushes can be achieved by grafting two different and completely
incompatible polymers onto the surface. The morphology and wettability of the surface can be
reversibly changed by exposing it to different solvents[118]. As shown in Figure 2-4 (a), a confined
solvent quality can affect the morphologies of grafted surfaces. In a poor solvent, binary brushes form

a ripple structure, thus enhancing the lateral segregation. In a good solvent, the favorable brushes will
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extend, and the unfavorable brushes form a dimple structure, generating perpendicular segregation[117].
The surface properties are governed by the grafted polymer type and its concentration. These surfaces
are possibly used as templates for nanofluidic systems which respond to variable fluid conditions by
their reversibly tunable wettability and surface structures.

Reversibly expanded and collapsed surfaces can be achieved by grafting responsive chains onto
the surface, including polymers with lower critical solution temperature (LCST), upper critical solution
temperature (UCST) [120-122], or critical pKa. value[74,125]. For example, Poly(N-
isopropylacrylamide) ((PNIPAm) demonstrates a large swelling change in agueous solution below
LCST whereas a collapsed structure in an aqueous solution above LCST. It is also reported that the
PNIPAm are hydrophilic below the LCST and hydrophobic above the LCST[121]. Figure 2-4 (b)
illustrated the polymer transition in the surface structure. Some pH-responsive polyelectrolytes are also
reported for surface grafting to fabricate a controllable gate in nanochannels. Polyvinylpyridine (PVP)
could transfer from a positively charged, hydrophilic, and swollen state when pH is below 5.2 to a
neutrally charged, hydrophobic, and collapsed state as pH is above 5.2. In contrast, Poly(acrylic acid)
(PAA) could undergo the conformational changes from a neutrally charged, hydrophobic, and collapsed
state when the pH is below 4.7, to a negatively charged, hydrophilic, and swollen state when the pH is
above 4.7. The reversible phase transitions will induce significant changes in the topography, stiffness,

adhesion, and morphology of the surface, exhibiting numerous new applications[126].
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Figure 2-4. Schematic of morphological changes of stimuli-responsive polymer grafted surfaces. (a)

(b)

Binary brushes grafted surface. (b) Thermo-responsive polymer grafted surface[124].
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Reversible light-switching of surface properties offers unique opportunities for biological and
tissue engineering applications because light intensity is easy to control and no additives are required.
Grafting photochromic chains on substrates provide a method to create light-responsive surfaces. These
chains can change their structure and polarity by photo-irradiation. Furthermore, unsymmetrical
illumination can generate a gradient of free energy on the grafted surface, thus controlling the
movement direction of a droplet over the surface[127]. Spiropyran is a well-known photochromic
polymer and has been extensively used for surface modification[128-130]. As shown in Figure 2-5, the
spiropyran has a closed oxygen-containing ring and is colorless in the native state. The closed state
spiropyan undergoes a reversible transformation to the open and colored state by exposing it to UV
light with a wavelength smaller than 400nm. This transformation induced by light can be reversed by
irradiation of visible light[128]. Spiropyan can be covalently bonded on a surface, and reversible
properties of hydrophilicity, isomerization, high solvent polarity can be obtained on the surface when

the surface was alternatively illuminated by UV light and visible light[129].

Figure 2-5.Schematic of a spiropyran monolayer on a surface in the closed (left side) and open (right
side) state[128].

2.2.5 Summary

As reviewed in the above section, a variety of surface modification techniques has been developed.
Each method has its advantages and disadvantages. Characteristics of these techniques such as stability
of the coated layer, performance, and density of functional groups on modified surfaces are summarized.

With the comparison of these methods, we can have the following conclusions:
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The techniques of exposure to energy sources, such as UV, UV/Ozone, and Plasma, can generate
hydrophilic groups on modified surfaces. The procedures of the surface modification are simple
and easy to achieve. UV and UV/Ozone can generate a large number of activated groups and
achieve stable polymeric coating on modified surfaces. However, it generally requires a long
exposure time. Plasma treatment can complete the surface modification in a short time while the

stability and density of the functional group are low.

Surface modification with surfactants and polyelectrolytes are able to generate coated layers and
modulate surface properties. The modification process is achieved by physical adsorption due to
electrostatic interactions between the charged surface and the mobile molecules in modification
reagents. Furthermore, oppositely charged polymers can be alternatively coated on charged
surfaces and reversibly change the surface charge. The procedures are relatively easy to achieve.
However, it is still challenging to realize a long-term stability of the coated layers with these

techniques.

Chemical grafting can develop stable modified surfaces due to the functional groups are
covalently bonded to the surfaces. The method of grafting to polymer coating can decorate end-
functionalized polymers on the surface with a low grafting density. The method of grafting from
polymer coating is able to generate a high grafting density of functional groups on substrates.
However, initiators are required to achieve surface modification. By grating stimuli-responsive
polymers, nanochannels with tunable surface properties can be developed. However, the
procedures of these techniques are complex, and some stimuli-responsive polymers are only

allowed to graft on specific materials.
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Chapter 3 Fundamental Research I: Electroosmotic Flow in H-PDMS

Nanochannels”™

3.1 Introduction

Extensive numerical and experimental studies of the effects of ion size[18-20],, ion species[21—
23], ion valence[24,25], pH value[26-28], electrolyte concentration[21,29-31], surface charge
density[32,33], and channel size[34-37] on the distribution of EDL and EOF velocity in nanochannels
have been conducted. Theoretically, the value of EOF velocity should be independent of the channel
size in relatively large nanochannels without overlapped EDL. However, in reality, the distribution of
EOF velocity in smaller nanochannels will change because the relative space occupied by the EDL in
a small nanochannel is larger than that in a large nanochannel. Qiao and Aluru[41] studied the velocity
profiles of EOF in nanochannel by using molecular dynamics simulation and showed that the velocity
profile of EOF will be the “parabola type” instead of the “plunger type” in nanochannels. Freund[42]
also investigated the electroosmotic flow in nanochannel by molecular simulation and found that the
velocity profile is approximately flatted in the stern layer near the channel surface and parabolic in the
middle of the channel. To analyze the steric effects in small nanochannels with overlapped EDL, the
ion size is a very important criterion which is not considered in the conventional Poisson—Boltzmann
equation. Borukhov et al. [15] developed a modified Poisson-Boltzmann equation that considered the
ion size effect. From the numerical solution of their equation, the concentration profile of counterions
near a charged surface strongly depends on the ion size. The counterions with the small size have a
relatively high maximal ionic concentration near the charged surface, but also contribute to a thinner
EDL. Storey and Bazant[17] also developed a fourth-order modified Poisson equation for evaluating
the structure and capacitance of EDL. It is also reported that the high voltage will contribute to the
crowding of counterions and form a condensed layer near the surface[131]. Qu and Li[132] proposed
a model to compute the distribution of electrical potential and ionic concentration in the overlapped
EDL field. Rezaei et al. [43] presented the profile of ion concentration in a charged nanochannel and
EDL’s boundary is located at the interface where the ion concentrations of counterions and co-ions are

equal. Joly et al. [44]also reported a similar ionic density profile near a charged wall. From these MD

* A similar version of this chapter was submitted or published as:
J. Li, R. Peng, D. Li, Effects of ion size, ion valence and pH of electrolyte solutions on EOF velocity in single nanochannels,
Anal. Chim. Acta. 1059 (2019) 68—79. https://doi.org/10.1016/j.aca.2019.02.008.
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simulation results, the ion concentration of the co-ions is negligible in the stern layer compared with
that of the counterions. These counterions in the stern layer are immobilized due to the strong
electrostatic force. The potential drop across the stern layer and the zeta potential ({) at the shear plane
layer are essentially determined by the amount of the electric charge of the counterions attracted in the
stern layer when the surface charge is constant. Bohinc et al. [19] reported that the effective thickness
of electric double layer depends on the concentration of ions, counterion size, and surface charge
density. Coday et al. [133] also stated that the Debye length is associated with the hydration radius of
counterions on the charged surface. Generally, when ions are dissolved in water, the water molecules
will attach to the ions and create a spherical solvent shell surrounding the ions, which is referred to as
the hydrated ion. The effective ionic size is referred to as the hydration radius of ions. It is understood
that the hydration radius of ions has effects on the zeta potential value[134-136]. For a negatively
charged surface, as the hydration radius increases, the zeta potential value becomes more negative
without further change in the concentration of ions[133]. The zeta potential was also reported to be
sensitive to the ionic valence. Yukselen and Kaya[137] proved that the zeta potential values with
monovalent cations are relatively higher than those with divalent cations. Qiao and Aluru[45] studied
the electroosmaotic flow reversal in very small hanochannel by using molecular dynamics simulations.
Their results showed that the immobilized counterions adsorbed on the channel wall can cause a charge
inversion phenomenon, thus leading to flow reversal. Mashayak and Aluru[48] developed a study based
on quasi-continuum theory to predict the charge inversion phenomenon more accurately. They stated
that the electrostatic correlation effects and ion hydration are also very important to determine the ion
distribution and the charge inversion in EDLs. For the SiO; surface, it is typically negatively charged
because the silanol groups (Si-OH) are deprotonated to yield Si-O- when the surface is in contact with
an ionic solution. The pH value of solutions can restrain this process and consequently change the
surface charge density and zeta potential at the interface[138]. Yeh et al. [33] derived a new model to
predict the surface charge property and showed that the surface charge and zeta potential can be

regulated by changing the pH value and concentration of aqueous solutions.

With the advancement of nano-fabrication technology, several studies to experimentally examine
electroosmotic flow in ultrafine channels have been reported. Jacobson et al. [49] evaluated the
electroosmotic mobilities in a nanochannel of 98 nm in depth and in some microchannels. By
comparing the measured results of EOF velocity, they stated that there was a 35% reduction in the

electroosmotic mobility in the nanochannel in comparison with that in microchannels. Peng and
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Li[50]fabricated single PDMS nanochannels and measured the EOF velocity in the single nanochannels
as small as 20 nm in depth by the current-slope method[51,52]. They found that the overlapped EDL
can significantly reduce the velocity of EOF, and the velocity depends on the ionic concentration and
the applied electric field strength. Chou et al. [53] also measured the EOF velocity in a nanochannel of
50 nm in depth and proposed that trivalent ions may adsorb on the negatively charged surface and cause
a charge inversion, thus introducing a reverse flow in the nanochannel. Uba et al. [S4]monitored the
pH effects on the surface charge density in a PMMA channel with the depth of 120 nm and width of
120nm. Their results showed that the surface charge density gradually increases when the pH of the

solution becomes larger.

Although some investigations have been conducted to analyze the effects of ionic size, valence,
and pH on EDL and EOF, they are mostly theoretical. Only a few studies experimentally looked at EOF
particularly in nanochannels with overlapped EDL. There still be a lack of experimental studies to
characterize the effects of stern layer with different counterions on EOF velocity. Therefore, this
chapter will focus on the above-mentioned effects on the EOF velocity in nanochannels with overlapped
EDL, and the results will be compared with that in a small microchannel. The current-slope method
will be employed to evaluate the effects of ion size, ion valence, and pH value of solutions on the EOF
velocity in nanochannels. Furthermore, models of the electric double layer are proposed to explain these

effects.
3.2 Experimental section

3.2.1 Fabrication of a single nanochannel chip

To fabricate a single nanochannel chip, a single nanocrack is firstly created on a polystyrene
surface by using the solvent-induced method[50]. Then, this negative nanocrack pattern is transferred
to a photoresist layer with the photolithography method, thus forming a positive nanochannel mold. By
using different photoresists, such as SU8 2075 and SU8 2150, and adjusting the heating temperature,
the spin-coating speed, and the amount of chemical reagent in this step, nanochannel molds with
different feature sizes can be obtained. A nanochannel can be made by casting a layer of PDMS on the
positive nanochannel mold. As small nanochannels made by regular PDMS material are easily
collapsed after the bonding process due to the deformation of PDMS, the nanochannel chip is produced
with a bilayer of hard PDMS (h-PDMS) precisely replicating the mold’s features and regular PDMS
supporting the fragile h-PDMS layer[139]. The h-PDMS is spin-coated onto the nanochannel molds
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and then heated in an oven with the temperature of 80 °C for 10 minutes. Finally, the regular PDMS is
poured onto the layer of the h-PDMS and placed back in the oven for 2 hours. As an example, Figure

3-1 displays a h-PDMS nanochannel peeled off from the nanochannel mold measured with AFM
(Multiode™ SPM, Digital Instruments).
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Figure 3-1. Schematic and examples of the nanofluidic chip. (a) Schematic of the EOF measurement
chip bonding process; (b) 3D AFM image of a h-PDMS nanochannel replicated from the photoresist
nanochannel mold; (c) Cross-section of the nanochannel with a depth 107 + 7 nm and a width 260 +

11 nm as measured by AFM.

To deliver the sample liquid to a nanochannel and measure the EOF velocity, the nanochannel has
to be connected to a microchannel[140]. This PDMS microchannel chip is replicated from a SU8
photoresist microchannel mold which is fabricated on a silicon wafer with the standard

photolithography method. In order to keep a consistent zeta potential value on all surfaces of the system,
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the microchannel is also produced with a bilayer of h-PDMS and regular PDMS. As shown in Figure
3-1, this microchannel network is composed of two “U” shape microchannels with a depth of 30 um
and a width of 150 pum. The nanochannel bridges the two microchannels by bonding the PDMS
nanochannel chip with the PDMS microchannel chip by plasma treatment (Harrick plasma, PDC-32G)
for 60s, forming the final fluidic chip for EOF velocity measurement.

3.2.2 Measurement of EOF velocity by the current-slope method

Electric current monitoring method is a widely used technique that can evaluate the EOF velocity.
As the conductivities of electrolyte solutions depend on the concentrations of electrolyte solutions, the
EOF velocity could be evaluated by monitoring the electric current change in the process of replacing
one electrolyte solution by another with a different conductivity. For instance, when a lower
conductivity solution firstly fills a channel, and then is replaced by another solution with a higher
conductivity driven by the electroosmotic flow, the electric current throughout the channel should
increase from the initial steady value and finally reach a higher constant value when the solution with
a higher conductivity fills the channel completely. The average velocity can be estimated by knowing
the length of the channel and the replacement time. In order to increase the accuracy of this method,
Ren et al. [52] proposed to use the slope of the current-time curve to evaluate the EOF velocity. Recently,
Peng and Li[140] applied the current slope method to measure EOF velocity in a nanochannel. In this
work, the electric resistance of nanochannel is much higher than that of microchannels due to the
extremely small size of the nanochannel. Consequently, the voltage drop in the microchannels is

negligible and the EOF velocity can be calculated by the following equation:

kS (o) eL
Veor = ﬁ (3'1)

where Vgor is the velocity of the electroosmotic flow; I; and I, are the initial electric current value
and the final electric current value in the nanochannel, respectively; kg, is the slope of the liner part

of the current-time curve; L is the length of the nanochannel.

It should be noted that the ionic concentration not only changes the conductivity of the solution,
but also affects the zeta potential which is associated with the EOF velocity. In order to minimize the
concentration effects in the measurements, the concentration difference between the two displacing

solutions should be small while making the initial electric current value I; and the final electric current
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value I, clearly different. In addition, the EOF velocities measured for the process of using the high
ionic concentration solution to replace the low ionic concentration solution and for the process of using

the low ionic concentration solution to replace the high ionic concentration solution are averaged. The
average velocity is given as:

V. = VeEoF-inctVEOF-dec
AV = >

(3-2)

where V,, is the average velocity of the electroosmotic flow; the Vipr_ine and Vior—_gec are the

EOF velocities calculated for the increasing current process and decreasing current process,
respectively.
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Figure 3-2. Examples of the current-time curves measured in a channel with the cross-section of
2.5 um x 2.5 um under the 50 V/cm applied electric field. (a) The curve of current change measured
by replacing 2 x 103 M LiCl solution with 1 x 10~3 M LiCl solution. (b) The curve of current
change measured by replacing 1 x 10~3 M LiCl solution with 2 x 10~3 M LiCl solution.

Figure 3-2 displays the examples of current change curves in the experiments for the case of the
replacement between the 1 x 103 M LiCl solution and 2 x 10~3 M LiCl solution in a 2.5 pm deep
and 2.5 um wide channel under 50 V/cm electric field. In Figure 3-2 (a), the 2 x 1073 M LiCl solution
initially filled the nanochannel and the current I; was measured at the steady state. Then 1 X 1073 M
LiCl solution was added and driven into the nanochannel by the electroosmotic flow. Correspondingly,
the electric current cross the nanochannel started decreasing gradually and eventually reached a
constant value I, when the nanochannel is totally filled with the solution of the lower concentration.

The linear section of the current-time curve is used as the slope of the curve for calculation of the EOF
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velocity. Figure 3-2 (b) shows an example of the electric current-time curve in an opposite replacement
process in the same channel used in Figure 3-2 (a). In this case, the 2 x 102 M LiCl solution was

displacing the 1 x 10~3 M LiCl solution, and the electric current was increasing with time.

Figure 3-3 shows the schematic of the EOF velocity measurement system. This system consists of
an electrometer (Keithley, Model 6517A) used to record and transfer the electric current signal to a
computer by a LabVIEW program (National Instrument Corp.), an electric switch, and a nanofluidic
chip. The electrometer also functions as a DC power supply providing the electric potential to the chip
reservoirs through two Platinum electrodes (Sigma-Aldrich). The electrolyte solutions used in the work
with ionic concentration of either 1 x 1073 M or 2 x 103 M are prepared by dissolving KCI (Fisher
Scientific), LiCl (Sigma-Aldrich), NaCl (Fisher Scientific), CaCl2 (Fisher Scientific), and AICI3
(Fisher Scientific) in pure water (Mini Q, Direct-Q3), respectively. The pH of all solutions is 7 except
for the KCI solutions. The KCI solutions with pH values ranging from 4 to 10 are regulated with the
KOH (Fisher Scientific) solution and the HCI (Fisher Scientific) solution.

For each measurement, a new nanofluidic chip is assembled and initially filled with an electrolyte
solution with a given ionic concentration. Afterward, the DC power is applied to the reservoir A and C
of the nanochannel (shown in Figure 3-3), and the current is recorded with the LabVIEW program
simultaneously. When the current reached a constant value, the same electrolyte solution with slightly
different concentration is added to the reservoir B and start to replace the original liquid in the channel
by switching the input voltage from reservoir A to reservoir B. With the applied electric field, the
second solution in the reservoir B is pumped electroosmotically into the channel and eventually goes
through the nanochannel. As a result, the electric current gradually changes until reaching the final
constant value. For each set of conditions, the measurements were repeated at least 3 times in 3
independent nanofluidic chips. The EOF velocity was calculated by Eqg. (3-1) and Eq. (3-2), and the
results reported in this project are the averages of the calculated velocities. All the experiments were

conducted at the room temperature of about 23 °C.
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Figure 3-3. Schematic diagram of the EOF velocity measurement system
3.3 Results and discussion

3.3.1 lon size effects

In aqueous solutions, most elements of electrolytes exist in the form of hydrated ions that are
attached to water molecules to form a spherical shell surrounding the ions. Previous researchers have
proposed that the distribution of zeta potential and the thickness of the EDL on a charged surface are
related to the hydration radii of counterions at the stern layer[141,142]. Therefore, the hydration radius
of the ion is considered as the effective ion size in this work. Generally, the hydration radius of the
cation is contrariwise proportional to the original size of ion because the small ions have more hydration
energy and can accept more water molecules. The sodium and potassium ions have relatively large ion
size but are weekly hydrated, having a single water molecules shell. However, the smaller lithium ion
can be hydrated more strongly and probably has a second hydration shell, leading to a large hydration
radius[143].

Figure 3-4 (a) shows the experimental results of the hydration radius effects on the EOF velocity.
EOF velocities of three monovalent electrolyte solutions, LiCl, NaCl, and KCI, are measured in
channels with a depth ranging from 85 nm to 2.5 um. In addition, most of the nanochannels used in this
study have a much larger size in width direction than that in depth direction, and the EDL may overlap
only in the depth direction of the nanochannels. For all cases, the applied electric field is 50 V/cm, and
the pH is 7. By comparing the measured EOF velocities of these monovalent electrolyte solutions, it is

clearly shown that the EOF velocity increases with the increasing size of hydrated ions (Li* > Na* >

29



K*) in relatively large channels. However, when the nanochannels become smaller, particularly smaller
than 150 nm, the EOF velocity is contrariwise proportional to the size of hydrated ions.
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Figure 3-4. (a) Experimental results of ion size effects on EOF velocity in h-PDMS channels. The
EOF velocities of three monovalent electrolyte solutions are measured in the channels with size
ranging from 85 nm to 2.5 um. The ionic concentrations of the solutions are 1 x 10~3 M and the
applied electrical field strength is 50 V/cm. (b) Zoomed-in version of ion size effects on EOF

velocity in small h-PDMS nanochannels.

The experimental results in Figure 3-5 indicate that the average EOF velocity has a decreasing
trend when the depth of channel decreases from 600 nm to 200 nm which is still larger than the size
required for EDL overlapping. For example, for 1 x 1073 M KClI solution, the Debye length is about
9.6 nm, and the thickness of EDL may be approximately 50 nm. The maximum EOF velocity only

occurs in the small central area of the nanochannels. Therefore, the average EOF velocity decreases
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when the size of the channel decreases. Furthermore, when the channel size decreases from 110 nm to
85 nm, the EDLs overlap and the average EOF velocity is further reduced.

As shown in Figure 3-5, the potential distribution of EDL can be expressed as:
L|Jsurf = L|Jdrop + (3-3)

Where i, f is the surface charge of the nanochannel, 4, is the potential drop in stern layer,

and ¢ is the zeta potential at the shear plane.

The surface potential is determined by the properties of the interface between the solid surface
and electrolyte solution, and it should be a constant for the fixed pH value and concentration of the
aqueous solution. However, as the ion size is considered, the limited area of the charged surface allows
fewer counterions with a large size to be adsorbed on the surface in comparison with the small
counterions. Consequently, the potential drop and zeta potential depend on the size of the counterions.
As shown in Figure 3-5, the Y, in these two models is the same under the same pH and ionic
concentration. As illustrated by the model in Figure 3-5 (a), fewer counterions attach to the charged

surface due to their large hydrated size, and the Y4, is smaller compared with that in Figure 3-5 (b).

Consequently, the ¢ of the interface with large hydrated ions is more negative than that with small
hydrated ions. Because the EOF velocity is proportional to the zeta potential value in channels without
overlapped EDL, the large hydration radius contributes to the larger velocity of EOF. For the three
counterions tested in this work, the size of hydrated ions Li* is larger than that of Na" and K, and the
size of hydrated ions Na" is larger than that of K*, therefore, in larger channels, the EOF velocity of
LiClI solution is the largest and the EOF velocity of the KCI solution is the smallest. In smaller
nanochannels, however, the opposite trend is observed as shown in Figure 3-4. This may because the
thicker EDL is formed with large hydrated ions and strongly overlapped EDLs may occur.
Consequently, the overlapped EDLSs result in a smaller EOF velocity. A previous theoretical study has
demonstrated that the concentration distribution of the counterions in EDL depends on their size. The
thickness of the stern layer is positively proportional to the ion size[15]. Furthermore, in small
nanochannels, Freund reported that the EOF velocity is approximately zero in the stern layer and the
velocity profile is parabolic in the middle of the channel [42]. Based on these studies, the mean EOF

velocity should be proportional to the size of the counterions inversely in small nanochannel because
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the immobilized stern layer composed of large counterions is thicker and occupies more space of the

channel. The results of this experiment are in good agreement with these theoretical studies.
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Figure 3-5. (a) Model for the potential distribution of EDL on a negatively charged surface with large
hydrated counterions; (b) Model for the potential distribution of EDL on a negatively charged surface

with small hydrated counterions.

3.3.2 lon valence effects

Electrolyte solutions with different valences of cations and the same anion, KCI, CaCl,, and AICls,
are utilized to measure EOF velocities in a series of channels by using the current-slope method. The
applied electric field is 50 V/cm, and the pH of all solutions is regulated to 7. The experimental results
of measured EOF velacities are shown in Figure 3-6. As can be seen from Figure 3-6, for the KCI
solution and the CaCl; solution, the EOF velocity increases with the channel size and is a constant for

larger nanochannels and the microchannels. In the comparison of the EOF velocity with the same ionic
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concentration, it is found that the CaCl> solution has a slightly lower EOF velocity compared with the
KCI solution. However, for the trivalent solution, AICIs, it demonstrates a reversed electroosmotic flow;
that is, the flow is in the opposite direction to the direction of the applied electric field. Additionally,
the speed of the flow increases with the channel size.

Similar to the above discussion, for all electrolyte solutions in this experiment, the EOF velocity
slightly decreases in the large nanochannels because the EDL occupies more space of the channel, and
significantly decreases in very small nanochannels due to the overlapped EDL. These channel size
effects are related to the thickness of EDL. In the conventional EDL theory, the Debye length is

correlated to the valence of the electrolyte and can be theoretically calculated with the following

equation[144]:
_ Eo&rkpT )
Ap = \’ 2N (z€)? (3 4)

where g, is the permittivity of vacuum, and &, is the dielectric constant of the electric solution; k,,
is the Boltzmann constant; T is the temperature; n;., is the density of ions; z is the valence of electrolyte

solution; e is the unit charge.

