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least some of the particles in the trapping region , and an 
optical device that directs a coherent light beam on the 
opening to determine Raman spectra of the particles in the 
trapping region . 
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MICROFLUIDIC SYSTEMS AND DEVICES in the trapping region , and an optical device that directs a 
FOR MOLECULAR CAPTURE , coherent light beam on the opening and detects inelastic 

MANIPULATION , AND ANALYSIS scattering of the light beam by at least some of the particles 
in the trapping region to determine their Raman spectra . 

CROSS REFERENCE TO RELATED 5 Implementations of the device can optionally include one 
APPLICATIONS or more of the following features . For example , the first and 

second electrodes can be structured to extend into the 
This patent document claims the benefit of priority of channel such that the electrodes narrow a channel dimen 

Taiwan Patent Application No . 101139419 , filed on Oct . 25 , sion . For example , the electrically insulative material can 
2012 . The entire content of the before - mentioned patent 10 include at least one of glass , silica , oxidized silicon , silicon 
application is incorporated by reference as part of the nitride , polysilsesquioxane ( PSQ ) , polymethylmethacrylate 
disclosure of this application . ( PMMA ) , or plastic . For example , the particles can include 

at least one of proteins , nucleic acids , peptides , carbohy 
TECHNICAL FIELD drates , or nanoparticles . For example , the size of the opening 

15 can be configured in a range of 1 to 10 nanometers . In some 
This patent document relates to biological sensors and implementations of the device , for example , the electrically 

analytical devices . insulating layer can include a native metal oxide coating , 
e . g . , in which the native metal oxide coating includes 

BACKGROUND titanium oxide ( e . g . , which can be configured to have a 
20 thickness of 0 . 1 to 2 nanometers ) . In some implementations 

A biological sensor or biosensor is an analytical tool that of the device , for example , the electrically insulating layer 
can detect a chemical , substance , or organism using a can be formed of a self - assembled monolayer . In some 
biologically sensitive component coupled with a transducing implementations of the device , for example , the optical 
element to convert a detection event into a signal for device can be configured to detect an illumination intensity 
processing and / or display . Biosensors can use biological 25 of the aggregated particles , e . g . , such as fluorescence . In 
materials as the biologically sensitive component , e . g . , such some implementations , for example , the device also can 
as biomolecules including enzymes , antibodies , aptamers , include a sensor or sensors located along the channel to 
peptides , nucleic acids , etc . , or small molecules such as detect a parameter of the aggregated particles , e . g . , the 
carbohydrates , as well as virus and living cells . For example , sensor ( s ) being an electrical sensor , an electrochemical 
molecular biosensors can be configured to use specific 30 sensor , a mechanical sensor , and / or a magnetic sensor . In 
chemical properties or molecular recognition mechanisms to some implementations of the device , for example , the sec 
identify target agents . Biosensors can use the transducer ond circuit can include a transimpedance amplifier 
element to transform a signal resulting from the detection of In another aspect , a method to aggregate and characterize 
an analyte by the biologically sensitive component into a particles in a fluid includes receiving an electrically con 
different signal that can be addressed by a suitable trans - 35 ducting fluid containing particles in a channel formed of an 
duction mechanism , for example , electrical , magnetic , electrically insulative material and having a pair of elec 
mechanical , physicochemical , electrochemical , optical , trodes to form an opening at an interface between the 
piezoelectric , or others . electrodes with a size in the nanometer range , the electrodes 

including an electrically insulating layer over the electrode 
SUMMARY 40 surface at the opening , selecting a frequency and magnitude 

of an ac electric field and a bias magnitude of a dc electrical 
Techniques , systems , and devices are described for detect - signal to be applied across the electrodes , applying the ac 

ing small molecules by using microfluidic systems having electric field to aggregate the particles in a trapping region 
multifunctional nano - sized structures to provide dielectro - including the opening and in a region adjacent to the 
phoretic trapping without pre - concentration of the target 45 opening , and applying the dc electric signal across the 
molecules and to simultaneously analyze the captured mol - electrodes to measure a current produced based on the 
ecules using surface enhanced Raman spectroscopy . presence of the particles in the trapping region . 

In one aspect of the disclosed technology , a device to Implementations of the method can optionally include one 
aggregate and characterize particles in a fluid includes a or more of the following features . In some implementations 
substrate that is electrically insulating , a channel formed of 50 of the method , for example , the particles include a first type 
an electrically insulative material on the substrate and struc - of particles and a second type of particles , and the method 
tured to carry an electrically conducting fluid containing can also include selecting electrical parameters to separate 
particles , a first electrode and a second electrode formed of the first type of particles from the second type of particles 
an electrically conductive material and located in the chan - based on differences in polarizability and electrokinetic 
nel to form an opening with a size in the nanometer range , 55 mobility of the first and second type of particles . For 
the first and second electrodes including an electrically example , the method can also include controlling the dura 
insulating layer over the electrode surface at the opening , a tion of the applied ac electric field to temporally control the 
first circuit electrically coupled to the first and second separation of the first and second type of particles . In some 
electrodes to apply a non - uniform ac electric field and a dc implementations , for example , the method can also include 
bias signal across the first and second electrode , wherein the 60 directing a coherent light beam on the opening , detecting , 
applied non - uniform ac electric field produces a positive using an optical device , inelastic scattering of the light beam 
dielectrophoretic force ( FPDEP ) in a direction towards the by at least some of the particles aggregated in the trapping 
opening to aggregate the particles in a trapping region region , and determining a Raman spectra from the detected 
including the opening and in a region adjacent to the light . 
opening , a second circuit coupled to the first and second 65 In another aspect , a method to aggregate and characterize 
electrodes to detect changes in a dc current produced by the particles in a fluid includes receiving an electrically con 
applied dc bias signal caused by at least some of the particles ducting fluid containing particles in a channel formed of an 
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electrically insulative material and having a pair of elec - board can further include an input / output unit to send at least 
trodes to form an opening at an interface between the one of the data , the detected dc current signals , or the Raman 
electrodes with a size in the nanometer range , the electrodes spectra data . 
including an electrically insulating layer over the electrode The subject matter described in this patent document can 
surface at the opening , selecting a frequency and magnitude 5 be implemented in specific ways that provide one or more of 
of an ac electric field to be applied across the electrodes , the following features . For example , the disclosed technol 
applying the ac electric field to aggregate the particles in a ogy can include nanoelectrode structures to provide dielec 
trapping region including the opening and in a region trophoresis - enabled molecular capture and Raman spectros 
adjacent to the opening , directing a coherent light beam on copy characterization of individual and small populations of 
the opening , detecting , using an optical device , inelastic biomolecules with simultaneous real - time electronic moni 
scattering of the light beam by at least some of the particles toring . The disclosed technology can be particularly suitable 
aggregated in the trapping region , and determining a Raman for analysis and characterization for low - abundance biomol 
spectra from the detected light . ecules and nanomaterials . For example , the disclosed tech 

Implementations of the method can optionally include one 16 nology can be implemented for protein capture , e . g . , in 
or more of the following features . In some implementations which efficient surface - enhanced Raman signals are utilized 
of the method , for example , the particles include a first type for molecular trapping right at the surface enhanced Raman 
of particles and a second type of particles , and the method spectroscopy ( SERS ) hotspot . The disclosed technology can 
can also include selecting electrical parameters to separate be implemented with simultaneous electrical measurement , 
the first type of particles from the second type of particles 20 and any biosensing elements can be functionalized at the 
based on differences in polarizability and electrokinetic nanogap . 
mobility of the first and second type of particles . For 
example , the method can also include controlling the dura BRIEF DESCRIPTION OF THE DRAWINGS 
tion of the applied ac electric field to temporally control the 
separation of the first and second type of particles . In some 25 FIGS . 1A - 1K show schematics and images of an exem 
implementations , for example , the method can also include plary particle analysis platform of the disclosed technology 
selecting a bias magnitude of a dc electrical signal to be including an exemplary microchip having the nanogap elec 
applied across the electrodes , and applying the de electric trode array for particle trapping and characterization . 
signal across the electrodes to measure a current produced FIG . 2A shows a triangulated computational domain 
based on the presence of the particles in the trapping region . 30 diagram of an exemplary nanoelectrode . 