It is generally accepted that the thickness of the diffuse layer of EDL is about 3 to 5 times of the
Debye length A, [144], which means the valence of electrolyte is contrariwise proportional to the
thickness of EDL. However, the derivation of the above Debye length equation did not consider the
effects of the hydrated ions. It is believed that the thickness of the diffuse layer is also strongly
correlated and positively proportional to the size of hydrated counterions[133]. Therefore, the thickness
of the EDL cannot be simply calculated by Eq. (3-4). For example, although the ion of aluminum has
a high valence, it also has a large hydrated size (9.6 A) compared with calcium (8.4 A) and potassium

(6.6 A)[145].
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Figure 3-6. Experimental results of ion valence effects on EOF velocity in h-PDMS channels. The
EOF velocities of three electrolyte solutions with different valence are measured in the channels with
size ranging from 85nm to 2.5 um. The ionic concentrations of the solutions are 1 x 1073 M, and the

pH is 7. The applied electric field strength is 50 V/cm.

As shown in Figure 3-6, the bivalent cations attached to the charged surface provide more counter-
charges than the monovalent cations if these two kinds of cations have similar hydration sizes. As the

Wsyurs I constant, the charged surface attached with the bivalent solution has a relatively large Y g.-op

at the stern layer, thus generating a smaller ¢ value at the shear plane. Therefore, the EOF velocity is
contrariwise proportional to the valence of counterions adsorbed on the charged surface. Based on these
two models in Figure 3-7, the electrolyte solution with a higher valence should have a smaller EOF
velocity. However, as can been seen in Figure 3-6, only a slightly smaller EOF velocity of the CaCl;
solution can be observed compared with that of the KCI solution. This is because the ion of calcium
not only has a high valence, but also a larger hydration diameter (8.4 A) than the ion of potassium (6.4
A) [146]. As discussed above, the Warop also depends on the hydration radius of ions. Thus, the

difference of T between the KCI solution and CaCl; solution is smaller than expressed from the models
in Figure 3-7. For the AICI; solution, the high valence of electrolyte plays the leading role in the EOF
velocity. When the ions of aluminum adsorb on the charged surface, overwhelming countercharges
provided by the aluminum ions cause a charge inversion at the shear plane, thus leading to the reversed
electroosmotic flow. The flow reversal has been investigated in some studies by molecular dynamics
simulations[43,47]. They stated that the flow reversal occurs when the amount of electric charge

attracted in the stern layer is larger than that of the surface charge. In this experiment, the multivalent
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ions have similar effects on the flow reversal. The trivalent counter-ions, AI**, can contribute more
positive charges than monovalent ions and bivalent ions when they are attracted in the stern layer. The
amount of these positive charges could be more than the wall charges. Therefore, the flow reversal
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Figure 3-7. (a) Model for the potential distribution of EDL with bivalent counterions. (b) Model for

the potential distribution of EDL with monovalent counterions.

3.3.3 pH value effects

The 1 x 10~3 M KCI solutions with pH value ranging from 4 to 10 were employed to analyze the
effects of pH value on the EOF velocity. Figure 3-8 depicts the dependence of the measured EOF

velocity on the pH value in h-PDMS channels with various sizes under the 50 V/cm applied electric
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field. The pH value of solutions is regulated with the 1 x 103 M KOH solution and 1 x 1073 M HCI
solution. As can be seen in Figure 3-8, for example, in the nanochannel with a depth of 85 nm, the EOF
velocity of the KCI solution increases from around 13 um/s to 41 um/s as the pH increases from 4 to
10. The EOF velocity in other channels follows a similar trend.
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Figure 3-8. Experimental results of pH value effects on the EOF velocity in h-PDMS channels with
depth ranging from 85 nm to 2.5 um. The EOF velocities of 1 x 10~3 M KCI solutions are measured

by using the current monitoring method under an applied electric field of 50 V/cm.

Uba et al. [54]reported that the surface charge increases monotonically with the increasing pH of
solutions in PMMA nanochannels due to carboxyl groups on the channel surface deprotonated at high
pH. In this experiment, similarly, the EOF velocity increases when the pH of the KCI solution increases.
The models shown in Figure 3-9 can be used to explain the pH effects on EOF velocity. For h-PDMS-
based channels, at a low pH, the relatively high ionic strength of hydrogen (H") in the solution restrains
the deprotonation of silanol groups on the h-PDMS surface, reducing the negative surface charge and
leading to a relatively lower Y, , as shown in Figure 3-9 (a). In contrary, at a high pH, the h-PDMS
surface has a higher Y, , as shown in Figure 3-9 (b). As discussed above, the Y4, depends on the
hydration radius and valence of counterions adsorbed on the surface. For the KCI solutions with pH
ranging from 4 to 10, as the hydration radius and valence of counterions are the same, the 4., can

be regarded as a constant value. By using Eq. (3-3), it is easy to understand that there is a positive
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correlation between the ¢ and the pH value of solutions. Consequently, the EOF velocity is positively

proportional to the pH value as well.
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Figure 3-9. (a) Model for potential distribution of EDL at low pH; (b) Model for potential distribution
of EDL at high pH.

3.4 Conclusions

In this chapter, the effects of ion size, ion valence and pH value of solutions on the electroosmotic
flow velocity in various h-PDMS-based nanochannels are experimentally studied by using the current
monitoring method. The experimental results indicate that the EOF velocity of electrolyte solutions
with the same valence and ionic concentration is proportional to the hydration radius of ions in the
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relatively large h-PDMS channels without overlapped EDL. On the contrary, this velocity is
contrariwise proportional to the hydration radius of ions in small h-PDMS channels because the large
size of hydrated ions contributes to form thicker EDL and generate strongly overlapped EDL,
dramatically reducing the EOF velocity in nanochannels. Similarly, the high valence of cations also
causes a decrease in EOF velocity, even can induce a reversal of EOF with trivalent cations in h-PDMS
channels. The results also demonstrate that the increase of pH value will increase the EOF velocity by
elevating the surface potential. These findings provide an improved understanding of EOF in
nanochannels. These measured EOF velocities obtained in this chapter offer fundamental support for

the future studies of electrokinetic transport processes in nanochannels.
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Chapter 4 Fundamental Research I1: Electroosmotic Flow in DNA
Modified H-PDMS Nanochannels®

4.1 Introduction

Significant attention has been paid on EOF modulation in recent years. In EOF modulation, the
surface coating is one of the most popular methods to effectively control EOF in microchannels[58-62]
and nanochannels[63—-67]. Some studies of the effects of the coated layer on electrokinetic transport
have been conducted. Theoretically, Harden et al.[68] set up a model to predict the qualitative features
of EOF velocity in channels with end-grafted polyelectrolytes and reported that the EOF mobility is
essentially determined by the electrokinetic properties of the polymer in channels with densely grafted
polymers. Adiga and Brenner[65] studied the EOF velocity distribution in a nanopore grafted with
polymer brush by using molecular dynamics simulation method and showed that the EOF velocity
depends on the coupling effects of polymer conformational dynamics induced by the drag force of fluid
flow and electrohydrodynamics. Huang et al.[64] also investigated the electric properties of the surface
on which polyelectrolyte brushes are grafted and report that the surface charge is dependent on the
grafting density, pH, electrolyte concentration and the thickness of the brush layer. Paumier et al.[77]
measured the EOF velocity in channels grafted with neutrally charged polymers and reported that the
thickness of the coated layer could control the development of EOF. When the polymer layer is thicker
than the EDL, the EOF can be effectively prohibited even the channel surface with nonzero zeta
potential. On the contrary, if the thickness of the coated polymer layer is smaller than that of EDL, the
EOF could still occur unimpeded. Raafatnia et al. [78] further investigated the mobility of
polyelectrolyte-grafted colloids in monovalent salt solutions. They presented that the mobility is
dominated by the polyelectrolyte brush regime at high ionic concentration. In Manning’s theory, the
neutralization of DNA charges only determined by the valence of counterions in the solvent and
independent of its type and concentration[79]. Guo et al. studied the effects on this issue and reported
that the DNA charge neutralization is also dependent on the pH value of solutions or the concentration

of hydrogen ions[71]. Moreover, the molecular structure of DNAs can be influenced by ultraviolet(UV)

T A similar version of this chapter was submitted or published as:
J. Li, D. Li, Electroosmotic flow velocity in DNA modified nanochannels, J. Colloid Interface Sci. 553 (2019) 31-39.
https://doi.org/10.1016/].jcis.2019.06.002.
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irradiation, thus changing the charges carried by DNAs[80-82]. Therefore, UV illumination can be an
elegant way to modulate EOF in the DNA coated channels without any additives.

Although some experimental studies have been conducted to investigate the EOF modulation by
using the surface modification methods, the complicated interactions between DNA and mobile
counterions in the solution result in new questions about EOF in DNA modified channels. More efforts
are need to be taken to further examine the fundamental characteristics of EOF influenced by the
interactions between electrolyte solutions and the coated surface. At present, the experimental results
of EOF velocity in PDMS nanochannels grafted with DNA brushes are very limited. In order to provide
improved understandings of electrokinetic transport in nanochannels grafted with DNA brushes, in this
chapter, EOF velocities are measured by using the current monitoring method in the microchannels,
large nanochannels as well as very small nanochannels with overlapped EDLSs [52]. The effects of the
incubation time, the type of the coated layer, pH, and ionic concentration of electrolyte solutions on the
performance of surface modification and EOF are studied in h-PDMS channels. The EOF velocities
with UV illumination are also measured in DNA grafted channels. For comparison, corresponding
measurements of EOF velocity in the pristine channels with UV illumination are also presented in this

chapter.
4.2 Materials and methods

4.2.1 Chemicals and Oligonucleotides

The chemicals employed in this study include electrolytes of KCl (Fisher Scientific), NaCl (Fisher
Scientific), LiCl (Sigma-Aldrich), CaCl, (Fisher Scientific) and AlICI3 (Fisher Scientific), pure water
(18.2 MQ Mini Q, Direct-Q3) which is used to prepare all the electrolyte solutions, KOH (Fisher
Scientific) solution and the HCI (Fisher Scientific) solution which are used to regulate the pH of KCI
electrolyte solutions. Regular PDMS and hard PDMS (h-PDMS) are utilized to fabricated EOF
measurement chips[50]. 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) are used to treat the channel surface in the first step of the surface
modification; single-stranded DNA (ssDNA) S5’-TTTTTTTTTTTTTTT-3 (15T) and 3’-
AAAAAAAAAAAAAA-S’ (15A) are grafted on the channel surface in the second step of the surface

modification.
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4.2.2 Fluidic chip fabrication

In this study, the nanochannel molds were fabricated by using the solvent-induced cracking
method[50]. The nanochannel chips were produced by casting a bilayer of hard PDMS (h-PDMS) and
regular PDMS on the nanochannel molds. The h-PDMS can precisely replicate the molds’ feature and
minimize the deformation and collapse effects on channel size. The regular PDMS is relatively soft and
used to support the fragile h-PDMS layer[139]. Firstly, the h-PDMS was spin-coated onto a
nanochannel mold and then placed in an oven at 80 <C for 10 minutes. Afterward, the regular PDMS
was cast onto the h-PDMS layer and heated with the same temperature for 2 hours. In order to easily
deliver the testing liquid in a nanochannel, the nanochannel chip was connected to a microchannel
which was replicated from a SU8 photoresist microchannel mold fabricated on a silicon wafer with the
standard photolithography method. This PDMS microchannel chip was also produced with the bilayer
of h-PDMS and regular PDMS so that the zeta potential value was constant on all surface of the system.
The microchannel network was bonded with the nanochannel chip by Plasma treatment (Harrick plasma,
PDC-32G). Figure 4-1 shows an example of the fluidic chip for EOF velocity measurement, where the

nanochannel bridges the two “U” shape microchannels with a depth of 30 um and a width of 150 um.

<— Nanochannel

Microchannel

\

gmme |

Figure 4-1. A picture of a h-PDMS nanofluidic chip for EOF velocity measurement captured by an

optical microscope.

4.2.3 Surface modification

In this work, the surface modification process is achieved by the chemical reaction between the
channel inner surface and the functional molecular groups to form covalent bonds. As shown in Figure
4-2, the nanochannel chip and microchannel chip were pretreated by oxygen plasma for 180 s, and then

they were irreversibly bonded together. After leaving the chip standing for 30 minutes at room
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temperature of about 23 °C, the inner surface modification can be achieved by a two-step chemical
reaction and an incubation process. Firstly, 2 ul EDC solution (20 mM) and 2 pl NHS solution (20 mM)
were filled into the chip to couple the carboxylic acid groups to amine-reactive groups on the channel
surface. After that, 10 ul DNA 15T solution (10 pM) was added to the channel and bonded to the inner
surface. Finally, the chip was fulfilled with 100 mM MES buffer solution and incubated at the
temperature of 4 °C for a certain period before using. For the duplex DNAs modified nanochannels, 10
ul DNA 15A solution (1uM) was filled into the chip after the incubation process. By one extra hour
incubation at the room temperature, the DNA 15A could hybridize with the grafted DNA 15T and
formed dual-stranded structure[72,147].

Chip Bonding
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Figure 4-2. Schematic representation of the formation of grafted DNA layer on h-PDMS channel

inner surfaces.

4.2.4 Measurement of EOF velocity

Electric current monitoring method is a widely used technique that can evaluate the EOF velocity
in microchannels[148]. As the conductivities of electrolyte solutions are related to their ionic
concentrations, the EOF velocity can be measured by monitoring the electric current change in the

displacement process between two electrolyte solutions with slightly different ionic concentrations. The
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time of a higher concentrated electrolyte solution displaced by a lower concentrated electrolyte solution
can be recorded, the EOF velocity can be calculated by knowing the channel length and the replacement
time. However, it is difficult to ascertain the exact starting time and the ending time of the displacement
process in an experiment. To improve the measurement method and minimize the experimental error,
Ren et al.[52] proposed to calculate the EOF velocity by using the slope of the current-time curve
instead of the time period of the complete displacement process. Pend and Li[140] also measured the
EOF velocity in nanochannels by using the current slope method. In this work, all channels initially
were filled with an electrolyte solution of a high concentration and then the same electrolyte solution
of a slightly lower concentration was filled into the channels to displace the original solution by EOF.
For each set of conditions, the measurements are repeated at least 3 times in 3 independent nanofluidic
chips. All the experiments are conducted at the room temperature of around 23 °C. Because the
electrical resistance of the microchannel is much smaller than that of the nanochannel, the voltage drop
in the microchannels is negligible compared with that in the nanochannel. According to the current

slope method, the EOF velocity can be calculated by the following the equation:
kS ope L
Veor = 12_p (4-1)

where Vgor is the velocity of the electroosmotic flow; I; and I, are the initial electric current

value and the final electric current value in the nanochannel, respectively; kg;,p. is the slope of the

liner part of the current-time curve; L is the length of the nanochannel.

Multifunctional electrometer
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Computer

i |

Platinum electrodes
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Figure 4-3. Schematic diagram of the EOF velocity measurement system.
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The EOF measurement system, as shown in Figure 4-3, consists of a multifunctional electrometer
(Keithley, Model 6517A) used to supply DC voltage and transfer the electric current signal to a
computer by a LabVIEW program (National Instrument Corp.), platinum electrodes (Sigma-Aldrich),
an electric switch, an UV controller, and a nanofluidic chip. The UV ray turns on only in the
experiments of testing UV effects.

4.3 Results and discussion

4.3.1 Surface modification characterization by AFM

The quality of the modified h-PDMS surface and the grafting density of DNA attached on the
surface were characterized by an AFM (MultiodeTM SPM, Digital Instruments). All images were
captured in the conventional tapping mode. The DNA 15T modified h-PDMS chips were firstly treated
with the surface modification process as described previously and then incubated at the temperature of
4 °C for 3 hand 24 h, respectively. The unmodified h-PDMS surface was used as a reference. The AFM
height images of these surfaces modified with different conditions are shown in Figure 4-4. The surface
profiles were measured correspondingly to the directions of the white lines on the AFM height images.
The surface profile can indicate the surface structure and the grafting density of DNAs. As shown in
the figure, the unmodified h-PDMS surface was very smooth. At the incubation of 3 h, the surface
roughness increases, indicating DNA chains was grafted on the surface. Furthermore, the magnitudes
of the peaks in the surface profile line are around 0.5 nm. At the incubation time of 24 h, the distance
between the peaks of the surface profile is much smaller and the magnitudes of the peaks are larger
than that at the incubation time of 3 h. These results illustrate that the grafting density of DNASs on the
PDMS surfaces is proportional to the incubation time, and the high grating density will force the DNA

chains transfer from folded to extended state, thus having a relatively long length.

4.3.2 Effects of incubation time

In general, the process that DNA molecules move from the bulk solution to the channel surface
and the grafting density of DNA chains on the channel surface are related to the incubation time. In this
work, the nanochannels modified with 15T ssDNA and incubated for 1h, 3 h, 6 hand 24 h were prepared,
respectively. The electrolyte solution of 1 x 10~3 M KCl at pH 7 was utilized to investigate the effects
of incubation time on EOF velocity in these nanochannels. It should be pointed out that most of the

nanochannels used in this study have a much larger width than the depth, and the EDL may only overlap
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in the depth direction of the nanochannels. Consequently, the EOF velocity is mainly dominated by the
interaction between the modified channel surface and the bulk solution in the depth direction. Therefore,
the depth is regarded as the effective size of the nanochannels. Theoretically, the EOF velocity should
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Figure 4-4. AFM images and surface profile of h-PDMS surfaces. (a) and (b) are the height image and
surface profile of the unmodified h-PDMS surface, respectively; (c) and (d) are the height image and
surface profile of DNA 15T modified h-PDMS surface with the incubation time of 3 h, respectively;
(e) and (f) are the height image and surface profile of DNA 15T modified h-PDMS surface with the

incubation time of 24 h, respectively.
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be independent of the channel size in large nanochannels without overlapped EDL and reduced to a
relatively small value in small nanochannel with overlapped EDL. However, as shown in Figure 4-5,
the EOF velocity shows a decreasing tendency when the channel depth decreases from 2.5 um to 650
nm which is still larger than the required size for EDL overlapping. This is because the relative space
occupied by EDL increases in the nanochannel when the channel size becomes smaller although the
size does not reach the critical value of overlapped EDL. For example, for the case of 1 x 10™3 M KCI
solution, the calculated Debye length is approximately 9.6 nm, and the thickness of EDL may be
approximately 30 ~ 50 nm. The maximum EOF velocity can only occur in a narrower center region in
a small nanochannel compared with that in larger channels, even without overlapped EDL. As a result,

the average velocity of EOF through the small nanochannel reduces.
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Figure 4-5. Measured EOF velocity as a function of the incubation time in ssDNA 15T modified

nanochannels with size ranging from 50 nm to 2.5 um. The applied electrical field strength is

20 V/cm. The solution used in the measurement is 1 x 1073 M KCl at pH 7.

For the effects of the incubation time on EOF velocity, as shown in Figure 4-5, the EOF velocity
initially increases rapidly when the incubation period increases from 1 h to 6 h and then increases only
slightly as the incubation time increases from 6 h to 24 h. This is because more DNA chains will attach
on the PDMS surface in a longer incubation process and this would generate a relatively higher surface
charge density on the channels surface, thus increasing the EOF velocity. However, as the active surface

groups that can be bonded with the DNA chains are limited on a fixed channel wall surface area, the

46



increase of the number of DNA chains attached on the channel surface will reach a limit with the further
increase of the incubation time. Consequently, it is expected that the EOF velocity finally reach a

maximum value and keep constant with the continuing increase of the incubation time.

4.3.3 Effects of the surface coating types

The properties of the grafted DNA layer on channel surface, such as surface charge, grafting
density, and the thickness of the coated DNA layer, can critically affect the ion distribution in the EDL,
thus influencing the distribution of EOF velocity in the modified channels[66]. In this work, the coated
layer of DNAs is very thin (around 5nm), and the calculated thickness of EDL is 30~50 nm for
1 x 1073M KClI solution used in this measurement[149,150]. Therefore, the EDL extends far beyond
the coated layer, and the EOF depends mostly on the electric properties of EDL[77]. However, these
negative charges carried by DNA chains can increase the surface charge of the channel, thus resulting
in a large zeta potential and increasing the EOF velocity. To confirm the effects of surface modification
with DNAs of 15T and 15A on EOF velocity, the nanochannels with depth ranging from 50 nm to
2.5 um were modified by only first chemical reaction step (EDC+NHS), two-step chemical reactions
(EDC+NHS+15T), and duplex DNAs (EDC+NHS+15T+15A), respectively, by using the surface
modification method described above. For comparison, the pristine PDMS channels are also prepared.

All these channels were incubated with MES buffer solution at 4 °C for 24 h before using.

Figure 4-6 shows the experimentally measured EOF velocity of KCI solution with the ionic
concentration of 1 x 1073 M in modified nanochannels of different sizes. In comparison with the
electroosmotic flow in pristine channels, the EOF velocity becomes smaller in all channels when the
channel is modified only by the first chemical reaction step (EDC+NHS modification). In the 15T
modified nanochannels, the EOF velocity shows a dramatic increase compared with that in the only
EDC+NHS modified nanochannels. Because the molecular groups carried by DNAs are negatively
charged in solutions, and they will increase the surface charge when they are attached on the channel
surface, thus increasing the zeta potential and leading to a larger EOF velocity. The largest EOF velocity
occurs in the duplex ssDNA modified nanochannels. The ssDNA 15A will hybridize with the
immobilized ssDNA 15T on the channel surface and form the dual-stranded structure. As both sSDNA
15T and ssDNA 15A are negatively charged in pH 7 KCI electrolyte solution, the channel surface
charge will be further increased after the hybridization, thus increasing the zeta potential and EOF
velocity[147].
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Figure 4-6. Experimental results of EOF velocity in nanochannels with different end-grafted layers.
The applied electrical field strength is 20 V/cm. The solution used in the measurement is 1 x 1073 M
KCI solution at pH=7.

4.3.4 pH effects

Hydrogen ion plays an important role in determining the adsorption of metal cations on the channel
surface, and its concentration influences the surface charge density and zeta potential on channel
surfaces, thus influencing the electrokinetic transport in the channels[151,152]. In KCI solutions, the
hydrogen ion is correlated to the pH value of the solution. In order to examine how pH value influences
the EOF in 15T DNA modified nanochannels, the EOF velocity of 1 x 10~3 M KCI solution with pH
value ranging from 4 to 10 were experimentally measured. In this work, all EOF measurement chips
are incubated with MES buffer solution at 4 °C for 24 h before using. As a reference, the EOF velocity
is also measured in a pristine h-PDMS channel which is also incubated with MES solution at 4 °C for

24 h before ready to use.

The measured EOF velocities of 1 x 10~3 M KCI solutions are shown in Figure 4-7. As can be
seen from Figure 4-7, the EOF velocity of 1 x 1073 M KCI solution increases monotonously in the
unmodified h-PDMS channel when the pH increases from 4 to 10. However, in all ssSDNA 15T modified

channels, the EOF velocity of 1 x 103 M KCl solution only increases slightly when the pH rises from
48



5 to 10. The obvious change in EOF velocity can be observed only when the pH decreases from 5 to 4.
These results indicate that the sSSDNA 15T coated channels have a relatively stable surface charge when
the pH of KCI electrolyte solution changes. For the pristine h-PDMS channels, the carboxyl groups and
silanol groups will deprotonate when the concentration of hydrogen ions decreases, thus leading to a
more negatively charged channel surface and larger EOF velocity. For the ssDNA 15T coated channels,
the EOF velocity is also controlled by the DNA charge density when the coated DNA layer is engulfed
by a thick EDL[71,153]. In the Manning theory, the fraction of the neutralized DNA charge is
determined only by the valence of the counterions [71,154]. Consequently, for the 1 x 103 M KCI
solution, pH effects on EOF velocity become less prominent in the ssSDNA 15T modified channels.
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Figure 4-7. Measured EOF velocity as a function of the pH of 1 x 1073 M KCI solution in DNA
modified nanochannels with size ranging from 50 nm to 2.5 um and an unmodified microchannel.

The applied electric field strength is 20 V/cm.

4.3.5 UV illumination effects

The UV illumination could induce more negative charges on DNAs and affect the zeta potential
of the DNA coated channel surface[82,147]. Moreover, the change in zeta potential caused by UV
illumination is reversible that the zeta potential will turn back to the original value after the irradiation
with visible light. To investigate the UV light effects on EOF velocity in DNA modified channels, the
EOF velocity of KCI solution is measured in the channels with UV illumination. As a reference, the

EOF velocity is also measured in the pristine h-PDMS channels with UV light illumination. The
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concentration of KCI electrolyte used in the experimental is 1 x 10~3 M, and the calculated thickness
of EDL is significantly larger than the coated DNA layer. Therefore, the EOF velocity mainly depends
on the surface charge density. All measurement chips are incubated with MES buffer solution at 4 °C
for 24 h before ready to use. The wavelength of UV light used in this experiment is 350 nm.

Figure 4-8 shows the EOF velocities response to UV illumination. To simplify the figure, only the
depth of the channels is plotted as the x-axis in the figure. For h-PDMS channels, exposing channels to
UV light could produce carboxyl groups on the surface and influence the surface charge density and
EOF velocity[155]. However, all channels used in this experiment have been pretreated with a plasma
device in the process of chips bonding. Most charged molecular groups of the channel surface have

been activated by the plasma treatment.
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Figure 4-8. Measured EOF velocity response to UV illumination in pristine h-PDMS channels and
ssDNA 15T modified h-PDMS channels. The applied electric field strength is 20 V/cm. The solution

used in the measurement is 1 x 10~3 M KCI solution at pH=7.

According to Figure 4-8, the EOF velocity only increases slightly with the UV illumination
compared that with visible light radiation in all pristine h-PDMS channels. These observations indicate
the effects of UV illumination on EOF in the h-PDMS channels are inconspicuous. After ssDNA 15T
coating, the negatively charged DNA brushes are grafted on the channel surface, and the surface charge
density relates the negative charges carried by the DNAs. As UV illumination can affect the component

and the surface charge of DNA, the EOF velocity should respond to the UV illumination in DNA
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modified channels as well. From Figure 4-8, in comparison with the case of pristine h-PDMS channels,
it can be seen that the EOF velocity is increased significantly in the ssSDNA 15T modified channels
with UV illumination compared that with visible light radiation, and the increment of the EOF velocity
is larger than 20% in all size channels. The results show that the UV illumination could increase the
surface charge of the ssDNA 15T and consequently increase the EOF velocity in the DNA modified

channels.

4.3.6 Concentration effects

Figure 4-9 shows the experimental results of ionic concentration effects on EOF velocity in the
pristine h-PDMS channels and ssDNA 15T modified channels. The electrolyte solutions of KCI with
concentrations ranging from 0.2 M to 1 x 10~3 M were used to study the concentration effects in these
channels. For the case of the pristine h-PDMS channels, shown in Figure 4-9 (a), the EOF velocity
decreases monotonically in the microchannel and the large nanochannel, because the zeta potential of
the channel surface is inversely proportional to the ionic concentration [140]. In the small nanochannels
with depth 104 nm and 50 nm, the EOF velocity increases initially while the ionic concentration
increases from 1x 1073 M to 1 x 1072 M, and then shows a decreasing trend as the ionic
concentration increases further. This is because the lower ionic concentration contributes to not only a
higher zeta potential but also a larger thickness of EDL. For the 1 x 10~ M KCI solution, the
calculated EDL thickness can reach 50 nm. In the nanochannel with the depth of 104 nm, the EDL can
extend almost to the whole channel. It is well-known that the electroosmotic flow field inside the
electric double layer develops from zero velocity at the compact layer (immobile counter-ions adsorbed
at the charged solid surface) to the maximum velocity at the outer boundary of the diffuse layer. For a
channel with a relatively thick EDL, the maximum EOF velocity can occur only in a small portion of
the space in the center of the channel. For such cases, the EOF velocity averaged over the channel cross
section becomes much smaller although there is no overlapped EDL. When the EDL overlaps, the
effective ionic concentration will be enhanced, contributing to a smaller zeta potential[156]. Therefore,
in the 50 nm channel, the EOF velocity is further reduced due to the effects of the strongly overlapped
EDL. From the Figure 4-9 (a), the EOF velocities of the 0.1 M and 0.2 M solution are essentially same
in all the channels, because the EDL is very thin at these high ionic concentrations, and the EDL effects

on EOF velocity are negligible.
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Figure 4-9. Measured EOF velocity as a function of the ionic concentration of KCI solution. (a)
Measured EOF velocity in the unmodified h-PDMS channels. (b) Measured EOF velocity in ssDNA
15T modified h-PDMS channels. The applied electric field strength is 20 V/cm.

For the case of ssDNA 15T modified channels, the EOF velocity shows a similar trend to that in
pristine h-PDMS channels at low ionic concentration. EOF velocity decreases in the large channels and
increases in the small nanochannels when the ionic concentration increases from 1 x 1073 M to
1 x 10~2 M. However, as the ionic concentration increases further, the EOF velocity increases firstly
when the ionic concentration rises from 1 x 10°2 M to 0.1 M, and then decreases with the ionic

concentration in all the channels. Similarly, the EOF velocities are essentially the same in all the
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channels when the ionic concentrations of KCI solution are larger than 0.1 M due to the EDL is very
thin. Previous theoretical works showed that the impact of the charge density of the coated brush layer
is weak at a low ionic concentration (thick EDL), whereas the EOF velocity is dominated by the brush
regime at a high ionic concentration (thin EDL)[78,153,157]. The aggregation of counterions within
the brush layer could affect their contribution to the overall EOF velocity. Furthermore, the length of
ssDNA will dramatically decrease when the ionic concentration of the monovalent salt solution is larger
than 1 x 102 M [158]. This transformation in the structure of the coated DNA brushes could also

influence the EOF velocity by changing the hydrodynamic screening of EOF[77].

4.4 Conclusions

This chapter presents an experimental study of electroosmotic flow (EOF) in DNA modified
channels with size ranging from 50 nm to 2.5 um by using the current-slope method. The influences of
incubation time and type of DNAs on EOF velocity are investigated in the experiments. The EOF
velocity of KCI electrolyte with various pH values and ionic concentrations are experimentally
measured in the sSSDNA 15T modified channels. Besides, the effects of ion size and ion valence on EOF
velocity in DNA modified channels are studied. The effect of UV illumination on EOF velocity are
also tested in the DNAs modified channels and the pristine h-PMDS channels. The results show that
the surface coating with negatively charged DNAs can enhance the EOF in h-PDMS channels, and the
EOF velocity is positively related to the grafting density of the coated DNAs. When the incubation time
increases, EOF velocity increases initially and then approaches a constant. The EOF velocity relies
strongly on the ionic concentration in the DNA modified channels as well as the pristine channels. The
EOF velocity is relatively smaller in small nanochannels than that in large channels at a low ionic
concentration, and independent of the channel size at a high ionic concentration. Different to the pristine
channels, the EOF velocity becomes larger at the high ionic concentration of 0.1 M that the thickness
of EDL is similar to the length of coated DNA brushes. The UV illumination also contributes to increase
the EOF velocity in the DNA modified channels. For the effects of ion size and ion valence, they follow
the similar trend in DNA modified nanochannels to that in bare h-PDMS nanochannels. However, the
pH effects on EOF velocity are less prominent in these modified channels. The experimental results
presented in this chapter facilitate the improvement in better understanding the electrokinetic transport

and the EDL theory in DNA modified nanochannels.
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Chapter 5 Fundamental Research III: Regulation of Nanochannel Size and
EOF in Charged Polyelectrolyte Modified Nanochannels*

5.1 Introduction

Recently, in nanofluidic, numerous applications have been suggested for the electrokinetic
transport phenomena in the fields of biology[1], chemical analysis[2,3], and mechanical engineering[4].
Since the electrokinetic transport phenomena are mainly determined by the surface properties in general
microfluidic and nanofluidic devices, it is a key factor that develops effective surface modification
techniques for meeting the demands of applications[159]. Surface coating with self-assembly
polyelectrolyte multilayers is a flexible and convenient method in the modulation of surface
properties[73]. In this method, polyelectrolyte layer-by-layer (LBL) deposition is often employed to
reversibly change surface charges and achieve nanoscale control in capillary electrophoresis (CE) due
to its advantages of long-term stable properties and mechanical film integrity[116,160-162]. When
polyelectrolyte attaches on an oppositely charged surface, the surface charges could be compensated or
overcompensated by the charges carried by the polyelectrolyte molecules[163]. Generally, the LBL
process is accomplished by alternately adsorbing polycationic and polyanionic molecules onto charged

surfaces by hydrogen-bonding or electrostatic interactions[110].

Many papers studied the factors influencing the growth of polyelectrolyte multilayers on various
substrates[111,115,116,163-165]. Dubas and Schlenoff[115] reported that the adsorption of charged
polyelectrolytes on oppositely charged surfaces is an ion exchange process, and the thickness of coated
layers on silicon substrates is proportional to the added salt concentration in polyelectrolyte solutions
and the deposition cycles. Haselber et al.[116] investigated the morphology of the coated films on silica
surfaces with the polyelectrolytes of polybrene (PB) and dextran sulfate (DS). They stated that a single
polybrene (PB) coating could not cover the surface completely, and the full coverage of silica surfaces
with PB-DS layers is achieved by at least triple-layer coating[116]. Guo et al.[166] also experimentally
study the LBL deposition of polyelectrolytes on silicon wafers. Their results showed that the
concentration ratio of positively charged polyelectrolytes to negatively charged polyelectrolytes is a

key factor in determining the thickness and surface roughness of the coated layers[166]. With these

t A similar version of this chapter was submitted or published as:
J. Li, D. Li, Polyelectrolyte adsorption in single small nanochannel by layer-by-layer method, J. Colloid Interface Sci. 561
(2020) 1-10. https://doi.org/10.1016/j.jcis.2019.11.116.
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unique features, recently, the technique of LBL coating has been introduced into the field of
microfluidic and nanofluidic to manipulate the fluid transport, and many studies have been developed
[125,166-169].

In microscale, the change of channel size caused by the coated polyelectrolyte layers is negligible
in comparison with the relatively large channel size. Therefore, LBL modulates the electrokinetic
transport in microchannels mainly by regulating the surface charge. For example, Liu et al.[113] coated
the PMDS capillary electrophoresis microchips by PB and DS. In their experiment, the direction of
EOF is opposite in PB and PB-DS coated channels, indicating that the surface charge of the modified
channels is determined by the outmost coated layer. Boonsong et al.[114] further studied the effects of
LBL coating on EOF in PDMS microchannels and reported that the direction of EOF is determined by
the charge properties of the outmost coated polyelectrolyte but the velocity may vary at a low coating
layer number. This variability in the EOF velocity likely comes from the partial surface coverage at
low layer number. As the layer number increases, the overall consistency of the surface charge will
improve, and the EOF velocity will be a constant value with the same outmost layer[114]. According
to the performances of surface coating, Biddiss et al. [109] developed a passive electrokinetic
micromixer by patterning the microchannel surfaces with positively charged polyelectrolytes and

generating heterogeneous surface charges.

In nanoscale, the steric effects have to be considered in determining the transport of polyelectrolyte
molecules and the formation of multilayers [170]. Thomas et al.[171] investigated the growth of the
G4-polyelectrolyte layer in nanopore by using LBL deposition. Their results proved that the size of
nanopores is a dominant factor for the thickness of the polyelectrolyte layer deposited within nanopores,
and the deposition can be completely suppressed when the nanopore is sufficiently small, even the
pores are not filled. Roy et al.[172] also studied the effects of pore diameter on LBL deposition in
nanopores with the pore diameter ranging from 100 to 500 nm by using Gas-flow porometry
measurement and stated that the polyelectrolytes could form a more dense gel layer in small

nanochannel due to the geometric constraints.

In summary, although these studies have been developed to analyze the growth of polyelectrolyte
layer from the macro scale to nanoscale by using the LBL technique, they are mostly conducted on flat
substrates and focus on the surface properties of the multilayers. Only limited data of size control in
nanochannels can be found from the published results[171,172]. Therefore, this chapter aims to

investigate the LBL coatings of polybrene (PB) and Dextran sulfate (DS) in single small nanochannels,
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and the channel size change caused by the polyelectrolyte adsorption will be measured by using atomic

force microscope (AFM).
5.2 Experimental section

5.2.1 Materials

The chemicals employed in this study include KCI (=99%, Fisher Scientific), NaCl (=99%, Fisher
Scientific), LiCl (=99%, Fisher Scientific), polybrene (PB, =94%, Sigma-Aldrich), Dextran sulfate
(DS, molecular weight, 7000 — 20000, Sigma-Aldrich). Regular PDMS (Sylgard 184, Dow Corning)
and hard PDMS (h-PDMS) are utilized to fabricated nanofluidic chips used in the experiment[139].
Deionized water (18.2 MQ Mini Q, Direct-Q3) was used to prepare all the solutions.

5.2.2 Nanofluidic chip fabrication

In this experiment, the molds of nanochannels were fabricated by using the solvent-induced
method[50]. To precisely replicate the features of nanochannels form the molds, a bilayer of h-PDMS
and regular PDMS was employed to fabricate the nanochannel chips. Firstly, the h-PDMS was spin-
coated on the nanochannel mold to replicate the nanochannels and minimize the deformation of the
channel size. Following by a heating process in an oven at 80 ° C for 10 minutes, the relatively soft
regular PDMS was cast onto the h-PDMS layer to support the fragile h-PDMS and then heated in the
oven at the same temperature for 2 hours [139]. Figure 5-1 shows the AFM height image and the profile

of the nanochannel used in this study.
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Figure 5-1. (a) The AFM images and (b) the profiles of the nanochannels with a depth of 54 + 1 nm
and a width 117 £+ 9 nm.
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To easily deliver the polyelectrolyte solutions and achieve the surface modification process in the
nanochannels, the nanochannel was bonded with a microchannel which was replicated from a SU8
photoresist microchannel mold by Plasma treatment (Harrick plasma, PDC-32G). This mold was
fabricated by casting SU8 photoresist on a silica wafer with the standard photolithography method. In
order to keep the surface properties are constant on all the channel walls, the microchannel chip was
also produced with the bilayer of h-PDMS and regular PDMS. Figure 5-2 shows the schematic of the
bonding process (Figure 5-2(a)) and an example of the nanofluidic chip (Figure 5-2(b)). In the final
nanofluidic chip, the nanochannel bridges the two microchannels which have a depth of 30 um and a
width of 100 um.

(@)

Plasma

Microchannel chip

Final nanofluidic chip

Nanochannel chip

(b)

Figure 5-2. (a) The schematic of the nanofluidic chip bonding process. (b) An image of the
nanofluidic chip captured by an optical microscope.
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5.2.3 Surface modification

In this work, nanochannels were modified with 5% PB and 3% DS solutions according to the LBL
self-assembly method [173]. Briefly, the nanochannel was initially filled and rinsed with 0.1 M NaOH
solution for 30 min. Then, the nanochannel was rinsed with deionized water three times for 10 min each
time. After the precondition steps, the nanochannel was rinsed by 5% PB solution for 30 min followed
by three times rinsing with water for 10 min each. The solution of 3% DS was then utilized to rinse the
nanochannel for 30 min, and the same rinse step with water was conducted to remove the residual
polyelectrolyte solution. By repeating the above processes, multiple polyelectrolyte layers can be
coated on the nanochannel inner surfaces. Figure 5-3 shows the scheme of the formation process of
polyelectrolyte multilayers in nanochannels. All these procedures described above were conducted at

the room temperature around 23 °C.
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Figure 5-3. Schematic representation of the formation of PB-DS multilayers in a nanochannel.

5.2.4 Characterization

After the surface modification process, the nanochannels were blown to dry with an air pump.
Then, a commercial instrument of atom force microscope (AFM, MultiodeTM SPM, Digital
Instruments) was employed to measure the size of nanochannels coated with multiple layers. All images
were captured in the conventional tapping mode by using silicon cantilevers. The experimental

measurements of the nanochannel size were repeated at least 3 times in 3 independent chips.
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5.2.5 Measurement of EOF velocity

In this study, the EOF velocity was measured by using the current-slope method[52]. The KCI
solution of 1 x 1073 M was used as the sample solution to conduct the EOF measurement in
nanochannels. In the measurement, the nanochannel was filled with an KCI solution of 1 x 1073 M
initially, and an electric field was applied between the two ends of the nanochannel. Afterward, the
same electrolyte solution, KCI, with a slightly higher concentration was added into the entrance of the
nanochannel to displace the original solution by EOF. Because the ionic concentrations of electrolyte
solutions determine their conductivities, an electric current change in the nanochannels can be obtained
during the displacement process of electrolyte solutions[148]. This electric current change will be
measured and recorded by an electrometer. Figure 5-4 (b) shows an example of the electric current-
time curve. By knowing the length of the nanochannel and the slope of the electric current-time curve,
the EOF velocity can be calculated. According to the current slope method, the EOF velocity can be

expressed as the following equation.

kS ope L
Veor = ﬁ (5'1)

where Vgor is the velocity of the electroosmotic flow; I; and I, are the initial electric current value
and the final electric current value in the nanochannel, respectively; kg;p is the slope of the linear part

of the current-time curve; L is the length of the nanochannel.

Figure 5-4 (a) shows the schematic diagram of the EOF measurement system. This experimental
system consists of an electrometer (Keithley, Model 6517A) which can supply DC voltage to generate
EOF and measure the electric current, a computer that can receive and record the current signal from
the electrometer by a LabVIEW program (National Instrument Corp.), an electric switch, and platinum
electrodes (Sigma-Aldrich). In this work, all the experimental measurements of EOF were conducted

at the room temperature of around 23 °C. and repeated for at least 3 times in 3 independent chips.
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Figure 5-4. (a) Schematic diagram of the EOF velocity measurement system and (b) an example of

the measured current-time curve by this system.
5.3 Results and discussion

5.3.1 Growth of polymer layers on flat h-PDMS surfaces

To obtain the reference thickness of the coated layers, polyelectrolytes are first coated on flat h-
PDMS substrates. As shown in Figure 5-5(a), the h-PDMS flat substrates are reversibly bonded and
partially covered with a PDMS chip. Then, the salt-free solutions of 5% PB and 3% DS of
polyelectrolytes are utilized to modify the uncovered h-PDMS surfaces by using LBL method. Once
the modification process is completed, the coverage on the surface is removed and the modified surfaces

are examined by AFM. The height difference between the covered and uncovered portion of the
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substrate surface indicates the thickness of the coated layer. Figure 5-5 (b) shows a representative 3D
AFM image of a surface coated with two pairs of PB-DS layers. It can be observed that a significant
height difference is generated between the covered and uncovered areas (shown in Figure 5-5 (c)).
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Figure 5-5. (a) Schematic diagram of the surface coating process; (b) AFM image and (c) surface

profile of h-PDMS surfaces modified with two pairs of PB-DS layers.

The thicknesses of multilayers on flat substrates are shown in Table 5-1. From this table, one can
see that the thickness of the multilayers is linearly proportional to the deposition cycles, and the average
increment of the thickness of a pair of the polyelectrolytes (PB-DS) is essentially constant which is
approximately 5.4 nm. It has been reported that the thickness of the polyelectrolyte layers on flat

surfaces depends on the length of the polyelectrolyte chains, and the size of the polyelectrolyte chains
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can be estimated by the standard theory of polyelectrolyte solutions[174]. Generally, the distance
between the two ionized charges on the polyelectrolyte chains is described by the Bjerrum length, about
0.7 nm in water at room temperature. When the distance between the two ionized charges on the
polyelectrolyte chains is smaller than the Debye length A, of the electric double layer at the substrate-
solution interface, the polyelectrolyte chains are generally stiffened due to the electrostatic repulsion
force. In our conditions, the Debye length A, of the salt-free solution is larger than 10 nm, significantly
larger than the distance between the ionized charges of the polyelectrolyte chains. Therefore, these
polyelectrolyte chains are likely adsorbed flatly on the substrate surface due to the electrostatic

stiffening, and the thickness increment of the coated layers is linearly proportional to the layer number.

Table 5-1. The average thickness of polyelectrolyte multilayers on h-PDMS surface.

Deposition cycle, Average thickness of the multilayers (nm)y,
PB-DS 52+03
(PB-DS) 10.7 £ 0.5
(PB-DS)s 414 +£2.0
(PB-DS)14 755+ 1.2

a (PB-DS), means that n pairs of PB-DS polyelectrolytes are coated on the substrates.

b Average + standard deviation.
5.3.2 Growth of polymer layers in nanochannels

5.3.2.1 Layer number effects

As discussed above, the formation of polyelectrolyte multilayers on flat surfaces is mainly affected
by electrostatic interactions. However, in nanochannels, the dominant factors affecting the growth of
polyelectrolyte multilayers are both electrostatic interactions and steric effects[171]. When the channel
size becomes smaller than the length of the polymer chains, it is no surprise that the polymer molecules
cannot transport through the nanochannel. As a result, there should be a saturation value in the
minimum size of nanochannels modified with specific polymers by using this method. In addition, the
thickness of electrical double layer is 3 ~ 5 times of 4, , and the electric double layers (EDL) may

overlap in small nanochannels. The overlapped EDL field will repel the electrolytes carrying the same
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sign as that of the EDL field. Therefore, the transport of polyelectrolytes through nanochannels with
overlapped electric double layers may not be realized even though the channel size is larger than the
length of polyelectrolyte chains. Figure 5-6 shows the change of nanochannel size as a function of the
layer number for PB/DS multilayer coating. In this case, the PB and DS are dissolved into pure water.
Because the width of the nanochannel is relatively larger than the depth of the nanochannel used in this
experiment, the nanochannel size will reach the saturation value in the width direction firstly. To
simplify the figures, only the depth of the nanochannels is used to analyze the performance of the
multilayer coating and plotted as the x-axis in the figures. According to Figure 5-6, for the condition of
salt-free polyelectrolytes solutions, the average nanochannel size initially decreases linearly before the
layer number 8 and finally approaches a constant with the increasing deposition layer number. In the
initial decrease regime, the average decrease (t,,,) in the depth direction of the nanochannel per pair of

PB-DS layer is only around 2.7 nm which is calculated by:
tay = (do - dm)/2 (5-1)

Where d,, is the depth of the original nanochannel, d,, is the depth of polyelectrolytes modified

nanochannel.

In the linear regime, the thickness of the coated polyelectrolyte layer is very similar for each pair
of layers. This indicates the thickness of the individual layer is additive when the coated layers are
formed in this regime. This result is in good agreement with the previous studies of polyelectrolyte
adsorption on flat substrates[116,175,176]. Clearly, the t,,, (2.7 nm) in the nanochannel per pair of PB-
DS layer is smaller compared with that (5.4 nm) on flat surfaces. The saturation value (the minimum
nanochannel size) of the nanochannel in this condition is around 25 nm, and the nanochannel is far
from being completely filled with the coated layers at this value. For the salt-free solutions, the electric
double layer (EDL) has already overlapped in the depth direction of the original nanochannel which
has a depth of 54 nm. These results indicate that the overlapped EDL will inhibit the growth of
polyelectrolytes on the nanochannel inner surfaces and decrease the thickness of the coated layers.
When the overlapped EDL exists, more counterions cumulate in the nanochannel than the co-ions and
the transport of polyelectrolytes could be hindered electrostatically[171]. Besides, the strong

electrostatic interactions also stretch the polyelectrolytes chains and generate thinner coated layers[177].
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Figure 5-6. The change of nanochannel size as a function of the number of layers coated on the

nanochannel surfaces. The point at layer number 0 is the original channel size.

5.3.2.2 Salt concentration effects

To further investigate the electrostatic interactions and steric effects on the adsorption of
polyelectrolytes in nanochannels, the solutions of polyelectrolytes with different added salt
concentrations were used to modify nanochannels. At low ionic concentration, the counterion
condensation effects are dominated, and the polyelectrolyte chains will be stretched and lie to the
substrate surfaces parallel due to the repulsive electrostatic interactions[174]. It should be realized that

the Debye length is also a function of the ionic concentration and can be calculated by the following

_ Eo&rkpT _
}\d - \/ 2N (z€)2 (5 2)

Where ¢, is the permittivity of vacuum, and ¢, is the dielectric constant of the electric solution;

equation,

k;, is the Boltzmann constant; T is the temperature; n;., is the density of ions; z is the valence; e is the

elementary charge.
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Increasing ionic concentration will compress the Debye length and hence the thickness of EDL,
thus affecting the electrostatic interactions. If the Debye length is small and comparable to the length
of the monomer units, the electrostatic repulsion between the groups on the polyelectrolyte chains will
be screened, and the polyelectrolyte chains will keep in random coil conformations with less
electrostatic stiffening, thus increasing the adsorbed amount [163,172]. Therefore, the average

thickness of the polyelectrolyte layers adsorbed on the channel surfaces becomes larger.
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Figure 5-7. The change of nanochannel size as a function of the layer number deposited on the

nanochannel surfaces.