In another aspect , a system to characterize particles FIGS . 2B - 1 and 2B - 2 show distributions of modulus of 
includes an electrode dielectrophoresis chip , including : ( i ) a electric field ( EI ) of exemplary nanogaps . 
substrate that is electrically insulating and structured to FIG . 3A shows a distribution of modulus of electric field 
define a channel to carry an electrically conducting fluid - - ( EI ) of an exemplary nanogap . 
containing particles , and ( ii ) an array of paired electrodes FIGS . 3B and 3C show a data plot of the SERS enhance 
formed of an electrically conductive material and located in ment factor | El4 versus distance between exemplary tips and 
the channel to form an opening with a size in the nanometer angle of the exemplary tip , respectively . 
range , wherein electrodes in at least one electrode pair of the FIGS . 3D and 3E show Raman spectra plots of SERS 
array are structured to include an electrically insulating layer 40 hotspot on the exemplary microchip having the nanogap 
over the electrode surface at the opening ; an electrical electrode array of the exemplary particle analysis platform . 
energy source electrically coupled to the electrode dielec - FIG . 4A shows a Raman spectra plot during an exemplary 
trophoresis chip to generate a non - uniform ac electric field trapping event of particles in exemplary 5 nm and 9 nm 
and a dc bias signal across the paired electrodes , wherein the nanogaps of the exemplary particle analysis platform . 
non - uniform ac electric field produces a positive dielectro - 45 FIG . 4B shows another Raman spectra plot during the 
phoretic force ( F PDEP ) in a direction towards the opening to exemplary trapping event . 
aggregate the particles in a trapping region including the FIG . 4C shows exemplary data plots of the peak height at 
opening and in a region adjacent to the opening ; a circuit 720 cm - 1 . . 
board including an electrical circuit coupled to the first and FIG . 4D shows an exemplary non - trapping Raman spectra 
second electrodes and configured to detect changes in a dc 50 plot . 
current produced by the applied de bias signal caused by at FIG . 4E shows an exemplary non - trapping current versus 
least some of the particles aggregated in the trapping region , time plot . 
the circuit board providing a base to attach the electrode FIG . 5A shows current versus time data plots during an dielectrophoresis chip and electrically couple the electrode exemplary trapping event of particles in exemplary 5 nm and dielectrophoresis chip to the electrical circuit ; an optical 55 9 nm nanogaps of the exemplary particle analysis platform . device that directs a coherent light beam on the opening and FIG . 5B shows an exemplary current versus time data plot detects inelastic scattering of the light beam by at least some showing on - off - on switching of the AC signal . of the particles aggregated in the trapping region ; and a 
processing unit to process at least one of the detected light FIG . 5C shows histograms from the exemplary molecular 
to determine their Raman spectra or the detected dc current 60 trapping tunneling current data . 
as data to determine a characteristic of the particles . FIG . 6A shows an exemplary fluorescence image of 

Implementations of the system can optionally include one molecules trapped in an exemplary 9 nm electrode nanogap . 
or more of the following features . In some implementations FIG . 6B shows an exemplary data plot of fluorescence 
of the system , for example , the processing unit can be intensity after photobleaching correction as function of time . 
configured on the circuit board . For example , the circuit 65 FIG . 6C shows a fluorescence intensity versus time data 
board can further include a memory unit coupled to the plot and a current versus time data plot for an exemplary 
processing unit to store the data . For example , the circuit trapping event using a lower protein concentration . 
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far . 

Like reference symbols and designations in the various where Em * and En * are the complex permittivities of the 
drawings indicate like elements . medium and particle respectively , and ( E * = E - jolo ) , in 

which o is the conductivity , E is the permittivity , and w is 
DETAILED DESCRIPTION the angular frequency . The CM factor represents the fre 

5 quency - dependent dielectric contrast between the particle 
It is technically challenging to sense low numbers of and the suspending medium in an external driving field . The 

biomarker proteins against a background of high concentra - CM factor determines if the particle transport is either 
tion of other matrix proteins within physiologically relevant towards ( attracted ) the high field gradient region of the media . One way of achieving effective sensing is based on fluidic channel ( e . g . , when Re [ K ( 0 ) ] > 0 ) , correspondingly selective preconcentration of the biomarker proteins in the 10 by positive dielectrophoresis ( PDEP ) , or if the particle proximity of the sensor to increase local concentration of the 
target sample for sensing by the sensor . Various preconcen transport is away ( repelled ) from the high field gradient 
tration methods are available but many such methods are region of the fluidic channel ( e . g . , when Re [ K ( w ) ] < 0 ) , 
limited in their performance . For example , chemical meth correspondingly by negative dielectrophoresis ( NDEP ) . 
ods based on antibody depletion are unable to achieve the The force F Dep increases with the size of the molecules 
necessary degree of preconcentration of biomarker proteins , 15 ( mr ) . Therefore , it can be difficult in various applications to 
e . g . , as such biomarkers are present at 10 % - 1012 - fold lower generate a sufficient dielectrophoretic force to enrich small 
levels than the background proteins in blood . Other biomolecules such as proteins by DEP ( e . g . , proteins can be 
examples include the use of electrokinetic methods for a few nanometers in size , in the 10 ' s - 100 kDa ) . Also , 
selective preconcentration of biomolecules . One such elec proteins tend to exhibit a small CM factor due to their low 
trokinetic method includes dielectrophoresis , which can 20 polarizability . To overcome this limitation and entrap and 
enable selective trapping of biomolecules and bioparticles enrich small biomolecules , the disclosed technology creates 
based on the characteristic frequency response of the dielec a highly focused field and field gradient to increase FDEp by tric permittivity of the biomolecule / particle versus that of engineering the VE ? ( or E : VE ) term in Eq . ( 1 ) . the medium . Dielectrophoretic techniques have been shown 
to be effective in the sorting of somewhat similar sized DEP has been successfully used to manipulate biopar 
biological cells with differing dielectric frequency response . 25 ticles such as DNA , RNA , proteins , viruses and bacterial 
However , its application to smaller sized biomarkers , e . g . , spores , and provide means for rapid enrichment and mass 
such as nanoscale proteins and fragments of single - stranded transport of proteins . In some examples , DEP can be applied 
deoxyribonucleic acid ( ssDNA ) , have been ineffective so to manipulate bioparticles for enrichment and / or mass trans 

port using electrodeless DEP , insulator - based DEP , or metal 
Dielectrophoresis ( DEP ) is an electrokinetic phenomenon 30 electrode - based DEP modalities . In metal electrode - based 