Previous experimental study of PB and DS coating on flat surfaces has shown that the thickness
of the coated layer is proportional to the added salt concentration[115]. In nanoscale, the changes in the
structure of polyelectrolyte chains caused by the change of ionic concentration could also affect the
saturation value of nanochannel size due to the steric effects and electrostatic repulsion effects. Figure
5-7 shows the effects of ionic concentration on the nanochannel size change over a range of NaCl
concentrations (100 mM — 1 M). For the case of the solutions with 0.1 M NaCl, the nanochannel size
decreases sharply after the coating of one pair of PB-DS layer. The t,,, in nanochannel for the first pair
of PB-DS layer is 9.9 nm which is increased around 4 times compared with that modified with salt-free

solutions (Figure 5-6). As the layer number further increases, the nanochannel channel size gradually
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decreases and finally reaches a saturation value. The saturation value of the nanochannel size is around
22 nm with 0.1 M NaCl added in the solutions and is relatively smaller than that without salt addition.
This is because the high ionic concentration leads to a thinner EDL and weakens the electrostatic effects
on polyelectrolyte transport. For the 0.1 M NaCl solution, the calculated Debye length is only around
1 nm, and the estimated thickness of EDL is 3-5 nhm which is much smaller than the original channel
size (depth) of 54 nm. Moreover, the coil conformations allow more polyelectrolyte chains adsorbed
on the surfaces. As a result, the nanochannel size decreases significantly at the initial stage with the
weaker electrostatic interactions. As the channel size further decreases, the thickness of EDL becomes
comparable to the channel size, even not overlapped, the transport and adsorption of polyelectrolytes
are inhibited, and the average thickness of the coated layer becomes smaller. Similarly, in the case of
0.5 M NacCl, the nanochannel size also dramatically decreases after coating the first PB-DS layer, and
then gradually decreases to a saturation value. The t,, for the first pair of PB-DS layer rises to around
15.9 nm, and the nanochannel saturation value drops down to about 14 nm. When the salt concentration
increases to 1 M, the t,, for the first layer of PB-DS coating shows a slight increase from 15.9 nm at
0.5 M to 16.4 nm, whereas the saturation value is relatively larger compared with that at 0.5 M. The
results can be explained by the transformation of polyelectrolyte chains according to the salt
environment [163,178]. As discussed above, the polyelectrolyte chains absorb on nanochannel surfaces
in a relatively flatter conformation without salt addition. The average thickness of the coated layer will
be smaller correspondingly. However, the low ionic concentration environment also contributes to
building a strong electrostatic repulsion force surrounding the entrance of the nanochannel because the
large Debye length will generate overlapped EDL. Consequently, it is difficult for the polyelectrolytes
to transport into the nanochannel even their diameters are smaller than that of the channel entrance.
Therefore, the saturation size of the nanochannel modified with “salt-free” polyelectrolyte solutions is
larger. In the presence of salt, the polyelectrolyte chains become a loopier conformation, leading to
thicker coated layers. In the meantime, the Debye length is compressed, and the electrostatic repulsion
at the entrance will be screened. Hence the polyelectrolyte can be transported into the nanochannel
easily, and the entering of polyelectrolyte to the nanochannel is mainly determined by the steric effects
at the high ionic concentration. As a result, the saturation size becomes smaller. However, the saturation
size demonstrates an opposite trend when the salt addition further increases to 1 M. The previous study
described the adsorption of polyelectrolyte as an ion exchange process that the charged polyelectrolytes
replace salt ions on the oppositely charged surfaces[115]. Since counterions have finite volumes, the

salt ions will compete with the polyelectrolyte chains for the charged surface sites at high salt
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concentration[115,163]. Moreover, the salt ions in the solution not only screen the electrostatic
repulsion exerted on polyelectrolytes but affect the surface-polyelectrolyte attractions by compensating
the surface charges. Therefore, the salt concentration effects on the adsorption of polyelectrolytes could
be reversed at some point that the salt concentration is sufficiently high to displace polyelectrolytes
from the surfaces[179]. Figure 5-8 demonstrates examples of AFM images of the modified
nanochannels. From this figure, it is observed that the polyelectrolytes can be coated within
nanochannels and form a uniform layer on the entire length of the channel inner surfaces. Furthermore,

the nanochannels are not blocked by the coated polyelectrolyte layers at the saturation value (i.e., after
8 layers).
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Figure 5-8. Examples of AFM images of PB/DS modified nanochannels. (a) and (b) are the AFM
images of the nanochannel coated with 14 layers of PB/DS in salt-free solution, respectively; (c) and
(d) are the AFM images of the nanochannel coated with 8 layers of PB/DS in the solution added with

0.5 M NaCl, respectively.

5.3.2.3 lon type effects

Since the adsorption of polyelectrolyte is an ion exchange phenomenon, and the mechanism of the

adsorption is electrostatic interactions, it is expected that different salt ions could affect the thickness
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of the coated layer and modulate the adsorbed amount of polyelectrolyte. The bonding energy of ions
could influence the solvation energy of the polyelectrolyte solutions which is a key factor for
determining the driving force of polyelectrolyte to the interface[115]. In a crude approach, the ion that
has less hydrated ion pair should bind more strongly and be more stable[115]. For example, among the
ions of Li*, Na*, and K*, the Li* attracts most hydrated ion and has the largest hydrated size while K*
owns the least hydrated ion pair in aqueous solutions[145]. On flat surfaces, the polyelectrolyte layer
prepared with the solution containing LiCl should have the least thickness compared with the other two
salts at the given concentration and layer number. To examine the effects of ion type on the formation
of polyelectrolyte layers in nanochannels, in this study, the 5% PB and 3% DS solutions containing 0.1
M LiCl, NaCl, KCI, respectively, were utilized to modify the nanochannels. Figure 5-9 shows the
change in nanochannel size in different solvent conditions. For all solvent conditions, the nanochannel
size changes follow a similar trend that the channel sizes decrease rapidly at low layer number, and
then decrease gradually until reach a saturation value with the increasing layer number. It is to be noted
that the t,,, is inversely proportional to the hydrated size of ions at low layer number. However, the
channel sizes modified with the solutions containing different salt ions are essentially the same at layer
number of 8 where the channel size reaches the saturation value for the solution with 0.1 M NaCl. These
results reveal that ion type effects on nanochannel size are prominent only when the layer number is

low. The saturation value of nanochannel size is mainly determined by the added salt concentration and

independent of salt types.
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Figure 5-9. The change of nanochannel size as a function of the layer number deposited with different
salt types.
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5.3.3 Electroosmotic flow in nanochannels coated with polyelectrolyte multilayers

In order to analyze the effects of the LBL coating on the surface properties and electrokinetic
transport in the modified nanochannels, EOF measurement was conducted in both the bare nanochannel
and the modified nanochannels by using the current-slope method[52]. Because the electric current is
very low and difficult to measure in extremely small nanochannels, therefore, a relatively large
nanochannel with the smallest dimensional size of 104 nm was employed to measure the EOF velocity
in this work. In this work, the presence of salt in the LBL deposition process could influence the
thickness of the coated layer and the saturation size of the modified nanochannel. Boonsong et al.[114]
investigated the salt addition effects on the EOF in microchannels and stated that EOF was not
significantly influenced by the presence of salt compared with that without salt addition. Therefore, in
this experiment, the nanochannel is modified by using 5% PB and 3% DS solutions without salt addition.
Figure 5-10 shows the EOF velocity of 1 x 1073 M KCI solution in the modified nanochannels at
different layer numbers under the applied electric field of 50 VV/cm. In the bare nanochannel, the point
at layer number of 0 in Figure 5-10, the EOF velocity is positive (the direction of EOF is the same to
the direction of the applied electric field). In the LBL deposition, the surface charge of the nanochannel
will be alternatively changed corresponding to deposition numbers, thus influencing the EOF transport.
As can be seen from the figure, the EOF velocity is positive in the nanochannels when the outmost
coated layer is a DS layer whereas is negative when the outmost coated layer is a PB layer. This result
indicates that the zeta potential of the channel surfaces which determines the EOF velocity depends on
the electric properties of the outmost coated layer. For the cases that the outmost coated layer is a DS
layer, it should be noted that the EOF velocity is relatively smaller at the layer number 2. This may be
because the nanochannel surface was partially coated, and the EOF velocity is not very stable at low
layer number. As the layer number further increases, the EOF velocity should become a constant value
and independent of the layer number as the outmost coated layer has the same surface property, and the
solution cannot permeate into the coated layer[114]. However, as seen in Figure 5-10, when the layer
number increases further from layer number 4, and the nanochannel size becomes smaller, the EOF
velocity demonstrates a gradually decreasing trend. This is because the effects of the space occupied
by EDL on EOF velocity distribution has to be considered in small nanochannels. For the 1 x 1073 M
salt solution, the Debye length is 9.6 nm, and the thickness of the diffuse layer in EDL is 30-50 nm.
The EDLs are likely to get overlapped in the modified nanochannel at large layer number. The velocity

profile of EOF should be “parabola-like” shape in smaller nanochannels with overlapped EDL instead
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of the “plunger-like” shape in large channels. The maximum EOF velocity could be reduced and only
occurs in the center region of the smaller nanochannel. Therefore, the average velocity decreases
accordingly as the channel size becomes smaller due to the coated multiple layers. The similar
decreasing trend of EOF with layer numbers can be seen for the cases that the outmost coated layer is
a PB layer.
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Figure 5-10. EOF velocity of 1 x 10~3 M KClI solution at various layer numbers (The applied electric
field intensity is 50 VV/cm).

5.4 Conclusions

This chapter studies LBL deposition of the charged polyelectrolytes PB and DS in small h-PDMS
nanochannels. The influences of layer number, ionic concentration, and ion types on the growth and
the thickness of the polyelectrolyte layer in nanochannel are investigated experimentally. EOF velocity
of KCI solution is measured in the modified nanochannels with various deposition cycles of
polyelectrolytes by using the current-slope method. Preliminary experiments of the polyelectrolyte
adsorption on flat surfaces are also conducted and indicate that the increment of the layer thickness is
linearly proportional to the layer number. In comparison with the growth of PB and DS layer on flat
surfaces, the increments of the thickness per layer in nanochannels are inhibited and smaller than that
on flat surfaces. The decrement of nanochannel size per deposition cycle of polyelectrolyte becomes
smaller, and the nanochannel size approaches a saturation value with the increasing deposition layer

number. In addition to the previous studies of LBL deposition in nanochannels[172,180,181], this
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chapter systematically investigates the ion type effects and ionic concentration effects on the growth of
the PB-DS layers and minimum nanochannel size with LBL deposition. At low layer number, both salt
concentration and ion types could affect the average thickness of the coated layer in nanochannels.
Conversely, the saturation value of the nanochannel size strongly depends on the salt concentration in
the polyelectrolyte solutions whereas no significant dependence on the salt types. The LBL deposition
could alternatively reverse the EOF velocity in nanochannels. In the meantime, the EOF velocity will
gradually decrease in the small nanochannel as the deposition layer number increases due to the
overlapped EDL. The experimental results presented in this chapter are valuable for nanochannel
template fabrication and particularly important in investigating theories of electrokinetic and
developing applications involving the requirements of suitable channel size. In the future, small
nanochannels with heterogeneous surface charges will be fabricated. Based on this technique,
functionalized nanochannels could be developed by precisely manipulating the surface charge and the

nanochannel size.
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Chapter 6 Fabrication Method: Surface Charged Governed Nanofluidic

Diodes based on Single Nanochannels®

6.1 Introduction

It is well known that surface charges regulate electrokinetic effects[16,45,54,182,183] and induce
electrostatic ion screen[184]. Surface charge-governed ion transport has gained widespread attention,
and intense efforts on developing functional nanofluidic devices based on electrokinetic regulation have
been taken in recent years[125,185,186]. These nanofluidic devices open up new possibilities in the
development of ionic electronics and have demonstrated significant applications in logic
computing[3,187], biological analysis[188,189], and sensing[5,190]. Example includes nanofluidic
diode, transistors, and ionic pump. The two critical factors in constructing these nanofluidic devices are
the geometry and surface charge distribution of nanochannels. Asymmetric geometry of nanopores can
be used to control the ion transport that can mimic biological ion channels[74,168]. Heterogeneous
surface charge distribution along the length of a nanochannel results in ion enhancement and

depletion[191], thus rectifying ionic current.

Membrane-based nanopores with asymmetric geometries are commonly used in the development
of nanofluidic diode-like devices. A nanopore with a conical structure and uniform surface charge can
control the ion flow and rectify ionic current through the nanopore[192]. Functional polymers are often
used to decorate the surface properties of the nanochannel, hence generating more effective ion gating.
Vlassiouk et al. demonstrated a nanofluidic diode based on an asymmetric nanopore[193]. The surface
charge on the sharp end of the nanopore was regulated to be positive and on the rest channel surface is
negative. Their results showed that the degree of rectification is increased significantly after the surface
charge regulation. Hou et al. presented that a nanochannel with asymmetric structure and surface
charges can harvest controllable rectification behavior by ion-sputtering method[194]. Hsu et al. studied
the performance of a nanofluidic diode with conical nanochannels and showed that the surface charge
pattern can affect the current rectification behavior significantly. It is also reported that the ionic
rectification in conical-shaped nanofluidic diodes depends on the pH, salt valence, temperature, and

ionic concentration of the electrolytes solution[195-197]. Recently, a study showed that asymmetric

S A similar version of this chapter was submitted or published as:
J. Li, D. Li, A surface charge governed nanofluidic diode based on a single polydimethylsiloxane (PDMS) nanochannel, J.
Colloid Interface Sci. 596 (2021) 54-63. https://doi.org/10.1016/]j.jcis.2021.03.126.
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double-gated nanochannel can also obtain fine ion rectification behavior by adjusting its surface
properties[198]. Numerous kinds of tunable ion channels have also been developed by modifying the
nanopores with stimuli-responsive polymer[199-201]. These ion channels have switchable
conformational states by responding to specific stimuli that play an important role in cellular circuits.
However, the thickness of membranes is generally small, thus resulting in low aspect ratios. As a result,
it is difficult to generate opposite surface charges on the two ends of the nanopore during the wet
modification due to the crosstalk of modification solutions. The short membrane-based nanochannels
also contribute less effective charge modification, hence the corresponding rectification ratio is usually
limited, which is a critical factor for certain applications. Carbon nanotubes (CNT) are promising
candidates for the development of nanofluidic diodes due to their controllable inner diameters and high
aspect ratios of silicon nanopores[202,203]. Recent studies have demonstrated some examples of CNT-
based electronic channels. CNT-based transistors and high-speed logic integrated circuit have been
developed for practical uses[204,205]. Cao et al.[206] presented a transistor scaled to 40 nanometers
on high-density arrays of nanotubes which allow delivering high ionic current than silicon devices.
Peng et al.[202] designed nanofluidic diode and circuits by horizontally aligned CNTs on PDMS chips.
These CNT-based electronic devices display good performance due to the atomic inner diameter of
CNT. Also, the long channel length of CNT is beneficial for the integration of Chip scale circuits.
However, it is still challenging to pattern single CNT in chip-scale circuits. Multiple aligned CNT
bundles result in uncertain ionic conductivities in the ionic diode that leads to low repeatability. This
also generates new challenges to precisely control the performance of ionic diodes in integrated

nanofluidic based electronic systems.

PDMS is one of the most popular materials in the fabrication of micrometer and sub-micrometer
fluidic chips due to its advantages of mechanical flexibility and stability, transparency, biological
compatibility, and gas permeability. Nanoimprint lithography method[207] and solvent-induced crack
method[50] can fabricate PDMS nanochannels with dimensions less than 50 nm. However, such
dimensions are not sufficiently small to build high-performance ionic diode. Our previous work
demonstrated that the PDMS nanochannel size can be controlled by layer-by-layer deposition of
charged polyelectrolytes[208]. The minimum nanochannel size can be reduced to smaller than 20nm,
and the surface charge of the modified nanochannel is alternatively switchable, which is determined by
the outmost coated layer. This modified nanochannel provides possibilities to fabricated PDMS-based

ionic diode.
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In summary, various nanofluidic diodes have been developed recently. Most of these nanofluidic
diodes are fabricated by using membraned-based nanopores with asymmetric structure[192,193,209—
212]. The rectification ratios of these nanofluidic diodes are generally limited. Composite membranes
with modified nanopores were reported to develop nanofluidic diodes and achieve high rectification
ratios recently[213,214]. However, the complex fabrication and structure of these nanofluidic diodes
restrict their further integration in chip-scale circuits. It is still challenging to develop a nanofluidic
diode with simple fabrication and high rectification ratio. Therefore, this chapter presents a novel
nanofluidic diode with single PDMS nanochannels serving as ion channels is designed and fabricated.
The replicated nanochannel chips are initially treated by using LBL deposition of polyelectrolytes to
generate sufficiently small feature sizes. Then, the two ends of the channel are decorated with
oppositely charged polyelectrolytes. The rectification of ionic current is achieved by surface charge-
governed ion transport through the single PDMS nanochannels. The design and operation parameters
of the nanofluidic diode are systematically investigated, and the electrical performance are evaluated.
The studies of the performance of the nanofluidic diode provides necessary information to understand
the electrostatic and electrokinetic interactions at the interfaces between salt solutions and
polyelectrolytes modified channel walls. The advantages of PDMS chips provide high potentials of this

ionic diode for constructing highly integrated nanofluidic electronic systems.

6.2 Materials and methods

6.2.1 Chemicals

In this experiment, all nanofluidic chips are fabricated by using regular PDMS (Sylgard 184, Dow
Corning) and hard PDMS (h-PDMS)[139]. The regular PDMS consists of pre-polymer (base) and the
cross linker (curing agent), and the mixing ratio of the base to curing agent is 10 in this work. The
reagents employed in this study include polybrene (PB, Sigma-Aldrich), Dextran sulfate (DS, sodium
salt, molecular weight, 7000 — 20000, Sigma-Aldrich), and KCI (=99%, Fisher Scientific). Deionized
water (18.2 MQ - cm, Mini Q, Direct-Q3) was used to prepare all the solutions. The polyelectrolytes of
PB and DS used in this study are cationic and anionic, respectively. 5% PB solution and 3% DS solution
were prepared to modify the nanochannels with deionized water according to the method reported by
Liu et al.[113]
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6.2.2 Fabrication of nanofluidic chips for nanofluidic diodes

In this experiment, as shown in Figure 6-1 (b), the nanofluidic chip consists of a single PDMS
nanochannel which serves as the ion channel and is connected by two microchannels. The nanochannel
chips used in this work are replicated from a photoresist mode which is fabricated by using solvent-
induced cracking method[50]. To precisely replicated the features and avoid deformations of the
nanochannel, a bilayer of regular PDMS and h-PDMS are utilized to fabricate the nanochannel chips.
Briefly, a h-PDMS layer is cast onto the nanochannel mode to replicate the features of the nanochannel
firstly. After a heat process in an oven at 80 ° C for 10 minutes and the h-PDMS is solidified, the regular
PDMS is then cast on the h-PDMS layer to generate a relatively soft layer and support the fragile h-
PDMS. Finally, the chip is placed back to the oven at the same temperature for 2 hours before ready to
use. Figure 6-1 (c) and (d) show the AFM (Multimode™SPM, Digital Instruments) image and the

height profile of a single nanochannel chip.

To connect the nanochannel to the testing system and easily deliver electrolyte solutions, this
nanochannel chip is bonded with a microchannel chip by plasma treatment (Harrick plasma, PDC-32G),
as shown in Figure 6-1 (a). This microchannel chip is replicated from a SU8 photoresist model, which
is fabricated by patterning photoresist on a silica wafer with standard photolithography method. To
keep the consistency of the surface properties of the bonded nanofluidic chip, the microchannel chip is
also produced by using a bilayer of regular PDMS and h-PDMS with the same fabrication processes.

Figure 6-1 (a) shows the schematic diagram of the chip bonding process.

6.2.3 Surface modification of ion channel for nanofluidic diode

Our previous study reported that the PDMS nanochannel size can be fine-tuned by LBL deposition
of charged polyelectrolytes[208]. The modified nanochannel size is determined by the number of the
coated layers of polyelectrolytes of PB and DS. For the nanochannel used in this work, the smallest
feature size of nanochannels can be reduced from the original size to approximately 25 nm when the
coated layer number is 14. As the coated layer number further increasing, the nanochannel size will not
decrease anymore. This is because the steric effects and strong electric repulsion force prohibit the
charged polyelectrolyte chains to enter the nanochannel when the coated multiple layers are sufficiently
thick. This indicates that a minimum size exists when regulate the PDMS nanochannel size by using
LBL deposition method. According to this phenomenon, a nanochannel with opposite surface charges

at the two ends is designed and fabricated in this work. Since the polyelectrolytes are not allowed to
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enter the nanochannel anymore after reaching the minimum size by the LBL deposition, and the
nanochannel lengths are relatively long in this work, asymmetric surface charges can be generated by
adding oppositely charged polyelectrolyte solutions at the two ends, respectively, without the crosstalk
of modification fluids. The modification can be achieved by two steps of polyelectrolyte adsorption.
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Figure 6-1. (a) A schematic diagram of a nanofluidic chip bonding process. (b) An image of the
nanofluidic chip captured by an optical microscope. (c) 3D AFM image and (d) profile of a

nanochannel with a depth of 54 + 1 nm and a width of 117 + 9 nm.
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Figure 6-2 schematically shows the modification processes. In Step I, the nanochannel is pre-
coated with multiple PB/DS layers until the nanochannel reaches the minimum size[208]. Briefly, the
nanofluidic chip is rinsed with 0.1 M NaOH solution for 30 min to pretreat the surfaces and prepare for
the further adsorption of polyelectrolyte layers. Then, 5% PB solution and 3% DS solution are used to
rinse the chip alternatively according to the LBL self-assembly method. Between each rinse of
polyelectrolyte solutions, three times of rinse with pure water are employed to remove the residuals.
Once the nanochannel reaches the minimum size, the second step of polyelectrolyte adsorption is
applied to generate asymmetric surface charges labeled at the two ends of the nanochannel. In the
experiment, 5% PB solution and 3% DS solution are filled into the two sides of the nanochannel,
respectively. As a result, the entrance and the outlet of the nanochannel will adsorb different

polyelectrolyte chains, thus generating opposite surface charges at the two ends of the nanochannel.
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Figure 6-2. Schematic diagrams of the surface modification process of the nanofluidic diode.

6.2.4 Experimental measurement system

Figure 6-3 illustrates the ionic current measurement system used in the experiment. The
nanofluidic diode chip is connected to an electrometer (Keithley, Model 6517A), which is used to
collect the ionic current from the fluidic diode. This electrometer also serves as a programmable DC
power supplying electric potential bias through two Platinum electrodes and driving the mobile ions
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inside the nanochannel. The collected ionic current signal is then transferred to a computer via
LabVIEW program (National Instrument Corp.) The electrolyte solutions of KCI with a series of ionic
concentrations are employed as the working fluids in the ionic current measurement. All the
experimental measurements are conducted at the room temperature of around 23 °C and repeated at

least three times in three individual chips.
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Figure 6-3. Schematic of the configuration of the electric measurement system.
6.3 Results and discussion

6.3.1 Working principle of the nanofluidic diode

Similar to semiconductor diodes, the current rectification in ionic diodes is achieved by the ion
accumulation and depletion generated by asymmetric surface charges. In this nanofluidic diode, the
cation of K* and anion of Cl~ serve as charge carriers. As illustrated in Figure 6-2, the modified
nanochannel is able to immobilize oppositely charged polyelectrolyte chains on the two ends of the
nanochannel via physical adsorption. When a forward or a reverse electric field is applied through the
diode chip, the mobile ions will accumulate or deplete due to the electrostatic interactions between the

mobile ions and immobilized polyelectrolyte chains at the two ends of the nanochannel.

As schematically shown in Figure 6-4 (a), the counterions are accumulated at the two ends of the
nanochannel and generate ion depletion inside the nanochannel under a reverse electric field. As a result,
the ion flow is prohibited, and the overall electric conductivity is reduced. On the contrary, the

counterions approach each other and accumulate inside the nanochannel under a forward electric field,
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as shown in Figure 6-4 (b). As a result, the mobile ions can transport through the nanochannel, and a

continuous ionic current can be maintained.

To characterize the surface modification of the nanochannel, a negatively charged dye (FITC) was
introduced into the nanochannel. The dye solution with a constant bulk concentration of 100 uM was
diluted into 1 x 1073 M KCI solution. The chosen dye solution provides mobile anions, and the
fluorescence is observed from the anions which are supplied by the dye solution. Hence, the observed
fluorescence intensity of the solution can represent the amount of anion in the nanochannel. The
fluorescence intensity is proportional to the amount of anion. For example, a high fluorescence intensity
indicates more anions exist in the observed area whereas a low fluorescence intensity indicates the
depletion of the anion in the area. As discussed above, the accumulation or depletion of ions occurs
under forward or reverse electric field due to the field-effect modulation of charge carrier density in the
nanofluidic diode[186]. In the experiment, the nanofluidic chips are initially filled with KCI solution
containing fluorescent dye. After the solution is loaded, as schematically shown in Figure 6-3, an
electric field of 2 VV/cm is applied at the two end reservoirs of the microchannels to drive the mobile
ions in the chip by using an electrometer. The fluorescent intensity can be observed via a fluorescent
microscope (Eclipse TE 2000, Nikon). As shown in Figure 6-4 (c), the fluorescent intensity is higher
at the DS coated end (negatively charged) while is much lower at the PB coated end (positively charged)
of the nanochannel. That is, the anions and cations get accumulated at the two ends of the nanochannel,
respectively. As a result, the ion channel is blocked by the accumulated cations and anions, and only a
very low leakage current exists under the reverse electric field. When a forward electric field is applied,
cations and anions are driven to approach the nanochannel. Since the immobile surface charges on the
two ends of the nanochannel only allow counter-ions to enter the nanochannel, cations and anions can
enter the nanochannel from the entrance and outlet, respectively, due to the driving force of electric
field. Asshown in Figure 6-4 (d), both cations and anions can transport through the nanochannel under
a forward electric field. Most ions are accumulated inside the nanochannel. As a result, a continuous
ionic current can be maintained due to the ion transport. The fluorescence from the nanochannel is not
obvious due to the extremely low volume of the fluorescent dye inside the small nanochannel. These
phenomena, which are in good agreement with the theoretical model described above, result in the ionic

diode behavior.
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Figure 6-4. Schematic of ion depletion under a reverse electric filed (a) and ion accumulation under a

forward electric field (b). Images of fluorescent intensity gradient of a negatively charged dye (FITC)
solution in the nanofluidic diode under a reverse electric field (c) and a forward electric field (d),

which are captured by an optical microscope.

To validate the design and evaluate the performance of the nanofluidic diode based on a single
PDMS nanochannel, the experimental investigation of the ionic current rectification in the nanofluidic
diodes is conducted. In the experiment, as shown in Figure 6-5, a trace sweep voltage which increases
from —4.5 V to 4.5 V and a retrace sweep voltage which decreases from 4.5 V to —4.5V were applied
to the nanofluidic diode, respectively. The sweep speed of the applied voltages is 300 mV/s. The ionic
current changes corresponding to the applied voltage sweeps are demonstrated in Figure 6-5. The
nanochannel length is 5 pum, and the working fluid is the KCI solution with a bulk ionic concentration

of 1 x 10~* M. As shown in the figure, the measured results demonstrate excellent diode behavior.
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The ionic current is almost zero under a reverse potential bias whereas a continuous ionic current is
obtained when a forward potential bias is applied. To be noted that the trace curve and retrace curves
do not follow the same path. Compared to the retrace curve, a delay in the diode status change can be
observed in the trace curve when the applied voltage changes from negative to positive. That is, a
response time is required to change the nanofluidic diode from “off” status to “on” status. This is caused
by the slow response of the ionic charges in aqueous solutions to the drive field due to the ion
polarization and viscosity of fluids. As shown in Figure 6-4 (c), cation and anion are accumulated at
two ends of the nanochannel, respectively, thus generating the ionic current blocking. When the applied
voltage is transferred from negative to positive, it takes a certain time to remove the accumulated ion

by the electric field and fluid flow.
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Figure 6-5. An example of current-voltage curves measured from nanofluidic diode with trace and

retrace voltage sweep, respectively.

6.3.2 Effects of frequency of the applied electric field

To design an effective nanofluidic diode, the effects of the operation parameters on the diode
performance are studied quantitatively in this chapter. The results show that the sweep speed of the
applied voltage, that is the voltage frequency, is important in the nanofluidic diode operation. Previous
study also reported that ionic diodes can only work effectively at a relatively low voltage
frequency[215]. In this experiment, the response of the nanofluidic diode to the voltage frequency is

experimentally examined by controlling the sweep speed of the applied voltage. In this study, the ionic
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current rectification ratio is defined as the ratio of the absolute value of ionic current at the given

. 1
forward voltage to reverse voltage, which can be expressed as froc = |I@+"
@-v

used to evaluate the performance of the nanofluidic diode working at different frequencies. Figure 6-6

. This rectification ratio is

(a) demonstrates I-V curves measured from the nanofluidic diode with a nanochannel length of 5 pm
at different sweep speeds and Figure 6-6 (b) shows the corresponding rectification ratios at the applied
voltage of +4 V. The KCI solution with a bulk concentration of 1 x 10™* M is used as the working
fluid. From Figure 6-6 (a), one can see that the nanofluidic diode can provide diode function while
operating in a range of sweep speed from 130 mV/s to 400 mV/s. However, the higher sweep speed
contributes to a larger delay in the electric potential to activate the nanofluidic diode from “off” status
to “on” status. Moreover, as shown in Figure 6-6 (b), the rectification ratio gradually decreases from
124 + 2.5t0 112 + 2.3 with the sweep speed rise from 130 mV/s to 300 mV/s. By further increasing
the sweep speed, the rectification ratio rapidly falls to 90 + 6.6 as the sweep speed increases from 300
mV/s to 400 mV/s. This decrease in the rectification ratio is also caused by the slow response of the
mobile ion in the aqueous solutions. These results indicate that the nanofluidic diode is more effective

and suitable to operate at a low sweep speed of the applied voltage.
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Figure 6-6. (a) The measured current-voltage curves from nanofluidic diodes at different sweep
speeds of applied voltage and (b) the corresponding rectification ratios under the applied voltage of
+4V.
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6.3.3 Effects of the ionic concentration

In order to operate properly, the nanofluidic diode always requires a working fluid to provide
charge carriers inside the nanochannel. The ionic concentration of the working fluid determines the
amount of mobile ion and ionic conductivity of the ion channel. Moreover, the thickness of electrical
double layer (EDL), which dominates the electrostatic interactions between the mobile ions and the
charged surface of the nanochannel, depends on the ionic concentration[132]. It is expected that ionic
concentration can significantly affect the performance of nanofluidic diodes. To study the effects of
ionic concentrations of the working fluid on the diode operation, in this part of the experimental
investigation, KCI solutions with the bulk concentrations of 1 x 10™* M to 0.1 M were used in the
nanofluidic diode from low to high ionic concentration sequentially, and the ionic current changes are
then measured. The nanochannel length is 5 um, and the sweep speed of the applied voltage is 300
mV/s. Figure 6-7 illustrates the I-V curves and corresponding rectification ratio under +4 V' of the
nanofluidic diode at different KCI concentrations. In nanofluidic diode devices, charge carriers supplied
by the electrolyte solution are required to generate ionic current. As shown in Figure 6-7, the ionic
current increases with the ionic concentration of KCI solutions under forward bias electric potentials
because more charge carriers (mobile ions) are provided. However, the rectification ratio increases
initially when the KCI concentration decreases from 0.1 M to 1 x 10~ M. As the KCI concentration
further decreases, an inversion in the change of the rectification ratio can be observed that the
rectification ratio starts to decrease. The maximum rectification ratio , which is the best rectification
ratio of this nanofluidic diode, occurs at the concentration of 1 x 10~3 M, which is 218 + 17.7. As the
KCI concentration increases to 0.1 M, the nanofluidic diode almost lost the function of current
rectification, and the rectification ratio reduce to 2.8 + 0.3. These results display that the nanofluidic
diode can be operated in a large range of applied voltage, and the rectification ratio is very high
compared with those of common membrane-based nanofluidic diodes those are usually smaller than
100 [210,212,216-218]. As shown in Table 1, only a few of nanofluidic diodes can harvest a
rectification ratio over 200[213,214]. However, these nanofluidic diodes owned such high rectification
ratios are fabricated by using composite membranes. Their structures and fabrication methods are
generally very complex and restrict further integration. Moreover, the nanochannel size of the
nanofluidic diode reported in this chapter can be further reduced by modifying the nanochannel with
salt-addition polyelectrolyte solutions instead of salt-free polyelectrolyte solutions as reported in our

previous study[208]. As a result, it is possible to enhance rectification ratio of this nanofluidic diode.
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Table 6-1. A comparison of recent reported nanofluidic diodes.

Structure Surface charge Materials Rectification Fabrication
ratio over 200
Homogeneous Porous No Simple
[192,209-212] membrane/track-
etched nanopore
Asymmetric Heterogeneous Composite No except Complex
[185,193,200,213,214,21 membranes Ref. 213 and
9-222] 214
Symmetric Heterogeneous[4,202] Modified No Relatively
CNT/nanochannel complex

The ionic concentration effects on the rectification ratio can be explained by EDL theory[132].

Theoretically, the thickness of EDL is 3-5 times of the Debye length (14), which can be simply
expressed as Ap = % (nm) for KCI solution. Here M is the ionic concentration of KCI solution

expressed in molar. At a high ionic concentration, 0.1 M, the calculated Debye length is approximately
1 nm, and the thickness of electric double layer is significantly small compared with the nanochannel
size. The immobilized surface charges on the two ends of the nanochannel are screened. As a result,
the electrostatic gating of mobile ions is less prominent, thus generating a large reverse ionic current
and a low rectification ratio. When the KCI concentration decreases to 1 x 102 M, the calculated
Debye length is approximately 10 nm which is comparable to the nanochannel size. The Debye lengths
on the nanochannel surfaces essentially occupy the whole nanochannel. Therefore, a strong electrostatic
gating of mobile ions can be formed. The immobile charges modified on the two ends of the
nanochannel can effectively repel co-ions with a reverse electric field, thus generating a very low ionic
current. When a forward electric field is applied, the transport of counter-ions is promoted, and ion
accumulation is formed in the nanochannel. As a result, the ion exchange is accelerated, and large ionic
current is obtained with a forward electric field. Hence, the rectification ratio increases. The previous
study of nanofluidic diode with conical-shaped nanochannels was also showed similar results[193]. It
was reported that the rectification ratio decreases by 2 orders of the magnitude with an increasing ionic
concentration. However, as the KCI concentration further decreases, the rectification ratio stops
increasing in the experiments. This is because the mobile ions have been fully gated when the KCI
concentration is 1 x 1073 M. When the KCI concentration further decreases to 1 x 10~% M, the

reverse current will not further decrease anymore which is almost zero. However, the forward current
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becomes smaller due to fewer mobile ions are released by the KCI solution with a low ionic

concentration. Consequently, the rectification ratio decreases at extremely low ionic concentrations.
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Figure 6-7. (a) The measured current-voltage curves from nanofluidic diodes and (b) corresponding

rectification ratios at different KCI concentrations.

6.3.4 Effects of nanochannel length

The nanochannel length can affect the effective electric field strength which is related to the ion
distribution inside the nanofluidic diode. In addition, previous research reported that the shorter
nanochannel length can improve the efficiency and expand the working frequency range of the
nanofluidic diode[223]. As a result, the nanochannel length is a crucial factor in determining the
performance of the nanofluidic diode. In this chapter, nanofluidic diodes with the nanochannel length
ranging from 5 um to 50 um were designed and fabricated. To evaluate the nanochannel length effects
on the performance of nanofluidic diodes, the ionic rectification ratios are measured from nanofluidic

diodes, under a constant voltage difference, with different nanochannel lengths and ionic concentrations.

Figure 6-8 illustrates the current rectification ratios for nanofluidic diodes with various
nanochannel lengths and KCI concentrations, under the applied voltage of 4 V. As one can see from the
figure, the nanochannel length can significantly affect the rectification ratio of the nanofluidic diode.
At the ionic concentration of 1 x 1073 M, the rectification ratio is sharply reduced from 218 + 17.7

to 93 £+ 7.8 as the nanochannel length increases from 5 um to 10 pum. By further increasing the
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nanochannel length, the rectification ratio decreases gradually. When the nanochannel length reaches
55 pm, the nanofluidic diode becomes much less effective, and the rectification ratio is only 12 + 2.6
at the KCI solution of 1 x 1073 M. It can be observed that the rectification ratios for all nanofluidic
diodes examined in this experiment follow a similar trend with KCI concentration, and the maximum
rectification ratio occurs at the concentration of 1 x 10~ M. However, by comparing the trend of
rectification ratio with different channel lengths, the effects of ionic concentration on the diode
performance become less prominent. For instance, the rectification ratio triples in the nanochannel of
5 um whereas it only increases by 1.5 times in nanochannel of 55 pm while the KCI concentration
decreases from 1 x 1072 M to 1 x 10™3 M. These phenomena are caused by the lower effective
electric field strength in nanofluidic diode with a long nanochannel. Typically, as shown in Figure 6-4
(c), the charged polyelectrolytes absorbed at the two ends of the nanochannel could repel co-ions
effectively under a reverse electric field. These ions are accumulated at the entrance and the outlet of
the ion channel due to the driven force of the electric field and the strong electrostatic repulsion force
between the mobile ions and immobile charges decorated on the two ends of the nanochannel. As a
result, only a few of ion leakage exists and a very low ionic current can be generated. However, it was
reported that the degree of the ion enrichment depends on the electric field strength[191]. When a
constant electric potential is applied, the effective electric field strength is larger in the nanofluidic
diode with a shorter nanochannel. Hence, a higher degree of ion enrichment can be obtained, thus
reducing the ion leakage. Furthermore, the weaker effective electric field contributes to a smaller ionic

current in a forward biased nanofluidic diode. Therefore, the rectification ratio decreases.
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Figure 6-8. The dependence of rectification ratio at the applied voltage of 4 IV measured from

nanofluidic diodes on the channel lengths and KCI concentrations (Sweep speed: 300 mV/s).
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6.3.5 Effects of electric field strength

The electric field strength affects the movement of the mobile ions and the degree of the ion
enrichment, thus influencing the rectification ratio. To examine the effects of electric field on the
performance of the nanofluidic diode, the rectification ratios under different applied electric field
strengths are measured. Since the best rectification ratio is observed at the ionic concentration of
1 x 1073 M, in this experiment, the KCI solution of 1 x 103 M is used as the working fluid and the
nanochannel length is 5 um. The total length of the main microchannels is 2 cm. Theoretically, the
ionic current is essentially zero under a reverse electric field and proportional to the applied electric
field strength under a forward electric field. As a result, the rectification ratio should increase with an
increasing electric field strength. As shown in Figure 6-9, the rectification ratio almost linearly
increases while the applied electric field increases from 0.1 V/cm to 1.25 VV/cm. However, the increment

of the rectification ratio becomes smaller with further increase of the applied electric field strength.
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Figure 6-9. The dependence of the rectification ratio on the applied electric field strength measured

from a nanofluidic diode with a 5 um nanochannel.

The weaker growth of rectification ratio at the high electric field strength is caused by the
breakdown effects and polarization effects[215]. When a strong electric field is applied, the Coulomb
force may overwhelm the repulsion force generated by the immobile charges at the ends of the
nanochannel and break the ion gating, thus generating a large leakage current under a reverse electric
field. Besides, the high degree of ion enrichment at the entrance of the nanochannel can generate a

thinner local EDL, resulting in less effective ion screening. In addition, previous studies also reported
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that the increase of the forward ionic current in nanofluidic diodes can be weakened under an extremely
strong electric field due to concentration polarization effects[202,215]. Consequently, the growth rate
of the rectification ratio slows down at high electric field strength. The results indicate that it is possible
to generate breakdown in the nanofluidic diode similar to that in a semiconductor diode.

6.4 Conclusions

Previously reported nanofluidic diode were commonly fabricated by using membrane-based
nanopores[185,210,212,216-218]. The rectification ratios of these nanofluidic diodes are generally less
than 100. A membrane-based nanofluidic diode with asymmetric structure and surface properties was
reported harvesting distinctly high rectification ratios[224]. This nanofluidic diode comprises two types
of nanochannels with different sizes and opposite surface charges. However, its inherent complex
structure creates challenges in the integration of chip-scale electronic circuits. Aligned CNT bundles
allow chip-scale integration, but generate relatively low rectification ratio and repeatability[202]. This
chapter demonstrates a novel method to develop nanofluidic diodes based on single PDMS
nanochannels. The operation parameters, including voltage frequency, working fluid concentration, and
channel length, are systematically investigated by evaluating the ionic current rectification ratio. The
nanofluidic diode chips used in this study were fabricated by standard photolithography method. The
nanofluidic diodes possess excellent current rectification behaviors, and the rectification ratio can be
as high as 218 with easily fabricated channel length and suitable ionic conditions. This rectification
ratio decreases with an increasing sweeping frequency of the applied voltage, and the diode may lose
effectiveness at extremely high voltage frequency. The results revealed that the nanochannel length is
significant in the design of nanofluidic diodes. The rectification performance of nanofluidic diodes can
be improved by shortening the nanochannel length. A higher electric field strength leads to a larger
rectification ratio. However, an extremely strong electric field can degrade the ion transport or ion
gating inside the nanofluidic diode, thus weakening the current rectification. This chapter presents a
method to fabricate nanofluidic diode on typical PDMS-based chips. The best rectification of 218 can
be obtained with a relatively low size requirement and simple modification process. The results about
the performances of nanofluidic diodes provide better understandings of the interfacial electrostatic and
electrokinetic interactions at the liquid-modified channel wall interfaces. Furthermore, the fabrication
method of the nanofluidic diode based on layer-by-layer deposition of polyelectrolytes creates new
possibilities to develop high-performance nanofluidic diode with relatively large ion channels for future
researchers who are interested in nanofluidic electronics. In future work, we will focus on integrating
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multiple PDMS-based nanofluidic diodes on a chip and develop nanofluidic electric circuits for
practical uses.
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Chapter 7 Application I: A Method to Improve RPS Detection based on

Surface Charge Governed Ion Channel™

7.1 Introduction

Resistive pulse sensing (RPS) is a measurement technique capable of analysis of submicron
bioparticles and particle-by-particle sizing and detection[225-228]. RPS method was developed for
sensing and counting cells by Coulter in the 1950s[229]. Submicron particles and viruses were studied
since 1970s[230,231]. In recent years, with the advancement of nanofabrication technologies, RPS
method has been widely used in detecting and analyzing nanoscale particles as small as single
molecules, such as proteins[225,232] and DNAs[190,233,234]. Particularly, intensive studies of
nanopore-based DNA sequencing[235-237] and nuclei acid analysis[234,238] in biological hanopores
have been conducted by using RPS method.

In a typical RPS system, a single micrometer- or nanometer-sized pore or channel separating two
reservoirs is filled with an electrolyte solution as the sensing gate. An electric potential applied across
the sensing gate can drive a steady ionic current passing through the gate. When a particle enters the
sensing gate, the ionic current is disrupted, and a pulse signal can be observed. To improve the
sensitivity of RPS systems, a lot of methods have been developed. Wu et al.[239] demonstrated that the
noises can be reduced significantly in a microfluidic RPS chip with a design of two symmetric mirror
detection channels positioned before and after the sensing gate, and by using differential amplification.
Song et al.[240] further improved the signal-to-noise ratio by using two-stage differential amplification.
Their results showed that particles as small as 220 nm can be detected by using a microfluidic chip.
Zhou et al.[241] presented a new RPS sensor without requiring particles passing through the sensing
gate. In their study, an orifice located on the side of the main channel is worked as the sensing gate to
count particles, and the detected signal amplitude can be increased by turning the orifice size. Liu et
al.[242] also presented a method to improve the detection sensitivity of a RPS system by fabricating

focusing stream channels on the chip, thus narrowing the effective sensing gate.

™ A similar version of this chapter was submitted or published as:
J. Li, D. Li, A method to improve the resistive pulse sensing by modifying surface charge of nanochannels, Sensors
Actuators, B Chem. 337 (2021) 129773. https://doi.org/10.1016/j.snb.2021.129773
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The detection sensitivity of a RPS system is mainly determined by the volume ratio of the particles
to the sensing gate (or sensing channel). As the sensing gate, the nanochannel or nanopore is a key
component in RPS systems and provides confined space to covert nanosized objects to measurable
electric signals. The first solid-state nanopore has been successfully fabricated by using a technique of
ion beam sculpting in 2001[243]. After that, nanopores have been fabricated by using multiple
techniques over the past decades, such as focused ion beams[243], dielectric breakdown[244], and
focused electron beams[245]. To develop high-performance nanopores or nanochannels with desired
dimensions, many novel methods have been reported [246-249]. For example, elastic membranes have
been used as a tool in RPS systems to form tunable nanopore. The advantage of this method is the
adjustable pore size which is able to detect a range of particle sizes by sing a single tunable
pore[250,251]. Biological nanopores are also promising tools in building nano-RPS systems,
particularly in DNA sequencing, due to their advantages of good specificity and high throughput[252—
254]. Carbon nanotube (CNT) provides a platform in the analysis of nanoparticles, signal molecules,
and ions by using nano-RPS systems as well[190]. CNT-based nano-RPS devices are relatively easy to
fabricate, and the inner diameters are controllable. With these advantages, studies about ion selection,

DNA sequencing, and single molecule analysis have been reported[255-258].

Apart from the technologies for fabricating the sensing nanopores and nanochannels and the
structure of RPS chips, there are alternative techniques that can improve the performances of the
nanopores in RPS detection. For example, the nanopore dimensions can be fine-tuned by using atomic
layer deposition[259]. Wei et al.[260] showed that nanopore surfaces can be metalized by deposition
of a gold layer, resulting in lower electrical noise and reduced nanopore diameter. Ayub et al.[261]
further studied the nanopore size control for diameters below 20 nm by using electrodeposition and

demonstrated the capability of the modified nanopore in single biomolecule analysis.

In addition, many methods can be utilized to further improve the properties of nanopores and RPS
systems, such as surface modification of nanopores and localize electrodes in and around nanopores.
In nano-RPS systems, different from micro-RPS systems, the space occupied by the electrical double
layer (EDL) cannot be ignored. When the sensing channel is sufficiently small and the EDL overlaps,
the surface charge property of the nanochannel can govern the ion transport and determine the ionic
conductance[262,263]. It is known that the detected electric signal is the change of the potential bias
along the sensing nanochannel in a RPS system when a particle is passing through the sensing

nanochannel. The surface charged governed ionic conductance is related to the potential bias along the
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sensing channel and can affect the measured RPS signals significantly. Moreover, by modifying the
inner surfaces of the sensing nanopores/nanochannels, the surface charge, wettability, and receptors
can be manipulated. These surface effects can be employed to achieve and adjust the selective sensing
of charged particles, ions, and DNAs[264-267]. Modifying chemical and electrical properties of the
nanopore interior surfaces is particularly appealing in single molecule analysis since they allow the
nanopore equipped with desired functions. However, there are significant challenges. Most of these
reported studies focus on the fabrication of nanopores with small inner diameters and specific geometry
to improve the resolution and sensitivity of RPS systems. These fabrication techniques often require
novel materials and advanced equipment. Only a few of them studied the effects of chemical properties

of nanopore interior surfaces in the RPS detections[248,265].

As discussed above, to improve the sensitivity of RPS systems, previous studies mainly focused
on reducing the size of the sensing nanochannel. However, it is still challenging to fabricate a sensing
nanochannel with a size smaller than 10 nm and a short length. This chapter demonstrates an approach
to enhance the detected signals and the sensitivity of RPS devices by controlling the surface charge of
the inner surface of the sensing nanochannel. The approach presented in this chapter aims to further
increase the sensitivity of RPS systems and reduce the size requirement in nano-scale detection. In this
work, the effects of the surface charges and the length of the sensing nanochannel were investigated
theoretically. A nano-RPS device with the sensing nanochannel decorated with different surface
charges was designed and fabricated. To analyze the surface charge effects on the RPS detection,
detection of nanoparticles with a diameter of 5 nm was conducted experimentally. The results show
that the detected RPS signal amplitudes can be improved significantly when the sensing nanochannel

has opposite surface charges on the two ends.

7.2 Materials and method

7.2.1 Chemical reagents

Gold nanoparticles (Sigma-Aldrich) of 5 nm in diameter suspended in citrate buffer are used as
sample nanoparticles in RPS measurements. In the experiment, all nanoparticle solutions are diluted in
KCI (=99%, Fisher Scientific) solutions by 1000 times. Polybrene (PB, Sigma-Aldrich), Dextran
sulfate (DS, sodium salt, molecular weight, 7000 — 20000, Sigma-Aldrich) dissolved in deionized water
(18.2 MQ, Mini Q, Direct-Q3) are used to modify nanochannel surfaces. Regular PDMS (Sylgard 184,
Dow Corning) and hard PDMS (h-PDMS) are used to fabricate the nanofluidic chips.
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7.2.2 Experimental system and fabrication of nano-RPS chips

As shown in Figure 7-1 (a), the nano-RPS chip consists of a single sensing nanochannel connected
by two microchannels. An electric voltage difference (as indicated by V+ and V— in the figure) is
applied at the two ends of the microchannels to generate an electric current and drive the transport of
particles in the chip. Two detecting microchannels are located on the two sides of the nanochannel and
connected to a differential signal amplifier (AD 620) via two platinum electrodes. The change in the
electric potential along the nanochannel will be collected by the detecting microchannels, amplified by

the amplifier, and finally exported to a computer through LabView program.

The nanochannel used in the system is fabricated by using the solvent-induced method[50]. The
nanochannel chip is replicated from a nanochannel mold by using a bilayer of regular PDMS and hard
PDMS. Firstly, a thin h-PDMS layer is spin-coated on the nanochannel mold and following a heating
in an oven at 80 °C for 10 min. This h-PDMS layer can precisely replicate the features of the
nanochannel and minimize the deformation of the nanochannel. Afterward, regular PDMS is casted
onto the h-PDMS layer and placed back to the oven for 2 hours at 80 °C. The relatively soft regular
PDMS layer can support the fragile structure of the hard PDMS layer. The nanochannel chip can be
easily peeled off from the mold after the heating process. Figure 7-1 (b) and (d) shows the AFM image

and the profile of the nanochannel used in this work.
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Figure 7-1. (a) A schematic diagram of nano-RPS system. (b) The AFM image and (c) An image of
the nanofluidic chip captured by an optical microscope. (d) profile of a nanochannel with a depth of
54 + 1 nm and a width of 117 + 9 nm.

To form the final nanofluidic chips, as shown in Figure 7-1 (c), the nanochannel is bonded with a
microchannel which is replicated from a SU8 photoresist mold by Plasma treatment (Harrick plasma,
PDC-32G). The microchannel mold is fabricated on a silica wafer by using standard photolithography
method. To keep the chemical properties of all chip interior surfaces are consistent, the microchannel

is also fabricated by using a bilayer of hard-PDMS and regular PDMS.