in which a force is exerted on a dielectric particle ( e . g . , DEP ( MDEP ) , the DEP field is generated by applying a 
polarizable particle , including molecules and nanoscale par - voltage across metal electrodes . 
ticles ) in a suspending medium when the particle is sub - Raman spectroscopy is a quantitative and nondestructive 
jected to a non - uniform electric field . Dielectrophoresis can optical technique based on inelastic scattering of photons by 
be used to attract and separate various particles in aqueous 35 molecular vibrations of materials ( e . g . , such as biopolymers ) 
media , depending on the dielectric response of the particle that is capable of detecting information on the biochemical 
in the presence of the non - uniform electric field . Although composition of cells ( e . g . , amino acids and proteins , lipids , 
particles in general can exhibit dielectrophoretic activity in and nucleic acids , among others . For example , Raman 
the presence of an electric field , the magnitude of the spectroscopy can be used as a bio - characterization and 
dielectrophoretic force depends on the type of medium , 40 analysis tool to study cellular events , e . g . , such as chemical 
certain properties of specific particles , e . g . , electrical prop changes and cell death induced by drugs or toxins , as well 
erties and shape and size , and the frequency of the electric as cellular changes at different time points in the cell cycle . 
field exerted on the particles . For example , tuning the Raman spectroscopy can provide data related to physiologi 
electric field to particular frequencies can manipulate par - cal processes occurring within a cell without the use of 
ticles with a degree of selectivity , e . g . , which can result in 45 chemical tags , leaving cellular functions unaltered during 
orientation , transportation , and / or separation of the particles observations and available for repeated monitoring of time 
in the medium . For example , the non - uniform electric field dependent events of the same cell . 
can create regions within the medium of greater and lesser Techniques , systems , and devices are described for detect 
electric field magnitudes that can steer the particles . For ing small molecules by using microfluidic systems having 
example , when the permittivity of the medium is greater 50 multifunctional nano - sized structures to provide dielectro 
than that of the particle , the particle moves to regions of phoretic trapping without pre - concentration of the target 
lesser electric field strength within the medium . Alterna - molecules and to simultaneously analyze the captured mol 
tively , for example , when the particle ' s permittivity exceeds ecules using surface enhanced Raman spectroscopy 
that of the medium , the particle moves to regions of stronger In one aspect , a device to aggregate and characterize 
electric field strength . 55 particles in a fluid includes a substrate that is electrically 

The dielectrophoretic force ( e . g . , a translational force ) can insulating , a channel formed of an electrically insulative 
be represented as : material on the substrate and structured to carry an electri 

cally conducting fluid containing particles , a first and second 
FdEp = 2Ar€ „ Re [ K ( 0 ) ] VE2 ( 1 ) electrode formed of an electrically conductive material and 

where r is the radius of the particle . E is the absolute 60 located in the channel to form an opening with a size in the 
permittivity of the suspending medium , E is the amplitude of nanometer range , in which the first and second electrodes 
the applied field ( e . g . , root - mean - squared E in the case for include an electrically insulating layer over at least a portion 
an AC field ) , and Re [ K ( w ) ] represents the real part of the of the electrode surface at the opening , a first circuit elec 
Clausius - Mossotti ( CM ) factor , which can be represented trically coupled to the first and second electrodes to apply a 
by : 65 non - uniform ac electric field and a dc bias electric field 

across the first and second electrode , in which the applied 
K ( w ) = ( € , * - Em * ) / ( € , * + 2Em * ) ( 2 ) non - uniform ac electric field produces a positive dielectro 
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phoretic force ( F PDEP ) in a direction towards the opening to measurements across the nanogaps and recorded Raman 
aggregate the particles in a trapping region including the spectra show the presence and characteristics of the trapped 
opening and in a region adjacent to the opening , a second particles ( e . g . , proteins ) , including showing their presence 
circuit coupled to the first and second electrodes to detect and characteristics on a single - particle / molecule level . Such 
changes in a DC current produced by the applied de bias 5 identification and analysis can also , for example , be indi 
electric field caused by at least some of the particles in the cated by the discrete jumps in current signals . The disclosed 
trapping region , and an optical device to direct a coherent particle analysis platform is thus capable of low - concentra 
light beam on the opening and detect inelastic scattering of tion heterogeneous sample analysis without the need for 
the light beam by at least some of the particles in the target preconcentration . 
trapping region to determine their Raman spectra . In some 10 Detection of proteins present as less than 1 , 000 molecules 
implementations of the device , for example , the first and in a solution is challenging , as this abundance is far below 
second electrodes can be configured to extend into the the sensitivity of conventional protein analysis methods , 
channel such that the electrodes narrow a channel dimen - such as enzyme - linked immunosorbent assays . Detection 
sion . In some implementations , the first and second elec - and analysis of low - copy - number biological specimens 
trodes can include a native metal oxide coating on at least 15 down to the single - or few - molecule level can be possible 
the interfacing regions ( e . g . , electrode tips ) of the electrodes . due to capabilities offered through a variety of technologies , 
For example , the native metal oxide coating can provide a including micro - and nano - fluidics , nanopore technologies , 
layer that reduces electrochemical reactions , e . g . , which can molecular electronics , single - molecule fluorescence , as well 
lead to corrosion of the electrodes . In some implementa as surface - enhanced Raman spectroscopy ( SERS ) and tip 
tions , the first and second electrodes can include gold , e . g . , 20 enhanced Raman spectroscopy ( TERS ) . Combinations of 
in which the electrodes include a gold surface chemically multiple functionalities and detection strategies of such 
modified with an electrically insulating self - assembled technologies have been employed to achieve fast and reli 
monolayer . able label - free analysis of heterogeneous targets at ultralow 

In some aspects , the disclosed technology includes a concentrations . However , the overall sensitivity and / or 
versatile nano - electronic platform for the manipulation ( e . g . , 25 detection efficiency have shown to be limited by diffusive 
trapping ) and sensing of particles including , for example , analyte transport to the actual sensing element . The dis 
biological molecules ( e . g . , such as proteins ) and solid state closed technology addresses such limitations and provides 
nanomaterials ( such as carbon nanotubes ) based on elec - for the directed transport of few sample molecules to sensing 
trode nanogaps , which function as dielectrophoresis - enabled elements , to enable detection on practical time scales . 
particle trapping templates and multifunctional Raman spec - 30 In some embodiments , the disclosed particle analysis 
troscopic and nanoelectronic detection substrates . The nano - platform includes metal electrodes configured to form 
sized gaps between the electrodes are able to act as an nanoscale gaps between two electrode tips , referred to in this 
effective plasmonic antenna that produce surface - enhanced patent document as nanogap electrodes or electrode 
Raman spectroscopy effects of the target particles in the nanogaps . The exemplary nanogap electrodes described 
junctions . During the particle trapping process , current mea - 35 herein can provide multifunctional advantages such as act 
surements across the nanoelectrodes can be used to detect ing as an analytical device and a molecular trapping device 
the presence of trapped protein ( s ) in the nanogap . Concur - at the same time . For example , analytic signals can be 
rent recording of time - dependent Raman spectra and elec - optical and / or electronic . Also , for example , Raman scatter 
trical signatures provide direct evidence of biomolecules or ing can be strongly enhanced for molecules at such metal 
nanomaterials appearing in the nanogap . 40 nanogaps due to the confinement of electromagnetic waves 

In some embodiments , the disclosed nanoconstrictions near corners , edges and in the gaps , e . g . , enabling the 
can be configured as metallic electrodes forming nano - sized detection of a low number ( e . g . , less than 1 , 000 ) of mol 
gaps between them . For example , in some implementations , ecules in the Raman hotspot . Additionally , measurements of 
ac and dc electric fields are applied across the nanostructure currents ( e . g . , tunneling currents ) across the nanometer 
electrodes in aqueous solutions to generate a non - uniform 45 sized gaps can be used to identify single molecules present 
electric field that exerts forces on polarizable dielectric in the gaps . The disclosed technology includes substantially 
particles via dielectrophoresis . Dielectrophoretic forces narrow distances of the nanogap regions , leading to stronger 
attract particles across the inter - electrode space thus permit - electrode - molecule electronic coupling and an accompany 
ting the observation of trapping down to the single molecule ing rise in current exhibited by the disclosed particle analy 
or few molecules level . Thus , for example , the metallic 50 sis platform . The disclosed particle analysis platform imple 
nanostructures of the disclosed devices and systems can ments dielectrophoresis generated from the nanoelectrode 
simultaneously manipulate and capture freely diffusing pro for the trapping of molecular species and overcomes diffu 
teins or other small molecules present in the aqueous solu sive analyte transport . 
tion and characterize the captured molecules both spectro The exemplary array of nanogaps of the disclosed particle 
scopically and electronically in real - time . 55 analysis platform can use a material with a native oxide film , 

In some aspects , the disclosed technology includes a such as titanium , to provide the multifunctional manipula 
versatile particle analysis platform based on a nanogap t ion ( e . g . , molecular trapping ) and interrogation ( e . g . , optical 
electrode that can be used for the manipulation and sensing and electrical characterization ) of particles introduced in the 
of macromolecules . Exemplary implementations of the dis - system . For example , the use of a titanium oxide nanoelec 
closed molecular analysis is described demonstrating low - 60 trode structure limits nanoelectrode degradation . For 
copy number protein analysis . In some implementations , the example , gold , which is used in many existing SERS 
particle analysis platform includes an array of Ti nanogap devices , can be prone to corrosion especially in chloride 
electrodes with a sub - 10 nm gap size that function as AC containing electrolytes , which include almost all biologi 
dielectrophoresis - based molecular trapping structures , cally relevant buffers . Also for example , aluminum can be 
" hotspots ” for surface plasmon enhanced Raman spectros - 65 prone to dissolution in acids . The exemplary array of 
copy as well as fluorescence imaging , and tunneling current nanogap electrodes can be fabricated to form gaps with 
readers . For example , during molecular trapping , current widths less than 10 nm to capture freely diffusing protein 

10 
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molecules present in an aqueous solution using high - fre source of data storage , or display device . Various types of 
quency DEP . Captured particles ( e . g . , biomolecules includ wired or wireless interfaces compatible with typical data 
ing proteins ) can be detected in real time using the disclosed communication standards , such as the USB communication 
platform via SERS and / or by the current measurement unit 192 , IEEE 1394 ( FireWire ) , Bluetooth , IEEE 802 . 111 , 
across the nanogap . For example , the use of higher AC 5 Wireless Local Area Network ( WLAN ) , Wireless Personal 
frequencies to obtain DEP trapping avoids effects based on Area Network ( WPAN ) , Wireless Wide Area Network 
solvent flow and relies exclusively on the polarizability ( WWAN ) , WiMAX , IEEE 802 . 16 ( Worldwide Interoper contrast between the analyte and the solvent , thus making ability for Microwave Access ( WiMAX ) ) , and parallel inter the trapping reversible and the detection many orders of faces , among other communication technologies , can be magnitude faster than conventional methods . The combina - 10 used to implement the I / O unit . The I / O unit can interface tion of electronic and Raman spectroscopic detection of the with an external interface , source of data storage , or display DEP - captured molecules makes the platform an attractive device to retrieve and transfer data and information that can label - free bioanalytical tool . 

FIGS . 1A - 1K show schematics and images of an exem be processed by the processor , stored in the memory unit , or 
plary particle analysis platform of the disclosed technology 15 exn v 15 exhibited on the output unit . 
including an exemplary microchip having the nanogap elec hip having the nanggap elec - FIG . 1B shows a schematic of the chip 100 including the 
trode array for particle trapping and characterization . exemplary nanogap electrode array . In some implementa 

FIG . 1A shows an image of a particle analysis system 190 tions , for example , the chip 100 can be configured as a 7x7 
that includes a particle trapping and characterization chip mm´ silicon - based chip with a 1 . 2 um thick top layer of 
100 configured on a chip carrier ( e . g . , electrically coupled 20 thermally grown SiO2 on which the exemplary nanogap 
via wire bonding ) connected to a circuit board 191 of the electrode pair structures branching from 15 parallel trapping 
system 190 and in electrical communication with various microelectrode wires ( microwires ) coupled with contact 
components of the system 190 on the circuit board 191 pads are defined , e . g . , using standard photolithography , 
including , for example , signal processing components and thermal evaporation of Ti / Au and lift - off process ( described 
systems , memory , power sources , and / or communication 25 in an exemplary fabrication method below ) . For example , 
systems , e . g . , such as a Universal Serial Bus ( USB ) com the contact pads of the chip 100 provide for wire bonding 
munication port or unit 192 . The circuit board 191 can be interconnections to a printed circuit board , e . g . , such as the 
operated to control and modulate applied AC and DC signals circuit board 191 , for electric field application , current 
for DEP trapping , amplify and / or filter acquired signals ( e . g . , amplification and / or data acquisition . FIG . 1B also shows an 
such as DC current changes across electrode terminals ) , and 30 inset schematic providing a magnified view of the exem 
store and / or output raw or processed data . plary trapping microelectrode pairs of the chip 100 . 

In some implementations , the system 190 can include a FIG . 1C shows a diagram of an exemplary nanogap 
processing unit such as a central processor unit and / or electrode pair structures 150 of the chip 100 . The diagram of 
microcontroller that can be in communication with an input / FIG . 1C shows electrically conductive conduits 151 , e . g . , 
output ( 1 / 0 ) unit , an output unit , and a memory unit . To 35 which can be configured to be micrometers wide , branching 
support various functions of the processing unit , the exem - into smaller electrically conductive conduits 152 , e . g . , which 
plary processor can be included to interface with and control can be configured to be nanometers wide . For example , the 
operations of other components of the system 190 , such as smaller electrically conductive conduits 152 can be config 
the exemplary I / O unit , the exemplary output unit , and the ured to have a 200 nm width . The smaller electrically 
exemplary memory unit . In some examples , the processing 40 conductive conduits 152 include metal oxide coated nano 
unit can be configured on the circuit board 191 , while in electrode tips 153 that interface with their respective coun 
other examples , the processing unit can be implemented as terpart to form a nanogap , e . g . , which can be configured to 
one of various data processing systems , such as a personal be one to 10 nm apart , in which particles can be trapped 
computer ( PC ) , laptop , tablet , and mobile communication when implementing the system 190 . 
device . For example , the circuit board 191 can be configured 45 FIGS . 1D and 1E show scanning electrode micrograph 
to be operated remotely by a computer or other control ( SEM ) images 160 and 165 showing inter - electrode nanogap 
system that communicates with the circuit board 191 to region of a nanogap electrode pair having a 5 nm gap , as 
retrieve electronic data , e . g . , in which individual data chan - shown in the image 160 , and a 9 nm gap , as shown in the 
nels can be operated independently or in tandem . image 165 . 