7.2.3 Surface modification of sensing nanochannels

Our previous study has shown that the PDMS nanochannel size and surface charge can be
controlled by using layer-by-layer (LBL) deposition of polyelectrolytes[208]. By modifying the
nanochannel with charged polyelectrolytes, multiple polyelectrolyte layers can be coated on the channel
interior surfaces. These coated polyelectrolyte layers will reduce the nanochannel size. When the coated
multiple layers are sufficiently thick, the charged polyelectrolyte chains cannot enter the nanochannel
anymore due to the steric effects and strong electric repulsion force. As a result, the nanochannel

reaches a minimum size which is referred to as saturated size by using this LBL deposition method.
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For the nanochannel used in this study, the nanochannel size will be reduced from the original
nanochannel size to the saturated size by coating multiple PB/DS layers. The saturated nanochannel
has a size of approximately 25 nm in the depth [208]. In this work, the nanochip interior surface charge
is alternatively regulated by using 5% PB and 3% DS solutions according to the LBL self-assembly
method. Briefly, the nanofluidic chip is firstly rinsed with 100 mM NaOH solution for 30 min to pretreat
the surfaces and prepare for the further adsorption of polyelectrolyte layers. Once the precondition steps
are completed, the 5% PB solution and 3% DS solution are used alternatively to rinse the chip and
generate multiple layers on the channel inner walls. Between each rinse of polyelectrolyte solutions,
three times of water rinse are employed to remove the residual polyelectrolyte solutions. The thickness

of a single polyelectrolyte layer in the nanochannel is approximately 1 nm.

To compare the surface charge effects on RPS detections, in this work, the sensing nanochannels
of RPS devices with different surface charges are produced by the above modification method. As the
sensing nanochannel size is about reaching the saturated size, specific polyelectrolyte solutions are
added into the chips to complete the final surface modification process and generate an outmost coated
layer. This outmost coated layer will determine the surface charge properties of the sensing
nanochannel. The surface charge properties of the modified nanochannel are schematically shown in
Figure 7-2. For the sensing nanochannel with a coated PB layer as the outmost layer, the surface charge
is positive, and this sensing nanochannel is referred to as positive nanochannel. On the contrary, the
sensing nanochannel with a coated DS layer as the outmost layer has negative surface charges and is
referred to as negative nanochannel. The third type of nanochannel is pre-coated with PB and DS
solutions to the saturated size. Then, 5% PB solution is added into one reservoir of the chip, while 3%
DS solution is filled into another reservoir in order to keep the pressure balance between the two
reservoirs and make sure the entrance and the outlet of the nanochannel are fully covered with
oppositely charged polyelectrolyte layers, Since the nanochannel has reached the saturated size, the
polyelectrolyte molecules cannot enter the nanochannel. Only the surface charge of the entrance region
of the nanochannel with a limited length is regulated to be positive by the positively charged PB
molecules. The rest of the nanochannel walls remain a negative surface charge density. This sensing

nanochannel is referred to as bipolar nanochannel in this chapter.
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Figure 7-2. Schematic diagrams of modified nanochannels. (a) Negative nanochannel with a coated
DS layer as the outmost layer. (b) Positive nanochannel with a coated PB layer as the outmost layer.
(c) Bipolar nanochannel with positive surface charge at the entrance region of one end of the

nanochannel.

7.3 Mathematical model

Consider a nanochannel with a length of L, width of W, and height of H, connecting two reservoirs,
as schematically shown in Figure 7-3. These two reservoirs and the nanochannel are initially filled with
a KClI solution with a bulk concentration c, density p, dynamic viscosity , and relative permittivity &,..
An electric potential ¢ is applied between the two ends of the two reservoirs and generates an ionic

current along the nanochannel.
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Figure 7-3. The schematic diagram of the nanofluidic chip used in the model and numerical

simulation.

7.3.1 Electric filed

Once an external electric filed is applied, the distribution of electric potential in the computational

domain can be obtained by solving Poisson equation
—V(eo&, V) = F X zic; (7-1)

The local applied electric field strength can be expressed as:

E=-V¢ (7-2)
The electrical displacement is given as:

D = ¢g,&,.E (7-3)
The boundary condition of the surface charge on the walls of the nanochannel is described as:

n-D=oy (7-4)
The surface charge on the nanoparticle is:

n-D =g, (7-5)
Where n is the normal vector directed from the surface to the fluid.
For other boundaries of the model, zero charge condition is applied:

n-D=0 (7-6)
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The electric potential at the left side of upstream reservoir is set as the following:

b=d¢ (7-7)

At the right side of downstream reservoir:
b= (7-8)

7.3.2 lonic concentration field
Nernst-Planck equation is used to describe the ionic mass transport in the nanofluidic chip[268]:

2¢q

VN; + 3t

=0, i=land?2 (7-9)
The ionic flux density of i ion species is given as:
Ni = uc; — DiVCi — Zj %FCLV(]’) (7'10)

In Eq. (7-10), the first term (uc;) is the electroosmosis effects. The second and the third terms of
Eq. (7-10) are the ionic fluxes generated by the concentration gradient and electric potential gradient,
respectively.

The channel walls and particle surfaces are set as impermeable for ionic mass transport, and the
boundary condition is given as:

n-N;=0 (7-11)
The bulk ionic concentration is assumed at the two reservoirs:
€L =¢; =0y (7-12)
7.3.3 Flow field
In this model, the flow field can be expressed by the Naiver-Stokes equations:
pu-Nu=v-[-pl+puVu+ VW] +f (7-13)
and
Vu=0 (7-14)
Here p is the pressure of the fluid, f is the electrostatic body force which can be expressed:

f=—F(zic1 + 2,¢2)V (7-15)
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The boundaries at the two ends of the two reservoirs are assumed as the open boundary condition.
For an open boundary condition, the flow can both enter or exit from this type of boundary. The applied
pressure is zero, no viscous stress at these boundaries. The boundary condition is governed by:

[—pI + u(Vu+ (Vw)TIn=0 (7-16)
No slip boundary condition is employed on the nanochannel walls and the nanoparticle surface:
u=0 (7-17)

For the sensing nanochannel with opposite surface charges at the two ends, the surface charge
densities of the nanochannel are set as +ay, at the walls of the nanochannel entrance with a limited
length of 20 nm and —oy, at the rest of the nanochannel walls, respectively. For the sensing
nanochannels with homogeneous surface charges, the nanochannel walls have a constant surface charge
density oy, for positively charged nanochannel and —ay, for negatively charged nanochannel. The

ionic current can be calculated as the following:
I=[FY(Z,N)ndS (7-18)
where | is the ionic current, S is the cross-sectional area of the nanochannel.

In this numerical simulation, we mainly focus on the variation of the electric current when a
nanoparticle passes through the nanochannel and replaces ionic solution. Generally, the amplitude of
the ionic current change is determined by the volume ratio of the nanoparticle to the sensing
nanochannel. In nanoscale, the particle surface charge also affects the ionic current due to the exist of
electric double layer. Theoretically, the transport velocity of the nanoparticle will not influence the
amplitudes of ionic current change. To simplify the model, the drag forces exerted on the nanoparticle
are not considered, and a stationary solver is utilized in the simulations. Initially, there is not any
nanoparticles inside the channel. The initial ionic current I; can be calculated by using Eq. (7-18). Then
a nanoparticle is placed in the left reservoir and start to move forward 5 nm by each step in the direction
of the nanochannel length. By calculating the ionic current of each step by using Eq. (7-19), a series of

ionic current can be obtained:
I1(x) = [FY Z;N;(x) ndS (7-19)

where x is the displacement of the nanoparticle along the direction of the nanochannel length.
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The minimum ionic current I, when a nanoparticle passes through the nanochannel can be

obtained:
12 = I(x)min (7'20)

The amplitude of the ionic current change is used to evaluate the RPS signal, which can be

expressed as:

vi=L -1 (7-21)

In a RPS system, the electric potential bias along the sensing nanochannel without any particles

passing through can be expressed as:
V1 = V - 11R1 - IlRZ (7'22)

where V is the applied electric potential across the RPS chip, R; and R, are the electrical

resistance of the upstream microchannel and downstream microchannel, respectively.

Assume that the electrical resistance of the upstream microchannel is constant when a nanoparticle
leaves upstream main microchannel and enters the sensing nanochannel, the electric potential bias along

the sensing nanochannel with a particle passing through it is:
V, =V — LR, — R, (7-23)
The RPS signal can be simply expressed as:
Vour = Vo —Vy = VI(R; + R,) (7-24)

Clearly, the amplitude of the RPS signal should be proportional to the ionic current change VI in
the sensing nanochannel. Therefore, to simplify the calculation in the simulation of this chapter, the

change amplitude of the ionic current is used to evaluate the RPS signal.

Numerical simulations based on the theoretical model as described above are conducted by using
Comsol Multiphysics 5.4. The simulations consider a nanochannel with a rectangular cross section
connected to two reservoirs. A nanoparticle with a diameter of 5 nm transports through the nanochannel.
The Poisson-Nernst-Plank equation, Navier-Strokes equation are used to simulate the fluid flow, ionic
concentration, and the electric potential, simultaneously. A physics-controlled mesh is used in the

simulations. To obtain the reliable results, different numbers of grids are examined. The number of the
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grids are used when the simulated results do not change if the mesh was further fined. The relative

tolerance is set as 0.001. The parameter values used in the simulation are listed in Table 7-1.

Table 7-1. The parameter values used in the simulations.

Parameter Value/Range Unit

&- (Relative permittivity) 80 —

o (Absolute permittivity) 8.85x 1072 | F/m

p (Liquid density) 1000 kg/m?3

u (Dynamic viscosity) 1x1073 Pa-s

oy (Surface charge density on the walls of nanochannel) 5x1073 C/m?

0, (Surface charge density of nanoparticle) -2x1073 C/m?

¢+ (Electric potential on the left) —4~4 v

¢, (Electric potential on the right) 0 v

R (Universal gas constant) 8.314 J/(mol-K)
T (Temperature) 300 K

L (Nanochannel length) 500~5000 nm

W (Nanochannel width) 25 nm

H (Nanochannel depth) 20 nm

D, (Diffusion coefficient of K")[187] 1.96 x 107° | m?/s

D, (Diffusion coefficient of C17) [187] 2.03x107° | m?/s

Z, (Valence of K*) 1 —

Z1 (Valence of C17) -1 -

¢ (Bulk ionic concentration) 10 mmol/m3

In the experimental RPS system, as schematically shown in Figure 7-1 (a), a DC electric voltage

is applied to the main microchannel, and the nanochannel connecting the upstream and downstream

microchannel channel serves as the sensing gate of the system. A voltage difference between the two

detecting microchannels can be amplified and observed when a particle passes through the nanochannel.

The voltage difference amplified by the differential amplifier with a gain A can be expressed as:

Vour = A(nup - ndown) + A(VVZ - VVl)
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Where 71, and n4,,, are the noises detected by the upstream detecting channel and downstream

detecting channel, respectively; VV; and VV, are the electric potential bias between the two ends of the
nanochannel without any particle passing through and with a particle passing through, respectively.

7.4 Results and discussion

7.4.1 Surface charge effects on the ionic current

In the numerical simulations, KCI solution with a bulk concentration of 10 mM is used. All three
types of nanochannels are considered. For the bipolar nanochannel, the surface charge density on the
nanochannel entrance walls with a limited length of 20 nm is set as 5 x 10~3 € /m?, and the surface
charge density on the rest of the nanochannel walls is —5 x 10~3 € /m? . For the positive nanochannel,
the surface density is set as a uniform positive value of 5 x 10~3 € /m?. For the negative nanochannel,
the surface charge density is set as a uniform negative value of 5 x 1073 € /m?. The electric potential
difference between the two reservoirs is ranging from —4 V to 4 V. The temperature is 300 K. Figure
7-4 shows numerical results for the ionic current-potential curves through the nanochannels with
different surface charge densities and in the same KCI solution of 10 mM bulk concentration. As shown
in Figure 7-4, in the bipolar nanochannel, the ionic current increases with the increasing applied electric
potential in forward bias whereas it is almost zero in reverse bias. For the nanochannels with
homogeneous surface charges, the ionic current increases monotonically with the increasing applied
electric potential. Furthermore, the ionic current is larger in the bipolar nanochannel compared with the
other two types of nanochannels when the electric potential is forward bias. This promotion in ionic

current is getting larger as the applied electric potential increases.
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Figure 7-4. Numerical simulation of the current-potential curve for three different types of
nanochannels. The bulk concentration of KCI solution is 10 mM. The nanochannel dimensional size
i 500 x 25 x 20 nm (L X W x H).

Behavior of the current-voltage curve for the bipolar nanochannel as shown in Figure 7-4 can be
explained by the surface charge governed ion distribution in the nanochannel. As shown in Figure 7-5
(b), the counterions inside the electric double layers, K* and Cl~, are dragged to the junction of the
oppositely charged channel walls with a forward potential bias. Consequently, these counterions are
accumulated in the nanochannel, and a continuous current can be generated. This ion accumulation will
accelerate the transport of ions through the nanochannel due to the concentration gradient of
counterions. As a result, the ionic current becomes larger. With the reverse bias of electric potential,
the counterions approach to the two ends of the nanochannel, and an ion depletion is formed at the
junction of oppositely charged channel surface, as shown in Figure 7-5 (c). As a result, the nanochannel
is blocked, and the current ceases. Figure 7-5 (d) shows potential profiles alone the nanochannel
centerline in the length direction under the applied electric voltage ranging from —3 to 3. In forward
bias, large potential drops occur at the two ends of the nanochannel. However, in reverse bias, the
potential changes largely at the entrance of the nanochannel where the surface charges change from the
positive to the negative value. This is because the total flux of ions is constant along the nanochannel,

and the largest potential change will occur in the lowest-density region that is the ion depletion region.
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Figure 7-5. (a) A schematic diagram of the surface charge pattern and applied electric potentials.
(b)Distribution of K* (top)and Cl~(bottom) in the bipolar nanochannel with a forward-biased electric
potential. (c) Distribution of K* (top)and CI~(bottom) in the bipolar nanochannel with a reverse-

biased electric potential (Bulk concentration: 10 mM. The color gradient illustrates the concentration
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gradient of ions. The black dash line shows the interface of the positive and negative walls of the
nanochannel). (d) Potential profile along the nanochannel centerline with the applied electric potential
ranging from —3 V to 3 V (Bulk concentration: 10 mM).

In RPS systems, the detected signals are proportional to the ionic current change along the sensing
nanochannel when a particle passes through it. In positive and negative nanochannels, the nanoparticle
will replace a certain amount of ionic solution and reduce the ionic conductivity. As a result, the ionic
current decreases, and a RPS signal can be observed. As mentioned above, the ionic current is larger in
the bipolar nanochannel due to the ion accumulation. Figure 7-6 demonstrates the ionic concentration
distribution in the bipolar nanochannels without and with a nanoparticle passing through it under a
forward potential. The surface charge density of the nanoparticle is —2 x 1073 C/m?. In the bipolar
nanochannel, as shown in Figure 7-6 (b), the nanoparticle not only replace ionic solution but also disrupt
the ion accumulation due to the electrostatic force. The disruption in the ion accumulation will further
decreases the ionic current in bipolar nanochannel. Therefore, the amplitude of the ionic current change

is larger in the bipolar nanochannel compared with the other two types of nanochannels.
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Figure 7-6. The concentration gradient of total ions (K" and CI7) in the nanochannel without particle
(a) and with a particle passing through the junction (b) under a forward electric potential (¢; =
3V; ¢, = 0; bulk concentration 10 mM).

7.4.2 Surface charge effects on RPS detection

As discussed above, the ionic current is larger in the bipolar nanochannel with a forward potential.
As shown in Equation (7-24), the electric current change is related to the detected signal amplitude in

a RPS system. To investigate the surface charge effects on RPS detection, a numerical simulation is
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conducted. In this simulation, ionic current changes in the three types of nanochannels, including
positive nanochannel, negative nanochannel, and bipolar nanochannel, are investigated, respectively.
The nanoparticle in this model is non-conductive and negatively charged with the surface charge
density of —2 x 1073 €/m?. The amplitude of the ionic current change when a nanoparticle with a
diameter of 5 nm passes through the nanochannel is simulated and used to evaluate the RPS signals.
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Figure 7-7. The simulated amplitudes of the ionic current change when a 5 nm nanoparticle passes

through three types of modified nanochannels (hanochannel length: 500 nm).

Figure 7-7 shows the simulated amplitudes of the ionic current change when a 5 nm nanoparticle
passes through nanochannels with different surface charges. From this figure, one can see that the
amplitude of the ionic current change in the bipolar channel is significantly larger than that in the
positive channel and the negative channel. The amplitude of the ionic current change of the bipolar
sensing nanochannel is approximately 3 times of that of the other two types of nanochannels. As
discussed above, the ionic conductivity will decrease when a nanoparticle is passing through the
nanochannel due to the replacement of ionic solution by the nanoparticle. For positive and negative
nanochannels, the nanochannel is mainly filled with counterions with the applied electric field due to
the surface charge effects. The ionic current change is determined by the amount of ion replaced by the
nanoparticle. For bipolar nanochannel, the ionic current also decreases due to the ion replacement.
Moreover, the ion accumulation in bipolar nanochannel will accelerate the ion exchange at the junction
due to the concentration gradient, leading to a larger ionic current. This ion accumulation will be
disrupted when a nanoparticle passes through it. Therefore, the ionic current decreases more

significantly in a bipolar nanochannel.
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7.4.3 Effects of nanochannel length on the ionic current and RPS signals

As discussed above, the increase in ionic current caused by the ion accumulation will affect the
ionic current change, and consequently the detected RPS signals. It should be noted that the
nanochannel length may also affect the degree of ion accumulation and depletion in the modified
nanochannels, hence influence the ionic current and RPS signal. In addition, the space occupied by a
nanoparticle in a longer nanochannel will become relatively smaller, thus weakening the pulse signal
in RPS detection. To investigate the channel length effects, the ionic current in the bipolar nanochannels
with different nanochannel lengths are calculated. The nanochannels with the same width of 25 nm,
height of 20 nm, and different lengths ranging from 500 nm to 5000 nm are analyzed. The surface
charge densities at the entrance wall and the rest walls of the nanochannel are set as +5 x 1073 C/m?,

respectively. The KCI solution with a bulk concentration of 10 mM is used as the charge carriers.

Figure 7-8 shows simulated current-potential curves for the modified nanochannels with different
lengths at the potential bias of +1.5 V. As shown in Figure 7-8, the ionic current under forward biased
potential decreases with the channel length because of the lower electric field strength in longer
nanochannels. The reverse bias current is almost zero and essentially constant for all nanochannel
lengths due to the co-ions are repelled and gated effectively by electrostatic force. When a reverse bias
electric field is applied across the nanochannel, the entrance of the nanochannel with immobilized
positive surface charges will repel co-ions and block the channel, thus stopping the ionic current. On
the contrary, with a forward bias electric field, the counterions accumulate in the nanochannel, and the
degree of the accumulation of ions depends on the electric field strength. With a constant applied
potential across the nanochannel, the shorter nanochannel has a larger electric field strength, leading to
a higher enrichment of counterions in the nanochannel. As a result, the ionic current is higher. As a
result, the nanochannel length is an important factor in determining the magnitude of RPS signals in

the surface modified nanochannels.
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Figure 7-8. Numerical simulation results of the current-potential curves for the bipolar nanochannels

with different nanochannel lengths. (Bulk concentration: 10 mM).

To evaluate the channel lengths effects on pulse signals of nanoparticles, the ionic current changes
when a nanoparticle passes through the nanochannel are calculated for different channel lengths. The
nanochannel is filled with KCI solution with a bulk concentration of 10 mM, and the surface charge
densities at two ends of the bipolar nanochannel are +5 x 103 € /m?, respectively. For the positive
and negative nanochannel, the surface charge densities are 5 x 1073 €/m? and —5 x 1073 C/m?,
respectively. The surface charge density of the nanoparticle is —2 x 1073 C/m?, and the particle
diameter is 5 nm. Figure 7-9 demonstrates the amplitude of the ionic current change of the surface
modified nanochannels with different lengths when a nanoparticle passes through. From Figure 7-9 (a),
one can see that the amplitude of the ionic current change (hence, the RPS pulse) of the bipolar
nanochannel is the highest in comparison with the other two nanochannels with homogeneous surface
charges. Furthermore, the amplitude of the ionic current change decreases monotonically with the
nanochannel length from 500 nm to 5000 nm for all types of nanochannels. By comparing the ratio of
the ionic current change amplitude in bipolar nanochannels to that in homogeneously charged channels,
as shown in Figure 7-9 (b), it is observed that the signal ratio decreases rapidly as the nanochannel
length increases from 500 nm to 1000 nm and then gradually decreases with the increasing nanochannel
length. This is because a long nanochannel length will reduce the stable ionic current and the degree of
ion enrichment inside the channel due to the lower electric field strength in longer nanochannels. As a

result, the promotion in the ionic current change amplitudes by the surface modification becomes less
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prominent with a larger length. Since the forward ionic current does not increase linearly with an
increasing electric field strength in a bipolar modified nanochannel. The increment in ionic current
becomes gentle at high electric field strength due to the concentration polarization. That means the
promotion in ionic current in the modified nanochannel decreases as the applied electric field exceed a
critical value. When the length of the bipolar modified nanochannel becomes larger than 3000 nm, the
ionic current reduces more significantly at the low effective electric field. Therefore, it is also observed

that the decrease in the RPS signal ratio is slightly steeper in long nanochannels.
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Figure 7-9. (a) The magnitude of ionic current change as a function of the nanochannel length. (b)
The ratio of ionic current change in bipolar nanochannel to homogeneously modified channels at the

applied potential of 1.5 V and different channel lengths.

7.4.4 Experimental characterization of the surface charge pattern effects on RPS detection

In the experiments, the nanofluidic chips as shown in Figure 7-1 are modified with the
polyelectrolyte solutions of PB and DS by using the LBL method until the nanochannel depth reaches
the minimum size of 25 nm[208]. In the experimental RPS system, two detecting microchannels are
located at the two ends of the sensing nanochannel. To stably bond the nanochannel chip to the
microchannel chip without leakage, a sensing nanochannel with a relatively large length of 5 um is
used in this study. According to the results shown in Figure 7-9, the RPS signals amplitude is inversely
proportional to the nanochannel channel length. In the measurements, a voltage difference ranging from

—2 V to 2 V is applied between the two reservoirs, and the electric current is measured by an
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electrometer (Keithley, Model 6517A). Each experimental measurement is repeated at least three times
in three individual chips. Figure 7-10 shows an example of the measured electric current-potential curve
of the KCI solution with a bulk concentration of 10 mM in the bipolar nanochannel. It is observed that
the current increases with the increasing electric potential in forward bias whereas almost be zero in
reverse bias. The experimental current is relatively larger compared with the calculated results in Figure
7-8. This is because the nanochannel size used in this experiment has a relatively larger width than
depth. Only the depth of the nanochannel can be reduced to the minimum size by using the LBL
deposition method, and the width of the nanochannel is larger compared with that in the numerical
simulation. However, the ion accumulation and depletion are determined by the minimum size of the
sensing nanochannel. Therefore, excellent ionic current rectification behaviors can be obtained in the

modified nanochannels.
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Figure 7-10. The experimentally measured current-potential curve of KCI solution with a bulk

concentration of 10 mM in a bipolar nanochannel.

To examine the effects of surface modified sensing hanochannels on RPS signals, the nanoparticles
are detected in bipolar nanochannel and nanochannels with constant surface charges. To keep the
consistency of the channel size in the experiment, all nanochannel are precoated with PB/DS multiple
layers to the saturated size. The outmost coated layer on the sensing nanochannel inner walls is PB

layer for positive nanochannels whereas it is DS layer for negative nanochannels. Before the RPS
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detection, all channels are rinsed with DI-water to remove the residual polyelectrolyte solutions. Then,
100 mM KCI solution containing 5 nm gold nanoparticles is loaded into the chips, and an electric
potential of 1.5 V is applied between the two reservoirs. Figure 7-11 shows the examples of measured
voltage signals generated by the nanoparticles and the histograms of the signal amplitudes. Each
downward peak represents an individual nanoparticle passing through the nanochannel. The signal

amplitudes are calculated by:

Vv = |Vpeak - Vbasel (7-26)

Where the Vj.q is the voltage at the peak point, and V, 4, is the average voltage of the baseline.