To support various functions of the system 190 , the 50 FIG . 1F shows an image series of the chip 100 including 
exemplary memory unit can store other information and an optical image of the overall chip 100 ( e . g . , configured in 
data , such as instructions , software , values , images , and the chip carrier of the system 190 ) , a schematic diagram of 
other data processed or referenced by the processor . Various the particle trapping and characterization region of the chip 
types of Random Access Memory ( RAM ) devices , Read 100 formed by the nanogap electrode pairs , and SEM images 
Only Memory ( ROM ) devices , Flash Memory devices , and 55 of a nanogap electrode pair forming the nanogap region . As 
other suitable storage media can be used to implement shown in the SEM images , the exemplary nanogap elec 
storage functions of the memory unit . The exemplary trodes are configured as to be 200 nm wide and include a 40 
memory unit can store data and information acquired by the nm Ti thin layer leading to an inter - electrode nanogap that 
chip 100 , which can include current data and SERS data , can be defined of different sizes , e . g . , such as substantially 
system component parameters , data processing parameters , 60 5 nm as shown in FIG . 1D or 9 nm as shown in FIG . 1E . 
and processed parameters and data that can be used in the FIG . 1G shows a diagram of an exemplary transimped 
implementation of an RSI characterization . The memory ance amplifier 195 with a low - pass filter for signal process 
unit can store data and information that can be used to ing of acquired electrical signals from the nanogap elec 
implement the particle manipulation and characterization trodes 150 , which can be included on the circuit board 191 . 
multi - functions of the system 190 . 65 For example , the transimpedance amplifier 195 can be used 

To support various functions of the system 190 , the for current - to - voltage conversion . For example , the circuit 
exemplary I / O unit can be connected to an external interface , board 191 can include a simultaneous multichannel current 
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measurement amplifier , which can be in electrical commu Following the surface descum , an e - gun metal evaporation 
nication with the transimpedance amplifier 195 . step can be performed ( e . g . , using an AST PEVA 600 E 

FIG . 1H shows an image of an exemplary set - up of the System ( AST Instruments , Taiwan ) ) . A 40 nm thin film of Ti 
system 190 including a remote computing system to elec - can be deposited . The residual metal and e - beam resist mask 
trically interface with the circuit board 191 for one or more 5 can be lifted off in acetone and 2 - propanol , a subsequent 10 
of control , data processing , data storage , and / or data display . min bath in a resist remover ( e . g . , 1165 remover ( Micro 
The image shows an oscilloscope used to provide AC power chem , Newton Mass . ) ) , followed by a 1 . 5 min 02 plasma 
to the system 190 through a power source port on the circuit clean to remove residues of the organic solutions . 
board 191 . In some implementations , the chip 100 can be structured 

FIG . 11 shows an illustration of a generated SERS hotspot 10 to include multiple groups of nanogap electrode pair struc 
in the exemplary nanogap region of the chip 100 , e . g . , tures 150 having different sizes of nanogaps between the 
formed by the nanogap electrode pair structures 150 , during nanoelectrode tips 153 and / or different thicknesses of the 
operation of the system 190 . For example , DEP - trapped nanoelectrode tips 153 . In one example , the chip 100 
particles by the nanogap electrode pair structures 150 can be includes three different groups having five electrode pairs to 
scanned using confocal Raman spectroscopy with a coherent 15 form 15 particle trapping structures . For example , within the 
light source ( e . g . , such as He / Ne 633 nm laser excitation ) groups of 5 wires , each gap includes a distinctive geometri 
shined on the metal oxide coated nanoelectrode tips 153 . cal design . 
The nanoelectrode tips 153 can include free electrons on Exemplary implementations using this exemplary con 
their surface that enhances the detectable Raman signal figuration of the chip 100 were used to investigate the effect 
generating a SERS hotspot in the inter - electrode region and 20 of tip geometry on the trapping of molecules and the 
enabling detection of trapped particles , e . g . , with single - enhancement of Raman scattering . For example , the internal 
particle to few - particle resolution . angle of the electrode pairs were configured to be substan 

FIG . 1J shows an image of the inter - electrode nanogap tially 120° for the sub - 10 nm gap . 
region between the nanoelectrode tips showing the location The exemplary implementations included inspecting the 
of a SERS hotspot ( blue region on the chip 100 produced 25 chips using scanning electron microscopy ( e . g . , FEI Nova ) 
by a confocal Raman spectroscopy microscope laser light at various magnifications , at acceleration voltage of 20 kV , 
source . FIG . 14 includes an inset photograph of the board UHR mode and a working distance of 5 mm before the 
191 under the confocal Raman spectroscopy microscope beginning of the investigation , for example , to look for 
lens . fabrication defects and confirm the quality of the gaps . 

FIG . 1K shows fluorescent images 170 and 175 showing 30 Ohmic contact was inspected with a digital multimeter ( e . g . , 
SERS hotspots located in the inter - electrode nanogaps of the 34411A , Agilent ) , and a typical resistance measured in air 
nanoelectrode tips due to inelastic electronic effects in the was in the order of 101 - 10 - 202 , e . g . , indicating an excellent 
electrodes . For example , the image 170 shows detected Si insulation of the underlying thermally grown Sio , layer and 
fluorescent peaks , e . g . , integrated between 500 cm - - and 550 the absence of leakage currents between tips . 
cm - 1 , in which the position of the highest intensity corre - 35 The exemplary implementations of DEP trapping and 
sponds to the nanogap region having the shined laser beam electronic detection were conducted using a custom - made 
on the Si - based substrate . For example , the image 175 shows printed circuit board with signal amplification , filtration and 
detected paraffin SERS signal in the inter - electrode region , data acquisition capabilities . For example , different AC field 
e . g . , integrated from 1450 cm - - to 1510 cm - - , based on CH conditions were applied , ranging from hundreds of kHz up 
bending mode ( e . g . , 1460 cm - ? ) of paraffin . 40 to 4 MHz and various amplitudes from 0 . 1 to 10 Vp - p , 

The chip 100 can be fabricated using the following coupled with a DC bias typically between 10 and 100 mV , 
exemplary fabrication protocol . On the substrate of the in which the AC field is responsible for the DEP trapping , 
disclosed particle trapping and characterization chip , an and the DC bias leads to the net current ( ~ PA - NA ) across the 
array of microwires ( as shown in FIG . 1B ) can be defined by nanogaps . In the exemplary implementations , the AC field 
means of positive - tone photolithography , reactive ion etch - 45 was applied by a function generator ( e . g . , 33220A , Agilent ) 
ing , thermal evaporation of a 10 nm Cr , 40 nm Au bilayer and monitored by an oscilloscope . The exemplary particle 
and liftoff with an acetone soak assisted by low - power analysis platform can be implemented for electronic detec 
ultrasonication . The exemplary microwire design includes a tion of trapped molecules relying on the observation of 
contact pad for wire bonding interconnections to a custom - tunneling current across the nanogaps . For example , such 
made chip carrier . On the exemplary microwires , the nano - 50 signals were retrieved through a transimpedance amplifier 
electrodes can be fabricated using an exemplary patterning ( TIA ) with a low - pass filter as key component . 
scheme by electron beam overlapping and overexposure to The exemplary implementations used R - phycoerythrin 
create a small strip of e - beam resist between the exposed ( RPE ) as an exemplary particle for trapping using the 
electrode tip regions due to the Gaussian nature of the exemplary particle analysis platform . For example , RPE is a 
electron beam . In the described example fabrication method , 55 240 kDa disk - shaped protein with a diameter of 11 nm and 
all features defined during this first step were written with a thickness of 6 nm derived from red algae 30 . RPE is 
the use of an Elionix ELS - 7000 Ultra High Precision Elec - autofluorescent from the chromophore embedded in its 
tron Beam Lithography System , e . g . , at 100 PA of emission molecular structure . RPE ( e . g . , 4 . 0 mg / mL , obtained from 
current and an acceleration voltage of 100 kV . The substrates Thermo Scientific ) was cassette dialyzed in PBS buffer ( e . g . , 
can be spin coated with a layer of PMMA A4 950 MW 60 100 mM Na HPO4 , 150 mM NaCl , pH 7 . 2 ) , then diluted to 
e - beam resist ( e . g . , from Microchem , Newton Mass . ) and 0 . 8 , 0 . 26 and 0 . 12 nM final protein concentrations . Protein 
baked at 180° C . Following e - beam writing and develop concentrations were determined using a spectrophotometer 
ment in MIBK : IPA solutions , a surface cleaning process , ( e . g . , Nanodrop , Thermo Scientific ) from Beer ' s Law with 
which includes a slow rate residual polymer descum for 1 extinction coefficient 2 . 0x10° L M - cm at 567 nm . For 
min , can be performed with 18 / 2 sccm of Ar / O2 , 10 watt 65 further verification , a Bradford Microassay , calibrated 
power and a pressure of 4 mtorr with the aid of a reactive ion against BSA , can also be used to determine the protein 
etcher ( e . g . , such as RIE Plasmalab 80 , Oxford Instruments ) . concentration . 
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For confocal Raman and fluorescence microscopy , a small improved trapping capabilities , as sharper electrode shapes 
fluidic chamber defined in a double - sided adhesive tape ( 70 render bigger nonuniformities of the electric field needed for 
um thick ) was used to encapsulate a 2 uL droplet of protein DEP . 
solution . For example , the chamber was sealed against The level of field enhancement depends on the gap width . 
evaporation by a circular coverslip of 5 mm diameter 5 As the gap becomes smaller , " El increases . The exemplary 
( Knittel Gläser ) and vacuum - grade grease applied on the simulation results are consistent with the observation that no 
edges to keep the solution from evaporation . Raman spectra Raman signal could be detected for gaps with larger gap 
were obtained using a Horiba Labram 2 confocal Raman size . It is noted , for example , that the shape and intensities 
microscope with a HeNe laser ( 633 nm ) as light source and predicted by this exemplary model do not take into account 
50x ( N . A . 0 . 5 ) and 100x ( N . A . 0 . 9 ) objectives ( Olympus ) | 10 asperities of the metal material , as well as deformations in 

the shapes which are present in the real nanostructures , in where appropriate . The polarization of the incident light was particular when gaps are in the order of 4 - 5 nm . This kind along the axis defined by the direction of the electrode of asperities might increase the value of the enhancement nanogaps . Spectral mapping used confocal point illumina further , to the level sufficient for single molecule sensitivity . tion by a laser spot whose dimensions are diffraction 15 It also noted that the presence of an oxide layer on Ti was limited . Spatial sampling density was defined using the not taken into account in the exemplary model . 
Nyquist criterion . Time for sampling of one voxel was 1 s . In the exemplary implementations , real - time Raman scans 
Single - voxel , time - lapsed Raman spectra acquisition at the and electronic detection of the trapped protein molecules 
nanogap hotspot was also performed with 1 s exposure time . were performed . For the Raman spectroscopy , for example , 
Fluorescence microscopy was also performed using an 20 the laser focus was positioned at a point of maximum Raman 
inverted fluorescence microscope ( Leica DM16000 ) , with a intensity which corresponds to the location of the nanogap . 
xenon lamp as light source and a K3 filter cube ( e . g . , ex / em region of high intensity was observed in an exemplary 
BP 470 - 490 nm / LP 515 , Leica ) . A 100x oil - immersion spectral map without baseline subtraction , e . g . , including 
objective ( e . g . , Leica , N . A . 1 . 4 ) , and an EMCCD camera luminescence contributions of the Si phonon at 520 cm - ? , 
( e . g . , IXon - 888 , Andor Technologies ) using an exposure 25 e . g . , as shown in the image 170 of FIG . 1K . The high 
time of 25 ms / frame were used to make the observations . intensity region was observed in both dry and wet chip 

The exemplary implementations included computational conditions . 
modeling of the nanogaps to analyze the distribution of FIG . 3A shows a distribution of modulus of electric field 
electric fields at optical frequencies in the nanogaps . For ( El ) at 633 nm around in an exemplary nanogap of 5 nm 
example , the time - harmonic Maxwell equations were solved 30 between Ti tips with an internal angle of 120° . The values 
numerically using the finite element method ( FEM ) - based shown in FIG . 3A are multiples of the time - averaged ampli 
electromagnetic solver JCMsuit . The nanogap tips were tude of the source . 
modeled in a domain with cylindrical coordinates by creat - FIG . 3B shows a data plot of the SERS enhancement 
ing a half - plane geometry of the tips and appropriate bound factor El4 at point of maximum field enhancement vs . 
ary condition applied along the rotational symmetry axis . 35 distance between tips , e . g . , for 120° internal angle tip . FIG . 
Further detail of the nanogap modeling are described . 3C shows a data plot of the SERS enhancement factor E14 

FIG . 2A shows a triangulated computational domain at point of maximum field enhancement vs . angle of the tip , 
diagram of an exemplary nanoelectrode . The left axis of the e . g . , for 5 nm gap . 
diagram is the cylinder axis . For example , the complex These exemplary Raman scans provided an indication of 
refractive index of the metallic electrodes was set to 40 the location of the Raman hotspot on the chip . The same 
2 . 15325 + 2 . 9248i , corresponding to the value for titanium at hotspot also provided enhancement of the Raman signal of 
633 nm . The surrounding dielectric had a refractive index of molecules at place , which was demonstrated by introducing 
1 . 0 . The radius of the tip was kept constant at 10 nm while a drop of paraffin on the gap and sealing it with a cover slip , 
tip angles were varied from 20 - 120° . This leads also to a e . g . , as shown in the image 175 of FIG . 1K . For example , the 
variation in tip length . The gap between the tips can be 45 exemplary results of the FEM solutions of the Maxwell 
varied from 5 - 20 nm in steps of 5 nm . In the exemplary equations for the modulus El of the electric field at 633 nm 
cases , a source at 633 nm with the polarization along the around the electrode nanogap validated this region of high 
direction defined by the tips impinges at the tips perpen - electric field at the rim of the nanogap between the Ti metal 
dicular to the tip axis with unit field strength . tips . 