From the histograms shown in Figure 7-11, one can observe that the mean signal amplitudes are
1.51 4+ 0.30 x 1073 V for bipolar nanochannel, 1.00 + 0.30 x 1073V for the PB layer coated
nanochannel and 1.01 + 0.30 x 1073 V for the DS layer coated nanochannel, respectively. It is
obvious that the measured signal amplitudes are relatively larger in the bipolar nanochannel than that
in the other two types of nanochannels. The enhancement ratios of RPS signals for bipolar channel to
PB channel and DS channel are calculated to be 1.51 and 1.50, respectively. In the numerical simulation,
the KCI solution with a bulk concentration of 10 mM is used. The enhancement ratios of the current
change (equivalent to the RPS signals as indicated by Eq. (7-24)) predicted by the model simulation as
shown in Figure 7-7 can be as large as 3 in the surface modified nanochannels with a length of 500 nm.
According to Figure 7-9, the long nanochannel length results in smaller RPS signals and smaller
enhancement ratios. The calculated enhancement ratio of the RPS signal is 2.4 when the 10 mM KClI
solution and 5000 nm length nanochannel are employed. In experiments, the signal-to-noise ratio is too
small to accurately analyze the enhancement at such low ionic concentration due to the low ionic
conductivity. To generate a stable ionic current and gain large RPS signals in the RPS chip with a long
sensing nanochannel, the KCI solution with a relatively higher bulk concentration of 100 mM is used
in this experimental study. As one can see from Figure 7-11, the experimental results of the
enhancement ratio of the detected RPS signals, approximately 1.5, are smaller in comparison with the
model prediction. This is primarily due to the nanochannel length effects and ionic concentration effects.
It is known that ionic concentration not only influences the conductivity of the electrolyte solution but
also affects the thickness of the EDL. As a result, the ionic current and the enhancement of RPS signals
based on the surface charge governed ions transport can be changed significantly with a higher bulk
concentration. To better analyze the experimental results, a numerical simulation of the ionic

concentration effects on the ionic current change amplitude was conducted in the 500 nm nanochannels
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Figure 7-11. Examples of measured RPS signals and histograms generated by the 5 nm gold
nanoparticles in (a) and (b) positive channels (PB layer as the outmost coated layer); (c) and (d)
negative channels (DS layer as the outmost coated layer); (e) and (f) bipolar channels (one end is

coated with PB layer and the rest of channel is coated with DS layer), respectively.

with different surface charges. As shown in B-1 (Appendix B), the amplitude of the ionic current change

increases due to the larger stable ionic current in the nanochannel at a higher ionic concentration.

However, the enhancement ratio of the amplitudes for the bipolar modified nanochannel to the positive

nanochannel decreases from around 2.75 to 1.86 as the bulk ionic concentration increases from 10 mM
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to 100 mM. The results indicate that a high ionic concentration of KCI solution leads to large RPS
signal amplitudes but small enhancement ratios of RPS signals. By considering the channel length
effects and the ionic concentration effects, the experimental results are reasonable and in good

agreement with the simulated results.

7.5 Conclusions

The effects of the sensing nanochannel surface charge on the detection of nanoparticles by RPS
method are studied in this chapter both numerically and experimentally. The influence factors in RPS
detections, such as the length and surface charge pattern of the sensing nanochannel, are investigated
by numerical simulation. The results show that the detected RPS signals of nanoparticles can be
enhanced by decorating opposite charges on the two ends of the sensing nanochannel. The increase in
the detected RPS signal amplitudes in the bipolar sensing nanochannel can be as higher as 3 times to
that in normal sensing channels. This signal enhancement rate decreases as the sensing nanochannel
length increases. In the experimental study, the bipolar sensing nanochannel with a length of 5 um is
fabricated by coating charged polyelectrolytes on the two ends of the sensing nanochannel.
Nanoparticles of 5 nm are detected in the modified nanochannels. The experimental results are in good
agreement with the theoretical model prediction. To the best of the authors” knowledge, this is the first
time the surface charged governed current rectification effects are used in the signal enhancement in
resistive-pulse sensing. This study provides a method to significantly improve the sensitivity and

resolution of RPS detection of nanoparticles by using bipolar sensing nanochannels.
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Chapter 8. Application II: Integrated Iontronic Circuits based on Single

Nanochannels

8.1 Introduction

Integrated circuits are ubiquitous in our daily lives and widely used in all electronic devices, such
as computers, laptops, and cell phones. Traditional integrated circuits consist of diodes, transistors, and
other electronic components, and are used for electric signal process and manipulation. Recently, a new
type of ionic device based on electrokinetic regulation of ion transport has attracted significant interest.
These ionic devices may have applications in logic computing[187], biological analysis[188,189], and
physiological process of living organisms[269] because they function in aqueous environment. The key
functional component in ionic devices is the ion channel which can facilitate or block the exchange of
ions and molecules depending on the polarity of the applied electric field. With the advancement of
nanotechnology and material science, various materials, including membranes, carbon-nanotubes
(CNTSs) and polymers, have been used to mimic biological ion channels and regulate ion transport in

ionic devices.

Examples of man-made ion channels have been reported. The regulation of ion transport through
these ion channels is generally achieved by asymmetric geometry and opposite surface
charges[4,216,270]. Membrane-based nanopores are commonly used in the development of artificial
ion channels. Typically, a surface modification process is required for the membrane-based nanopores
in order to have opposite surface charges for ion-flow regulation. Different kinds of ionic diode-like
devices have been developed by using these nanopores or nanochannels[192,193,199-201]. For
instance, ion channels with switchable conformational states have been reported and developed by
surface functionalization with stimuli-responsive polymers[125,169,222]. The tunable properties of
these ionic devices provide convenience in delicate signal manipulation and are important in cellular
circuits. However, the low aspect ratio and small membrane thickness often cause less effective surface
charge modification, thus resulting in low rectification ratios[188]. Moreover, the structure of the

membrane-based ion channels makes the integration into chip-scale circuits highly challenging.

In the past few years, CNT technology has been pushed forward and gain broader attention in
iontronics industry[204,271,272]. Increasing research efforts have been taken on the possibility of
building complex integrated circuits with CNT-based ion channels. Several examples of integrated

circuits fabricated with aligned CNT-bundles have already been reported[202,204,206]. Zhu et al.
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presented a radiation-hardened CNT field-effect transistor (FET) with ion gel gates, which exhibited
high radiation tolerance. Li and Zhou[273] examined the effects of air and temperature on the
performance of ionic gel gated CNT circuits. In these CNT-based circuits, aligned CNT bundles are
patterned to serve as p-channel and n-channel, similar to traditional semiconductor devices. One major
uncertainty is that the final devices contain an undefined number of CNTSs in each semiconductor
component. One critical factor of ionic integrated circuits to achieve logic computing is that both p-
channel and n-channel in FETs are working with similar current rectification performances. The

undefined CNT number will cause variations between different ion channels[204].

To develop the iontronic circuit technology, single nanochannels or nanopores would be a better
choice for the fabrication of iontronic devices. Intensive studies about nanofluidic diodes based on a
single nanochannel have been conducted and some good examples were reported[185,194,199].
However, the solid-state nanopores serving as ion channels in these devices are generally constructed
on membranes or other wafers by reactive-ion etching, chemical etching, or deposition method[188]. It
is challenging to integrate these vertically aligned nanopores in a solid substrate into a circuit with in-
plane arranged architecture on a chip. Up to date, there is no integrated iontronic circuit made of single

nanochannel-based nanofluidic ionic diodes.

Desirable in-plane channel patterns in micrometer and sub-micrometer can be easily developed by
photolithography method and nano-imprint lithography method[207]. Polydimethylsiloxane (PDMS)
is a popular material to replicate these channel structures from designed molds onto chips and has the
advantage of mechanical flexibility and stability, transparency, and biological compatibility. However,
these technologies cannot satisfy the dimensional requirement for ion flow regulation. Generally,
nanochannels with sizes smaller than 50 nm are required to achieve effective rectification for ionic
diodes. It is impossible to fabricate such small nanochannels with traditional photolithography methods.
Recently, Jun Li et al.[274] reported a PDMS-based nanofluidic diode that can achieve a high current
rectification ratio. This nanofluidic diode is made by using wet modification of polyelectrolytes to
nanochannels. The nanochannel was constructed by combining the solvent-induced crack method[50]
and layer-by-layer (LBL) deposition method[208]. This method opens the possibility of PDMS

nanochannel as a promising candidate for constructing iontronic integrated circuits.

In this chapter, a nanofluidic chip with integrated iontronic circuits is designed and fabricated with
modified PDMS nanochannels serving as ion channels. In contrast to the CNT-based ionic circuits, the

device presented in this chapter is based on single PDMS nanochannels. The PDMS nanochannels
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fabricated on the chip have similar dimensional features, leading to similar performance after surface
charge modification. The performances of the integrated iontronic circuit chip working as ionic bipolar
transistors and full-wave ionic rectifiers were demonstrated. Multiple-functional circuits can be
integrated on a PDMS nanofluidic chip by the method reported in this chapter. All processes developed
in this work are scalable and lead to promising potentials of entirely PDMS-based chips for constructing

complex iontronic devices.
8.2 Experimental section

8.2.1 Chemical reagents and instruments

KCl solution with an ionic concentration of 1 mM was prepared by dissolving KCI powder (=99%,
Fisher Scientific) with deionized water (DI water, 18.2 MQ - cm, Mini Q, Direct-Q3). The nanofluidic
chips were fabricated by using regular PDMS (Sylgard 184, Dow Corning) and hard PDMS (h-PDMS).
Regular PDMS was prepared by mixing pre-polymer (base) and the crosslinker (curing agent) and the
mixing ratio of the base to the curing agent is 10. Hard PDMS (h-PDMS) is prepared by the mixture of
3.4 g of (7 -8% vinylmethylsiloxane)—(dimethylsiloxane) copolymer (VDT-731, Gelest), 50 mg
platinum -divinyltetramethyldisiloxane (SIP 6831.2, Gelest), 100 mg of 2, 4, 6, 8-tetramethyl-2, 4, 6,
8-tetravinylcyclotetrasiloxane  (Sigma-Aldrich), and 1 g (25-35% methylhydrosiloxane)-
(dimethylsiloxane) copolymer (HMS-501, Gelest) [139]. The nanofluidic chips were formed by
bonding a nanochannel chip with a microchannel chip via Plasma treatment (Harrick plasma, PDC-
32G). SU-8 2015, SU-8 2005 photoresists (MicroChem), and SU-8 developer were prepared to
fabricate the molds for nanochannel chip and microchannel chip. Polybrene (PB, Sigma-Aldrich) and
Dextran sulfate (DS, sodium salt, molecular weight, 7000 — 20000, Sigma-Aldrich) were dissolved with
DI water to achieve the wet modification of nanochannels. The microchannel and nanochannel are
characterized by optical microscope (Eclipse TE 2000, Nikon) and atomic force microscope (AFM,
Multimode™SPM, Digital Instruments), respectively. A source meter (Keithley, Model 2602A) and a
function generator (Tabor electronics 8550) were applied for the nanofluidic chip operation. The output

signals were acquired by an electrometer (Keithley, Model 6517A) via Pt electrodes (Sigma-Aldrich).

8.2.2 Fabrication of nanofluidic chips and surface modification

The nanofluidic chip, as shown in Figure 8-1 (a), was composed of two chips. The bottom chip

was the nanochannel chip constructed with two nanochannels that have similar dimensional features.
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This nanochannel chip was duplicated from a photoresist mold fabricated by solvent-induced cracking
method[50]. In the mold fabrication, two artificial defects were created on a polystyrene slab to dictate
the locations of the nanocracks. Ethanol was used to fully vaporize and condense on the polystyrene
surface. After absorption and release of the reagent vapor, two nanocracks can be generated on the
polystyrene surface across the artificial defect points. The patterns of these nanocracks were transferred
to a SU-8 photoresist layer as a positive nanochannel mold [275]. Then, a bilayer of h-PDMS and
regular PDMS was utilized to replicate the nanochannel chip from the photoresist mold [182]. Briefly,
a thin layer of h-PDMS was spin-coated on the photoresist mold of nanochannels. After a solidification
process in an oven at 80 ° C for 10 minutes, a regular PDMS layer is cast on the mold to support the
brittle h-PDMS layer, and the chip is placed back in the oven at 80 ° C for 90 minutes to be completely
solidified. Figure 8-1 (b) and (c) show the AMF images and corresponding height profiles of these two
nanochannels on the chip, respectively. The top chip was a microchannel chip duplicated from a silicon
wafer constructed with microchannel mold. This channel mold was fabricated by using standard
photolithography method, and the designed microchannel structure was transferred to a photoresist
layer on the silicon wafer via a photomask printed at the resolution of 3.5 um. To keep the consistency
of surface properties, the microchannel chip was fabricated by using a bilayer of PDMS as well. Finally,
the nanochannel chip was bonded with the microchannel chip to form a nanofluidic chip for
experimental measurements by plasma treatment (45 s). As shown in Figure 8-1 (a), these two
nanochannels bridge the microchannels forming four gates with a length of 30 um in the chip that can

serve as ionic diodes after surface modification with charged polyelectrolytes.

117



(@) Plasma

11711

\j"jé- 2

Microchannel Chip Bonding

e (=30
Plasma :> g\“' ,«3

- Nanofluidic chip
Nanochannel Chip
(b) 10
. -0
-10
E -20
11 0m >
-56 nm =0
40
-50
| I LR B I
0.0 0.2 0.4 0.6 0.8
x [um]
10 ;
03
103
(©
—-20 3
E 3
10 nm =303
64 nm 403
—5[]%
60 3
III|||III||||||IIII‘\IIIIIIIIlIIIII\\II
0.0 0.2 0.4 0.6 0.8
x [um]

Figure 8-1. (a) Schematic of the bonding process of the nanofluidic chip. (b) 3D AFM images and
corresponding height profiles of the nanochannel (left) with a depth of 50.6 + 2.2 nm and a width of
110 + 5.2 nm and (c) the nanochannel (right) with a depth of 53.2 + 2.1 nm and a width of 125 +
8.7 nm.
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To develop multiple ionic diodes and integrate them into a nanofluidic chip, surface modification
was required to generate asymmetric surface charges at the two ends of the nanochannels. Our previous
studies have reported the method for the regulation of surface charge and size of PDMS nanochannels
by a layer-by-layer (LBL) method [208,274]. As shown in Figure 8-2, the surface modification can be
completed by two steps, including nanochannel size regulation and surface charge modification. In step
one, the nanofluidic chip was firstly incubated with 0.1 M NaOH solution for 3 min to pretreat the
channel walls and prepare for the adsorption of charged polyelectrolytes. Then, the NaOH solution was
removed by a rinse of DI water, and the positively charged 5% PB solution was added to the chip to
complete the first coating since the surface charges of pristine PDMS walls were electrostatically
negative. Afterward, 3% DS solution was used to rinse the chip forming PB-DS layer on the channel
walls. The modification procedure was repeated to alternatively coat multiple PB and DS layers on the
channel walls until the nanochannel reached the minimum size. The minimum channel size was
reported as approximately 25 nm when the coated layer number is 14. Three rinses of DI water for 10
min each time were applied to remove the residuals of polyelectrolyte solutions between each layer
adsorption. Once the size regulation process was completed, 5% PB and 3% DS solutions were filled
into the selected microchannels for generating positive or negative surface charges on the two ends of
nanochannels, respectively. As shown in Figure 8-2, 5% PB solution was filled in the red
microchannels, and 3% DS solution was filled in the blue microchannels followed by an incubation of
30 min to allow fully adsorption of charged polyelectrolyte molecules. Since the nanochannel size was
pre-regulated to sufficiently small, the polyelectrolyte molecules were not able to transport through the
nanochannels anymore due to steric effects. Consequently, selected microchannels were modified as
positively charged or negatively charged depending on the added polyelectrolyte solutions. Opposite
surface charges at the two ends of the nanochannels can be obtained without crosstalk of different
polyelectrolyte solutions inside during the wet modification process. DI water was used to rinse
channels to remove residual polyelectrolyte solutions then. Finally, a nanofluidic chip consisting of

four nanochannels with asymmetric surface charges is developed.
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Figure 8-2. Schematic of the surface modification procedures of the nanofluidic chip.

8.2.3 Experimental data acquisition

For ionic devices, a certain amount of charge carries is necessary to enable functions. In this work,
KCI solution of 1 mM was used to fill in the nanofluidic chip to provide mobile ions during the
measurements. For ionic diodes, transistors, and full-wave ionic rectifier, function generator and source
meter were employed to supply input signals and characterize the electric properties of the devices. The
output data was measured from the chips by using an electrometer and then transferred to a computer
via LabVIEW program (National Instrument Corp). Our previous study has investigated the effects on
sweep speed of input voltage on ionic diodes[274]. Hence, here a proper sweep voltage at 250 mV/s
was applied in the current-voltage (1-V) curve measurements for ionic diodes and transistors. For ionic
rectifier, input signals with an amplitude of 3 V generated by a function generator were used to
characterize the device performance. The nanofluidic chips were connected to the equipment through
Pt electrodes. All the experiments were repeated at least three times to assure reproducibility and

conducted at room temperature of 23 °C and atmospheric pressure in ambient conditions.
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8.3 Results and discussion

8.3.1 Characterization of the performance of ionic diodes in the chip

lonic diode is a key component in iontronic devices. To develop functional iontronic systems, the
working principle and rectification performance of ionic diodes must be understood. One of the key
features in producing ionic diodes is decorating asymmetric surface charges along nanochannels. It was
reported that the nanochannel with opposite polarity of surface charge can rectify ionic current through
it, leading to diode-like behaviors[187]. The current rectification behaviors in the nanochannel are
achieved by ion accumulation and ion depletion caused by the electrostatic interactions between
nanochannel surface charge and mobile ions, which is so-called field-effect nanofluidic ionic
diode[211,219,276]. To investigate the working principle and characterize the performance of the ionic
diode, a nanochannel was modified with PB and DS solutions to coat opposite surface charges at the
two ends by using LBL method in this work. KCI solution was used as the sample solution, and the
cation Kt and anion CI~ serve as charge carriers. When a forward electric field is applied, as shown in
Figure 8-3 (a), immobilize surface charges at two ends allow counterions transport through the
nanochannel. Cations and anions will approach each other under the driving force of electric field,
resulting in ion accumulation and continuous ion flow in the nanochannel. When a reverse electric field
is applied, the ion transport through the nanochannel is blocked due to the electrostatic repulsion
between the immobilized surface charges and mobile ions. As a result, the ions deplete in the
nanochannel and only a leakage ion flow exists in the nanochannel. To verify the current rectification
behaviors of the modified nanochannel, the ionic current across the nanochannel was measured under
a sweep voltage. In the experiment, a voltage bias was applied to the DS modified terminal of the
nanochannel (negatively charged) while the PB modified terminal of the nanochannel (positively
charged) was grounded. Figure 8-3 (b) shows a current-voltage (I-V) curve measured from the modified
nanochannel with an applied voltage ranging from —5 V to 5 V. The forward electric field indicates a
positive voltage was applied to the PB modified terminal whereas the reverse electric field indicates
the applied voltage is negative. As one can see from the measured |-V curve, the ionic current is
essentially zero when a reverse electric field is applied whereas is proportional to the applied voltage
bias under a forward electric field. This is because immobilized polyelectrolytes repulse the mobile
ions and ion flow in the nanochannel is blocked under the reverse electric field. As a result, only a very
small leakage current can be obtained. In forward bias, the mobile ions are allowed to transport through

the nanochannel, thus leading to a stable ionic current. This result verifies the proposed working
121



principle of the ionic diode. The polyelectrolyte modified nanochannel can server as an ionic diode to
rectify ionic current.
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Figure 8-3. (a) A schematic of the working principle of ionic diode. (b) An example of current-

voltage curve measured from an ionic diode with a channel length of 30 um.

8.3.2 lonic bipolar junction transistors

The polyelectrolyte modified nanochannel performs current rectification behaviors similar to

traditional semiconductors. The nanofluidic chip can work as a bipolar junction transistor (BJT) by

connecting the two back-to-back ionic diodes located on the same nanochannel. As shown in Figure 8-

4 (a), here we demonstrated an NPN-type ionic transistor by connecting the three terminals with the
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left nanochannel. The nanofluidic chip was modified with polyelectrolyte solutions to generate positive
surface charge on terminal A and terminal C while negative surface charge on terminal B. Therefore,
nanochannels B-A and B-C have opposite surface charges at two ends and can form two back-to-back
ionic diodes The ionic transistor can be used as an ionic switch to regulate ion flow. Similar to
traditional semiconductor transistors, the status, “ON” or “OFF”, between two terminals of the ionic
transistor should be regulated by the third terminal. An input voltage, Vg, is applied to terminal B, and
terminals A and C are connected to an electrometer to measure the output ionic current I, . By adjusting
the DC voltage, V4, through terminal A and C, the BJT can serve as a switch to regulate the output
ionic current. Figure 8-4 (b) illustrates the experimentally measured I-V curves for the NPN-type BJT
operating at different Vz values. These curves indicate that the ionic current, I,, flowing out from
terminal A, is related to the applied voltage V,.. When Vg < V,, the ion current flow through terminals
A and B is blocked, and I, can be considered as the leaking current which is essentially zero. As the
sweep voltage decreases to Vz > V,, it is found that I, becomes proportional to the applied voltage
V¢, indicating the transistor is “ON”. The experimental results demonstrate that the nanofluidic device,

NPN-type ionic BJT, can serve as a single pole single throw (SPST) switch circuit.
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Figure 8-4. (a) Schematic diagram of the nanofluidic chip working as a BJT and the corresponding
circuit connection. The nanochannel connects microchannels A and B, B and C. (b) Experimental

results of the ionic current change when the BJT is serving as an ionic switch.

Traditional transistors are commonly used to switch or amplify signals. To investigate the
performance of the ionic BJT in current signal manipulation, a constant ionic current, I, is applied as
the input signal to terminal B, as shown in Figure 8-5 (a). Figure 8-5 (b) demonstrates the I-V curves
across terminals A and C with a bias voltage of V- at various Iy values. Here Iz = 0 indicates terminal
B is open, and the measured I-V curve is essentially horizontal. In this case, the output ionic current I,

can be considered as the leakage current flowing through terminals A and C. When I injected to the
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terminal is not zero, this current can be directed to terminal A or C by adjusting the bias voltage applied
on terminal C, V. It is found that the output current I, can be defined as three regimes in the curves
based on the value and polarity of the applied voltage. In regime one, when a high negative V. is applied,
the ion channel across terminal A and B turns off, and the measured current I, is essentially zero
regardless of the value of Iz on terminal B. This indicates the ionic current is fully directed to terminal
C in this regime. In regime two, I, is proportional to the applied voltage V.. In this regime, the input
current I is directed to both terminal A and C, and Iz = I, + I since both ion channels turn on within
the range of the given V.. It is also observed that a larger Iy leads to a high current level of I, in this
regime with the same given value of V.. As V. further increases, I, will saturate at a point with a
positive V; and according to input current I5. I, will not further increases after reaching the saturated
point while a highly positive V. is applied in regime three. In addition, a larger I, can be obtained and

saturate at a higher applied voltage with a larger I. In this saturation regime, ithas Iy = Iy + I..

To consider the possibility of the nanofluidic ionic device serving as an amplifier, the saturated
output current I, is compared with the input current Iy to calculate the amplification gain (I,/Ig).
Figure 8-5 (c) and (d) demonstrate the measured I, values at various I values with a given voltage
bias of 5 V and the corresponding amplification gains, respectively. The results show that the current
level of I, is higher at larger Iz. Only a small amplification gain can be observed at low input current
level that is approximately 1.4 when I is 0.5 nA. While Iy is larger than the 4 nA, the amplification
gain almost drops to 1, and no significant amplification is achieved anymore. This is because the ionic
current, I, flowing from terminal C to B is the leakage current through the reversed ionic diode, which
is extremely low, in this regime. A previous study reported that it is possible to harvest high
amplification gains with nanofluidic transistor only if the base area between two ion channels was
shorter sufficiently to enable the mobile ions to migrate without caught by the applied electric field[215].
However, unlike charge carriers in metal semiconductors, the ion mobility in agueous solutions is very
low. As a result, it requires an extremely short length of the base area in the nanofluidic chip to realize

significant amplification of signals through ionic devices.
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Figure 8-5. (a) Schematic of the BJT circuit connection. (b) Experimental I-V curve with different
input current values. (c) Output ionic current values and (d) corresponding amplification gains of the

transistor at various input current values.