FIGS . 2B - 1 and 2B - 2 show distribution of modulus of 50 FIGS . 3D and 3E show spectra plots showing that the 
electric field ( IEI ) diagrams at 633 nm around in a nanogap location of the " hotspot ” of the baseline - enhanced region 
of 10 nm between Ti tips with an internal angle of 100 correspond to the position where the maximum intensity of 
degrees ( FIG . 2B - 1 ) and a similar result for lower inner the paraffin peaks occurs , e . g . , when measuring with base 
angle ( 40 degrees ) in a nanogap of 5 nm ( FIG . 2B - 2 ) . For line correction . The spectra map of FIG . 3D shows the 
example , in the exemplary 100° tip internal angle case with 55 representative Raman spectra of an exemplary empty chip . 
10 nm spacing ( FIG . 2B - 1 ) , the maximum value of E / 4 is The spectra map of FIG . 3E shows the representative Raman 
1 . 6x10° in air , corresponding to 1 . 7x10° in aqueous buffer . spectra of an exemplary paraffin sample in the hotspot , 
This degree of electromagnetic enhancement was observed which features the typical CH stretching modes ( 2900 - 3000 
to show Raman signal of RPE in the exemplary implemen - cm - - ) , CH , bending modes ( 1460 cm ) , and the silicon 
tations , and is sufficient to render single molecule sensitivity . 60 phonon ( 520 cm ) , and outside the hotspot . 
Analyzing the exemplary simulation results for different tip For example , the located " hotspot ” was used for subse 
angles showed the enhancement to increase for narrower quent point illumination , time - dependent and DEP assisted 
tips , e . g . , as shown by the tips with lower inner angle in FIG . Raman measurements with RPE samples in solution during 
2B - 2 . For example , reducing the tip angle geometry to 40 the exemplary implementations . FIG . 4A shows a Raman 
degrees , \ E1 * > 108 can be predicted to be achieved . The 65 spectra plot of trapped RPE in a 5 nm and 9 nm gap 
exemplary model can be implemented to design nanogaps compared against the RPE sample adsorbed in the hotspot of 
that will allow higher detection sensitivity along with an exemplary Ag colloid hydrosol . The Raman spectra plot 
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of FIG . 4A shows the match of most distinctive vibrational FIG . 5A shows current versus time data plots exemplify 
modes for the protein under SERS conditions . For example , ing electronic signatures of RPE molecules trapped by DEP 
the spectrum contains a number of bands which can be across an exemplary 5 nm nanogap ( top plot ) and an 
tentatively assigned to typical protein structural elements : exemplary 9 nm nanogap ( bottom plot ) . For example , the 
peaks at 1650 cm - ? ( Amide I ) , 1585 cm - ' ( anti - symmetric 5 conditions of the exemplary implementation to generate the 
stretching mode of side chain C007 ) , 1470 cm - ? ( CH data plots included an RPE concentration of 0 . 8 nM in 
deformation mode of aliphatic CH ) , 1350 / 1290 cm - 1 ( ten - 1xPBS buffer , a DC bias signal of 0 . 1 V , and an AC signal 
tatively Amide III mode ) and 820 / 720 cm - - ( CH deforma of 6 Vp - p , 1 MHz . As shown in the figure , when the 
tion mode in aromatic systems ) . Aromatic and COO - exemplary DEP conditions are applied , an increase in tun 
containing side chains are abundant in RPE . In the 9 nm gaps 10 neling current is observed for both 5 and 9 nm gaps , e . g . , 
( e . g . , gap distance - hydrodynamic diameter of RPE ) , the relating to protein molecules bridging the gap , and thus 
spectra strongly resembles the spectrum obtained after allowing the tunneling current to flow through the junction . 
adsorption of RPE to Ag hydrosols , with several peaks in the It is noted there are distinctive features of the electronic 
range of the amide III modes . In 5 nm gaps , the intensity is signals observed . For example , the current jumps in a 
considerably lower , as only protein chains can penetrate the 15 stepwise manner , which can suggest that the trapping of RPE 
gap . may occur on a molecule - by - molecule basis , e . g . , due to the 

FIG . 4B shows a spectra plot of the time - dependent limited number of protein molecules in the vicinity of the 
Raman spectra during an exemplary trapping event . For trap where the DEP force exceeds the thermal drag force or 
example , the spectra plot shows the time evolution of Raman threshold force , which is defined from the diffusion path 
spectra obtained from the exemplary 5 nm nanogap hotspot , 20 during the implementation . For example , for the 0 . 8 nM 
in which the RPE concentration was 0 . 8 nM in 1xPBS RPE concentration , there is on average 1 protein molecule 
buffer , the DC bias signal was 0 . 1 V , and the AC signal was per every 2 . 0 um° , 0 . 26 nM ( e . g . , 1 molecule per 6 . 12 umº ) 
7 Vp - p , 1 MHz . In the first few seconds after switching the and 0 . 12 nM ( e . g . , 1 molecule per 12 . 75 umy ) . 
field to DEP trapping conditions , just the typical silicon FIG . 5B shows a current versus time data plot showing 
substrate spectrum was observed . Between 10 and 20 s after 25 on - off - on switching of the AC signal during the acquisition 
the start , a number of narrow Raman peaks appeared on top for the 0 . 12 nM solution across the exemplary 5 nm 
of the fluorescence background , e . g . , indicating the molecu - nanogap , indicating the reversibility of the trapping process , 
lar Raman signature becomes more pronounced in the e . g . , with a typical current difference from 15 to 25 nA 
course of the implementation . between the trapping and non - trapping conditions . 

FIG . 4C shows data plots showing the time evolution of 30 FIG . 5C shows a histogram including tunneling current 
the peak height at 720 cm - before and after the baseline histograms of 0 . 8 nM RPE from trapping data in exemplary 
correction . For example , the increase in Raman and lumi - 5 nm nanogaps ( blue ) and exemplary 9 nm nanogaps ( red ) , 
nescence intensity demonstrates that the increasing number corresponding to the distribution of individual current 
of protein molecules in the vicinity of the gap were trapped increases or jumps . For example , the discrete distribution of 
to the nanogap , and may have eventually reached saturation . 35 tunneling current measurement can demonstrate the bridg 

FIG . 4D shows a spectra plot of the time - dependent ing of an RPE molecule on a molecule - by - molecule fashion 
Raman spectra obtained from the exemplary 5 nm nanogap as trapped in the gap by DEP force . The exemplary histo 
hotspot during a non - trapping event in 1xPBS buffer . For grams were constructed with the recorded data for the 0 . 8 
example , the exemplary spectra plot can be used as an nM concentration case for both the 5 and 9 nm gaps , which 
exemplary Raman signature plot representing the absence of 40 reveal at least three distinctive distributions with well 
particles trapped . For example , the exemplary conditions defined peaks that indicate the complete or partial contact of 
include a DC bias signal of 0 . 1 V and an AC signal of 7 Vp - p , RPE molecules as they bridge the nanogap , thus allowing 
1 MHz . the current to increase . For example , at least three RPE 