8.3.3 Demonstration of full-wave ionic rectifier

Using the method developed in this work, a full-wave rectifier in the PDMS-based nanofluidic
chip was designed and built. The rectifier consists of four ionic diodes, D, D,, D5, and D,, as shown
in Figure 8-6 (a) below. To characterize the performances of ionic diodes in the chip, current-voltage

curves were tested for each ionic diode with KCI solution of 1 mM, respectively. To minimize errors

126



in measurements triggered by the sweep path of the applied voltage, the voltage was applied to the
solution next to the DS modified channel (negatively charged) while the PB modified channel was
grounded for all measurements. Figure 8-6 (b) demonstrates the experimental |-V curves measured
from corresponding ionic diodes. These curves clearly show that the modified nanochannels have
excellent diode behaviors. The ionic current is essentially zero when a reverse electric field is applied,
indicating the ionic diode state is “OFF”. While a forward electric field is applied, the ionic diode state
is “ON”. To build ionic circuits or rectifiers with proper operation, the performance consistency of ionic
diodes is critical in the design. As shown in Figure 8-6 (b), the I-V curves for ionic diodes located on
the same nanochannel are essentially following the same path with the applied sweep voltage,
indicating a good consistency in ionic current rectification between them. The rectification ratio, which
is defined as the ratio of the forward electric current to the reverse electric current at +5 V/, is measured
to evaluate the ionic diode performance. Figure 8-6 (c) displays the rectification ratios measured from
different diodes in the nanofluidic chip. The rectification ratios are approximately 60 and similar for all
diodes. That indicates all ionic diodes perform excellent rectification behavior and operate with similar
rectification efficiency. A slight discrepancy in electric current between the ionic diodes on different
nanochannels is caused by the inconsistency of sizes of the two paralleled nanochannels. The two
nanochannels have similar widths but a slight difference in depths. The inconsistency of nanochannel

size affects the ionic conductivity and generates a discrepancy in ionic current through the diode.
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Figure 8-6. (a) A picture of the nanofluidic chip and the zoom-in view of the four ionic diodes of D,,
D,, D3, and D, captured by an optical microscope. (b) I-V curves of D, D,, D3, and D, under a
sweep voltage of 250 mV/s. (c) Rectification ratios of ionic diodes (D,, D,, D3, and D,) at the bias
voltage of +5 V.
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Typically, a full-wave rectifier is used to convert AC signals to DC output. Figure 8-7 (a)
demonstrates a schematic diagram of the ionic rectifier integrated into the nanofluidic chip and the
corresponding circuit. To clarify the circuit connections, only the six working microchannels are
schematically shown in this figure. There are two additional branches of microchannels on a real
nanofluidic chip used to remove residual polyelectrolyte solutions from the middle junction area. The
input AC signals were applied on terminals A, D, and C, F, and the output signals were measured by
an electrometer through terminals B and E. Sine-wave and square-wave voltages were applied to the
rectifier to characterize its performance by using a function generator. Both the input signal (V;,,) and
the output current (I,,,;) were monitored with an electrometer. To evaluate the working frequency limit
of the rectifier, the output signals were measured at a series of square-wave voltages with various
frequencies as well. The electrolyte solution, KCI of 1 mM was filled into the chip serving as the sample

solution to supply mobile ions.

Figure 8-7 (b) and (c) show the experimental results of rectification of input signals with an
amplitude of 3 V by using the full-wave ionic rectifier. As one can see from Figure 8-7 (b), as expected
from a diode bridge circuit, the negative half cycles of are rectified to positive cycles, generating an
output current with the same polarity when a sine-wave voltage was applied to the device. Similarly,
as shown in Figure 8-7 (c), this ionic rectifier can rectify the square-wave input to a constant current
output with a positive polarity regardless of the polarities of ;,,. Moreover, the ionic rectifier circuit
indicates that the output current flows different diodes when the polarity of V;,, switches. For instance,
the ionic diodes of D; and D, operate, and the ionic diodes of D, and D3 are “OFF” while the polarity
of ;,, is positive. The current level across the operating ionic diodes will determine the value of I,,,;.
It can be observed that the values of I,,,; at positive polarity and negative polarity of V;,, are very close
at the steady state due to the excellent performance consistency of ionic diodes on the same nanochannel.
Such a performance is difficult to achieve in CNT bundle-based and porous membrane-based iontronic

circuits because of the diode-to-diode variations caused by the undefined number of nanochannels.
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It should be mentioned that a response time is required to re-build a stable ionic current when the
polarity of the input voltage changes. This is because, as discussed above, the maobile ions in aqueous
electrolyte solutions respond slower to the applied electric field than electrons and holes in
semiconductors. Figure 8-8 (a) demonstrates a measured output current curve while the ionic rectifier
it is rectifying a 0.07 Hz square-wave signal with an amplitude of 3 V. As can be seen from the figure,
a peak will be generated in the output current curve when the polarity of V;,, switches. The time, which
takes to recover the output current to the constant value, is defined as the response time in this work.
This response time is dominated by the speed of ion field construction under the driving electric field.
Figure 8-8 (b) and (c) show examples of input polarity change-induced ionic current change while the
ionic rectifier is rectifying a 0.07 Hz square-wave signal. As shown in Figure 8-8 (b), a downward peak
was generated in the ionic current when the polarity of V;,, switches from positive to negative. On the
contrary, the ionic current increases rapidly and then recover to a constant value when the V;,, changes
to a positive value (Shown in Figure 8-8 (c)). The calculated response time is approximately 1.5 s for
each switch of the input polarity. It is expected that the ionic rectifier is more suitable to work at low
frequency and is possible to lose effectiveness when the input signal frequency is significantly high. To
investigate the frequency effects on the performance of the ionic rectifier, square-wave signals with
higher frequencies were applied to the rectifier. Figure 8-8 (d) and (e) show the experimentally
measured output currents with square-wave signals at the frequencies of 0.1 Hz and 0.2 Hz, respectively.
One can see that the rectifier can rectify the input signals to a positive output current at both applied
frequencies. However, the stable state of the output current, where the output current can maintain a
constant value, becomes short as the frequency increases. This is because the response time is
essentially constant under different working frequencies. The response period, in which the rectifier
eliminates the current change caused by the switch of polarity, will occupy a relatively large portion of
the output current curve. When the frequency increases to 0.2 Hz, as shown in Figure 8-8 (e), the stable
state is relatively shorter compared with the response period. The results indicate that the ionic rectifier
operates more properly at low frequency. It was reported that the response range of the output signal
can be shortened by improving the conductivity of the electrode, using ions with higher mobilities, and
reducing the length of the nanochannel[223]. Our previous study also presented that the rectification
performance of the ionic semiconductors can be improved by narrowing the micro-nano junctions of
chips[274].
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Figure 8-8. (a) Experimentally measured output current with an input square-wave voltage of 0.07
Hz. Examples of the current change when the input polarity switches to negative (b) and positive (c),

respectively, at the working frequency of 0.07 Hz. (d) Experimentally measured output current at the
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working frequency of 0.1 Hz. (e) Experimentally measured output current at the working frequency
of 0.1 Hz.

8.4 Conclusions

This chapter reported a novel integrated iontronic circuit based on PDMS nanofluidic chips.
Compared with previous technologies of iontronic devices, single PDMS nanochannels with well-
defined dimensional features were utilized to build ionic diodes in this work, avoiding the diode-to-
diode variations and leading to excellent performances in signal rectification through the designed
circuits. An individual chip developed with the technology reported in the chapter can operate as either
a bipolar junction transistor or full-wave bridge rectifier by modulating the circuit connections. The
performances of multiple ionic diodes in the chip were characterized individually. All ionic diodes in
the chip have the similar rectification behaviors. For the chip serving as a transistor, the mode of ionic
switch and amplifier were both investigated. The results demonstrated that the ionic device can properly
switch the ionic current flowing across the circuit by modulating the base voltage. Slight amplification
can be achieved at low input signals. The full-wave rectifications of sine-wave signals and square-wave
signals were demonstrated and confirmed by measuring the output ionic current. The presented PDMS-
based iontronic devices are simple in fabrication and cost-friendly. By taking advantage of this method,
it is easy to construct complex iontronic devices by integrating multiple iontronic components (i.e.,
diode, transistor) on a chip. The design provides promising potentials to improve biological computing

and biochemical sensing.
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Chapter 9 Conclusions and Future Work

This chapter presents a summary of the contributions of this thesis. Based on the conclusions,
future research on the development of modified nanofluidic systems, the manipulation of electrokinetic
transport in nanoscale, as well as the potential applications of the modified nanofluidic devices is

introduced.

9.1 Summary of Contributions

This thesis systematically investigates the effects of surface modification on electrokinetic
transport phenomena in nanoscale and presents their applications. The thesis starts with a fundamental
research project on EOF measurement in PDMS nanochannels. By following this research, two
fundamental research projects on EOF in modified PDMS nanochannels are conducted to investigate
how the modified surfaces affect the electrokinetic transport phenomena. In the first project, EOF in
PDMS nanochannels, the effects ion size, ion valence, and pH on EOF transport are analyzed. A
comprehensive understanding of EOF in pristine PDMS nanochannels is provided. The followed
projects experimentally investigate the EOF transport in DNA modified nanochannels and
polyelectrolytes modified nanochannels. The surface charge regulation and size reduction of the
nanochannel caused by surface modifications are experimentally measured. New properties of
electrokinetic transport phenomena in the modified nanochannels are demonstrated and explained.
Based on these properties of electrokinetic transport regulated by surface modifications, a nanofluidic
diode is developed, and the working parameters of the nanofluidic diode are examined. By integrating
nanofluidic diodes into nanofluidic chips, two applications are developed, including improved RPS
detection systems and iontronic circuits. The working parameters involved in the improvement of the
RPS system sensitivity by modified nanochannels are studied. For the iontronic circuits, the functions
of the modified nanofluidic chip serving as a transistor or a rectifier are demonstrated, respectively.

Overall, the major contributions of this thesis are summarized and listed as follows:

1) The influence factors of EOF transport in PDMS nanochannel were experimentally investigated

with considering ion size. A better understanding of the EOF transport in nanoscale was provided.

2) PDMS nanochannels modified with DNAs were developed. EOF transport in DNA modified
nanochannels was experimentally measured. UV illumination regulated EOF transport can be

achieved in these modified nanochannels.
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3

4)

5)

6)

7)

8)

D)

A method for modulating the surface charge and size of nanochannels was developed. This
method can reduce the PDMS nanochannels size to smaller than 20 nm and alternatively change
the polarity of the channel surface charge.

The manipulation of EOF transport in nanochannels modified with charged polyelectrolytes was
achieved and demonstrated, experimentally.

A method for generating asymmetric surface charges along nanochannels was developed.
Opposite polarities of surface charges at the two ends of the nanochannel were obtained. The ion
distribution at the modified nanochannel ends was visualized under an applied electric field by

using a fluorescent dye solution.

By using the developed surface modification method, a nanofluidic diode was designed and
fabricated. The working principle of the nanofluidic was explained, and the working parameters

were systematically investigated.

A numerical model for the nanofluidic diode was developed. The current rectification in the

nanofluidic diode was simulated.

A numerical model for the RPS system with a modified sensing channel was developed. The
ionic current changes caused by nanoparticle transport were simulated in nanochannels with

different surface charges.

Based on the numerical results, the surface charge effects on the RPS detection were investigated.
The effects of the polarity and value of surface charges on the RPS signal amplitudes were

demonstrated.

10) With the surface modification method of polyelectrolyte adsorption, a improved RPS detection

system with a nanofluidic diode serving as the sensing nanochannel was designed and fabricated.
The enhancement in RPS signal amplitude by the modified RPS system was demonstrated

experimentally.

11> A nanofluidic chip consists of two paralleled single nanochannels was fabricated for the

development of iontronic circuits by using the solvent-induced cracking method.

12) By using the nanofluidic chip with surface modification, chip-scale integrated iontronic circuits

were developed. Multiple nanofluidic diodes were fabricated and integrated into the nanofluidic
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chip. This chip can work as either a bipolar junction transistor or a full-wave bridge ionic rectifier.

The performances of the iontronic device were demonstrated experimentally.

9.2 Future work

This thesis has demonstrated the electrokinetic transport phenomena in nanochannels modified

with DNAs and charged polyelectrolytes. The electrokinetic transport can be effectively manipulated

with the modified nanochannels, and applications were developed based on the new transport properties

of the modified nanochannels. Possible extensions of the present work are listed below.

9.2.1 Fabrication of smart nanochannels with stimuli-responsive polymers

We have demonstrated that electrokinetic transport phenomena can be manipulated by modifying

the surface charge of nanochannels. lontronic devices were developed based on the modified

nanochannels. Improvements are still needed for the development of nanofluidic devices with multiple

functions to meet the requirements of practical applications, including:

1)

2)

3)

4)

Develop nanochannels modified with stimuli-responsive polymers. In this thesis, the modified
nanochannels have fixed surface properties and size once the surface modification is completed.
In practical application, nanochannels with tunable properties are better choices to achieve more
functions and meet multiple requirements. Polymers with tunable conformation and surface

properties could be used to produce smart nanochannels that can respond to applied stimuli.

Develop nanochannels that can respond to the pH value of the working solution. Polymers with
switchable surface charges and size, such as PVP or PAA, may be used to modify PDMS-based
nanochannels and graft functional groups on the nanochannel walls. The modified nanochannel

could change its interior size and polarity of surface charge according to the pH value.

Develop nanochannels that can respond to temperature. Temperature is a critical factor in the
operation of nanofluidic devices. A method for grafting thermo-responsive polymers on PDMS
surfaces can be developed. The operation status of the modified nanochannel can be controlled

by temperature without any additives in the working solution.

Develop nanochannels that can respond to multiple stimuli. Multiple stimuli-responsive
polymers can be used to decorate different areas of a nanochannel. A nanochannel with tunable
surface charge, size, and ion selectivity can be formed with proper surface modification. This

smart nanochannel has high potentials in developing new multiple-functional nanofluidic devices.
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9.2.2 Characterization of electrokinetic transport phenomena in the nanochannels modified with

stimuli-responsive polymers.

In the fundamental part, the electrokinetic properties in the modified nanochannel are studied,

including EOF field and ion distribution under applied electric field. The brush structure and tunable

electrokinetic properties of stimuli-responsive polymers could generate new transport phenomena in

the modified nanochannel. To fully take advantage of nanochannels modified with stimuli-responsive

polymers, a comprehensive understanding of the electrokinetic transport in the modified nanochannels

is essential. Studies of influence factors of electrokinetic transport phenomena in the modified

nanochannel should be conducted, including

1)

2)

3)

4)

Characterization of the surface modification of nanochannels. The density and uniformity of the
coated polymer determine the surface properties of the modified nanochannel directly. Therefore,
the characterization of surface modification is essential, and the optimal parameters for effective

surface modification will be found.

Study the effects of ion size, ion valence, and ionic concentration on the EOF transport in the
modified nanochannel. EOF is related to the channel size and surface charge in small
nanochannels. In addition, the brush structure of the coated polymers also affects the EOF
transport due to viscosity effects. Therefore, the study of EOF transport in the modified

nanochannels is suggested.

Study the effects of temperature, pH value, and UV illumination on the EOF transport in the
modified nanochannel. The nanochannels are modified with stimuli-responsive polymers. Hence,
the electrokinetic properties vary according to the change of environment. The study of the EOF
transport at different environments provides a guideline for the manipulation of electrokinetic

transport phenomena in the modified nanochannels.

Study the ion distribution and selectivity in the modified nanochannel. The interactions between
the mobile ions and immobilized polymer molecules on the nanochannel are key factors in
determining the electrokinetic transport in the modified nanochannels. A comprehensive
understanding of ion field distribution under the driving force of an applied electric field is
essential. The results provide useful information for the application development of modified

nanochannels.
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5)

6)

Study the effects of channel length on the electrokinetic transport in the modified nanochannel.
In this thesis, it is proved that the nanochannel length can affect the ion flow and ionic current in
nanochannels with asymmetric surface charges. A long nanochannel results in a smaller
rectification ratio. A shorter nanochannel is possible to generate crosstalk of different polymers
in the wet surface modification, leading to less effective regulation of surface charges. Therefore,

a suitable nanochannel length is a key factor in the development of smart nanochannels.

Study the integration of multiple modified nanochannels in a nanofluidic chip. The modified
nanochannels have the potentials in building complex iontronic systems. With a good assembly
of different modified nanochannels in a nanofluidic chip, an iontronic device with multiple

functions can be developed.

9.2.3 Applications of the modified nanochannels

1)

2)

3)

Improve the sensitivity and selectivity of RPS detection systems. Traditional RPS detection
systems are functioned by detecting the signal pulse caused by the transport of nanoparticles or
molecules. The resolution of RPS systems is determined by the volume ratio of the detected
nanoparticles to the sensing nanochannel. The tunable size of the modified nanochannel enables
a RPS detection system to measure a series of nanoparticles with different sizes while
maintaining a high resolution. Furthermore, the switchable surface charges of coated polymers

on the nanochannel regulate the selectivity of RPS detection systems.

Fabricate nanofluidic systems to achieve complex logic computing. Stimuli-responsive
polymers with switchable surface charges and structures can be used to modified nanochannels.
By controlling the aqueous environment in the modified nanochannel, the nanochannel can
serve as a logic gate. The status of the nanochannel, such as block, open for selected ions, and
fully open, can be tunable by switching the surface charge and structures of the immobilized

polymer on the nanochannel.

Integrate multiple modified nanochannels in a chip. Individual nanochannel in the chip can be
modified with a specific polymer and functionalized. Consequently, a complex nanofluidic

system with multiple functions can be developed.
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Appendices

Appendix A

Diffusion-limited patterning

As introduced in chapter 5, nanochannels can be modified by using LBL deposition of
polyelectrolytes. The nanochannel size can be reduced, and surface charges can be modulated by using
PB and DS solutions. To investigate the electrokinetic transport phenomena in partially coated
nanochannels, diffusion limited patterning method is employed to generate opposite surface charges on
the two halves[277].

In the surface modification, the PDMS nanochannels are connected to microchannels forming the
nanofluidic chips and then modified with positively charged polyelectrolytes of PB by using the
diffusion-limited method. Briefly, as shown in Figure A-1, the nanofluidic chip is filled with 0.1 M
NaOH solution for 2 min after the plasma bonding process. Then, the chip is rinsed with DI-water to
remove the residual NaOH solution for 3 times, each for 2 min. Afterward, DI-water is added into a
“U” shape microchannel, and 5% PB solution is added into another microchannel. After leaving the
chip standing for a certain time, DI-water is utilized to rinse the chip for 3 times and each for 2 min.
Once the modification process is completed, the nanochannel will be partially coated with a PB layer,

and the coated length depends on the diffusion time.
0.IMNaOH | O© ' @) Rinse Q ' O
G O G - O
l PB patterning

@ ) Rinse @ )
‘ 4

\ ¥ \

Partially coated nanochannel Filled with PB Filled with DI-water

Figure A-1. Schematic diagram of the diffusion limited pattering process.
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Measurement of the coated length

To measure the diffusion speed of the PB solution in the modified nanochannels, the fluorescent
solution of FITC is used to indicate the coated length of the PB layer on the nanochannel surfaces.
Since the modified nanochannel has opposite surface charges on the coated surface and uncoated
surface, as shown in Figure A-2 (a), cations and anions will accumulate at different areas in the
nanochannel when an electrical field is applied to the two sides of the nanochannel. In this work, the
PB modified nanofluidic chip is filled with 1 x 10~*M LiCl solution containing 100 uM FITC and
connected to a DC power. Then, the fluorescent intensity along the nanochannel will be measured by

using an optical microscope. Figure A-2 (b) shows the schematic diagram of the measurement system.

'
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Figure A-2. (a) schematic diagram of the ion distribution in modified nanochannels under a forward

electric field. (b) The fluorescent intensity measurement system.

Characterization of coated length in nanochannels
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As introduced above, the surface charge will determine the ion distribution in the nanochannel.
Anions that are the ions of FITC will mostly exist in the section of the nanochannel coated with PB
layer due to the electrostatic interactions between the coated surface charges and the mobile ions. Only
a few of them can exist in the section of the nanochannel with negative surface charges. As a result, the
fluorescent intensity profile along the nanochannel will change corresponding to the PB coated length.
The fluorescent intensity is relatively higher in the PB coated section of the nanochannel compared
with that in the uncoated area. By measuring the fluorescent intensity profile, the coated length of the
nanochannel can be obtained. Figure A-3 shows an example of the fluorescent intensity profile in the
PB modified nanochannel measured by an optical microscope. The diffusion time is 45s. As one can
see that the fluorescent intensity is relatively higher in the coated nanochannel area compared that in
the uncoated area. The fluorescent intensity in microchannels is higher than that in nanochannels

because the volume of FITC solution is extremely low in nanochannels.

Uncoated

Microchannel
channel

Microchannel  Coated channel

Figure A-3. An example of the fluorescent intensity profile of the PB modified nanochannel at the

diffusion time of 45 s,

Figure A-4 shows the effects of the diffusion time on the PB coated length in nanochannels. As
can be seen from the figure, the PB coated length is positively related to the diffusion time. Generally,
the diffusion length should be linearly proportional to the diffusion time at the constant channel size.
However, as shown in Figure A-4, the coated length increases dramatically at the low diffusion time
and then gradually increases with the diffusion time further increases in both nanochannels with the

sizes of 54 nm and 100 nm. This is because the nanochannel surfaces are negatively charged at the
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initial state, and the positively charged PB molecules can enter the nanochannel easily. Once the
entrance of the nanochannel is coated with PB layer, the surface charges become positive, thus
inhibiting the transport of PB molecules through the nanochannel entrance. By comparing the results
shown in Figure A-4 (b) and (c), it can be obtained that the coated length is proportional to the
nanochannel size as well at the same diffusion time. A smaller nanochannel leads to a shorter coated

length at the same diffusion time.
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Figure A-4. (a) images of the FITC solution in modified nanochannels with different diffusion times.
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The PB coated section is marked by the red rectangle. (b) The coated length as a function of diffusion
time in the nanochannel with depth of 54 nm. (c) The coated length as a function of diffusion time in

the nanochannel with depth of 100 nm.
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Appendix B
lonic concentration effects on RPS signals

In the numerical simulation, ionic currents in nanochannels with different surface charges are
calculated. The surface charge densities for the bipolar modified nanochannel are set as
+5 x 1073 C/m?, respectively. For the positive nanochannel, the surface density is set as a uniform
positive value of 5 x 1073 € /m?. For the negative nanochannel, the surface charge density is set as a
uniform negative value of 5 x 10~3 € /m2. The nanochannel length is 500 nm. This model is simulated
with the bulk concentration of 10 mM and 100 mM, respectively. The relative permittivity of KCI
solution, &,, is 80; the temperature T is 300 K; the density and the viscosity of the solution are
1x103kg/m3 and 1 x 1073 Pa-s, respectively; the diffusivities of K* and Cl~, are 1.96 X
1072 m?/s and 2.03 x 1072 m? /s, respectively. Figure B-1 shows the current change measured from

nanochannel channels with different surface charges at the ionic concentration of 10 mM and 100 mM.
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Figure B-1. lonic current change amplitudes in modified nanochannels at the bulk concentration of 10
mM and 100 mM (Nanochannel length 500 nm).

Nanochannel length effects on rectification ratio

The nanochannel length will affect the effective electric field strength in the nanochannel when a

constant electric voltage bias is applied. To better analyze the nanochannel length effects, an
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experimental study about the effects of electric field strength on the performance of the bipolar modified
nanochannel was conducted. In this experiment, the nanochannel length is 5000 nm, and the KCI
solution of 10 mM was used as the sample solution. The total length of the main microchannels is 2 cm.

. . . . 1
The rectification ratio, which can be expressed as f,.. = |1@_+V , was used to evaluate the current
@-v

rectification performance of the bipolar modified nanochannel. When the nanochannel length is
extremely small, such as 500 nm in the simulation, the ion accumulation or depletion could occupy
most space of the nanochannel. As a result, a strong current rectification can be observed, and the
exchange of counter-ions is accelerated with forward biased potential. A large promotion in ionic
current and signal ratio can be observed. As the nanochannel length increases, ionic current rectification
behaviors become less prominent, and the effective electric field decreases with the constant applied
potential bias. Therefore, the enhancement ratio decreases correspondingly. However, the forward ionic
current does not increase linearly with an increasing electric field strength in modified nanochannel.
The increment in ionic current becomes gentle at high electric field strength. That means the promotion
in ionic current in the modified nanochannel decreases as the applied electric field exceed a critical
value. As shown in the following Figure B-2, the experimental results also illustrate that the ionic
current rectification increases rapidly at low electric field strength. This increment becomes relatively
gentle at high electric field strength. These results can explain the nanochannel length effects shown in
Figure 6-9 (b). As the channel length increases from 3000~4000 nm, the effective electric field strength
becomes smaller, and the current rectification reduces more significantly in the modified nanochannel.

Hence, the decrease in the signal ratio is slightly steeper.
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Figure B-2. The dependence of the ionic current rectification ratio on the applied electric field

strength measured from a modified nanochannel with a 5 um nanochannel.

In this work, the current rectification effects in the modified nanochannels were systematically
measured. Each measurement was repeated at least three times. To simplify the figure, Figure 6-10 only
shows an example of the current-voltage curve. Figure B-3 shows three current-voltage curves
measured from the bipolar nanochannels modified with the same procedures. The results demonstrated

an excellent reproducibility of the experiment.
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Figure B-3. The measured current-voltage curves from bipolar modified nanochannels.

The surface modification not only changes the surface charge of the nanochannel but also reduces
the nanochannel size. The unmodified nanochannel used in this work is relatively larger compared with
the small nanoparticles with a diameter of 5 nm. As a result, the RPS signals of nanoparticles are very
small measured in unmodified nanochannel due to the low volume ratio of particles to the sensing
channel. Figure B-4 shows an example of RPS signals measured in unmodified nanochannel. In this
measurement, 0.1 M KCI solution containing nanoparticles of 5 nm is used as the sample solution. As
shown in the figure, the signal-to-noise ratio is too small to determine the signal amplitude accurately.

Therefore, only the results of the measurements for modified nanochannels with different surface
charges are presented and compared at a small size.
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Figure B-4. An example of RPS signals of 5nm nanoparticles measured in unmodified nanochannel.
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