In addition to the Raman measurements , electronic mea molecules are estimated to have been trapped in the 5 nm 
surements were also performed . FIG . 4E shows a current 45 gap , and the possibility of four molecules bridging the gap 
versus time data plot exemplifying the electronic signature clearly exists based on the number of frequency counts in the 
during the non - trapping event of particles across the exem - 9 nm gap , as shown in FIG . 5C . 
plary 5 nm nanogap under similar conditions as in FIG . 4D . The exemplary tunneling current histograms of FIG . 5C 
For example , this was observed when just the DC detection were constructed with the Ism and lomm traces using Origin 
bias is applied to the solution containing molecules , or when 50 data plot software . Background current was subtracted from 
the AC frequencies applied were far from the ones leading I values to extract the current increase . Based on the 
to trapping . The shape of the exemplary current - time curve resulting statistics , frequency count peaks were found and a 
may indicate a capacitive current , e . g . , the charging curve of fit algorithm was used to fit the multiple peaks in the data . 
a capacitor , which would mean the polarization of the The resulting distribution curves were overlaid to the exist 
solution . For example , the curve reaches a stable base 55 ing histogram by adding a new Y axis on the right side and 
condition , e . g . , which can be attributed to ionic current flow . linking the axis scales . The exemplary lines are fitted to the 
While a DC bias might contribute to the trapping of mol - pronounced peaks at 0 A that originate from the base level 
ecules by means of electrostatic trapping , it is in orders of current ( e . g . , 3 . 7 - 4 . 1 nA ) at which the ionic current reaches 
magnitude higher than the substantially lower voltage ( e . g . , stability after its initial decrease and before the onset of 
tens of millivolts ) applied in the disclosed particle analysis 60 trapping . 
platform . For example , this provides a reason why there are For example , the highest value of the field gradient VE ? 
no observable changes in the current measurement when the is expected in the inter - electrode space where molecular 
DC bias alone was applied . For example , superimposing trapping was observed ( e . g . , ~ 1 . 5x1018 V2 / m3 for the 
high - frequency modulation on the applied bias with a much smaller nanogaps in the array ) . It is noted , for example , the 
larger amplitude minimizes electrochemical effects on the 65 space where the dielectrophoretic force exceeds molecular 
electrodes and accounts mainly for DEP - related trapping diffusion can extend to a large volume above the surface of 
phenomena . the device . Also it is noted , for example , that the EDL 
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overlapping in the nanogap case - scenario is excluded in the the current vs . time data plot , a single current jump is 
high conductivity buffers , but it could be occurring in low demonstrated that may be characteristic of single molecule 
conductivity buffers [ e . g . , 10 uS / cm and below ] and con detection . 
tribute to prolonged time for the onset of trapping . However , The exemplary implementations described herein dem 
this could be a reality in the beginning , but as ion separation 5 onstrate the disclosed real - time analytical methods , systems 
effects take place upon the application of the DC detection and devices for particle capturing , manipulation and inter 
bias signal ( e . g . , the current decrease observed at beginning rogation . For example , the exemplary system embodiment 
of the curve in FIG . 5A ) , this might facilitate the AC involving a well - patterned sub - 10 nm electrodes nanogap 
trapping mechanism after the base ionic conduction is array was shown to actively transport and trap proteins 
reached . 10 through DEP , which then enabled the electronic ( e . g . , tun 

For example , differences in the time evolution between neling current ) and Raman spectroscopic detection of the 
Raman data and electronic ( tunneling current ) data can be trapped molecules . The exemplary chip and electronic 
understood from the different detection mechanisms . Tun - detection technology can be easily mass produced with high 
neling current measurements sensitively require the mol yield and coupled to widely - used spectroscopic instruments . 
ecule to be in a position to bridge the gap between the metal 15 The disclosed platform demonstrated a practical way for 
electrodes for a signal change , while the Raman signal low - copy number protein detection which may be applied in 
shows a gradual increase when the protein molecules a variety of applications for low - concentration heteroge 
approach the gap . Further , the point of maximum sensitivity neous sample analysis at the single / few molecule level . 
for the Raman detection is slightly outside the gap , exem - While this patent document contains many specifics , these 
plified by FEM simulations of FIGS . 2B - 1 and 2B - 2 . Thus , 20 should not be construed as limitations on the scope of any 
for example , the stepwise manner of trapping is not readily invention or of what may be claimed , but rather as descrip 
visible in the Raman signal . tions of features that may be specific to particular embodi 
As RPE is an intrinsically fluorescent protein , fluores ments of particular inventions . Certain features that are 

cence microscopy during trapping was performed to further described in this patent document in the context of separate 
verify the presence of the molecules . FIG . 6A shows a 25 embodiments can also be implemented in combination in a 
fluorescence image of RPE molecules trapped in an exem - single embodiment . Conversely , various features that are 
plary 9 nm electrode nanogap after 30 s of the applied DEP described in the context of a single embodiment can also be 
field , e . g . , in which the conditions include 0 . 8 nM RPE implemented in multiple embodiments separately or in any 
concentration , an AC signal of 6 Vpp , 1 MHz , and a DC bias suitable subcombination . Moreover , although features may 
signal of 0 . 01 V , with 24 uM PBS concentration and 15 30 be described above as acting in certain combinations and 
uS / cm conductivity . For example , as the local concentration even initially claimed as such , one or more features from a 
increases , so does the fluorescence intensity . Fluorescence claimed combination can in some cases be excised from the 
intensity originates from a spot region of 0 . 9 um diameter combination , and the claimed combination may be directed 
around the nanoelectrode . to a subcombination or variation of a subcombination . 

FIG . 6B shows a data plot of fluorescence intensity after 35 Similarly , while operations are depicted in the drawings in 
photobleaching correction as function of time , e . g . , where a particular order , this should not be understood as requiring 
t = 0 corresponds to the onset of trapping event . For example , that such operations be performed in the particular order 
the intensity builds up as molecules get attracted to the trap , shown or in sequential order , or that all illustrated operations 
and the intensity value reaches a constant value after the be performed , to achieve desirable results . Moreover , the 
initial 20 s of applying the electric field . 40 separation of various system components in the embodi 
Exemplary current versus time electronic and fluores - ments described in this patent document should not be 

cence signatures were acquired simultaneously during trap - understood as requiring such separation in all embodiments . 
ping events for exemplary particles employed in the system Only a few implementations and examples are described 
at a lower protein concentration ( e . g . , 0 . 12 nM ) , which can and other implementations , enhancements and variations 
be characteristic of single molecule detection . 45 can be made based on what is described and illustrated in 

FIG . 6C shows a fluorescence intensity versus time data this patent document . 
plot and a current versus time data plot for an exemplary What is claimed is : 
trapping event using a lower protein concentration than that 1 . A device to capture and characterize particles in a fluid 
used in the exemplary implementations described in FIGS . by combining sensing via electrical tunneling and coherent 
5A - 5C . In FIG . 6C , the top plot shows the fluorescence 50 optical Raman sensing , comprising : 
intensity after photobleaching correction vs . a time trace , a substrate that is electrically insulating ; 
and the bottom plot shows the inter - electrode current vs . a channel formed of an electrically insulative material on 
time , in which the conditions for the exemplary implemen the substrate and structured to carry an electrically 
tation included a 0 . 12 nM RPE concentration , an AC signal conducting fluid containing particles ; 
of 1 - 10 Vpest - to - pest , 1 MHz , a DC bias signal of 0 . 01 V , with 55 a first electrode and a second electrode formed of an 
a 3 . 6 UM PBS buffer concentration and 4 uS / cm conductiv electrically conductive material and located in the 
ity . As shown in the figure , there is a sigmoidal increase of channel to form an opening with a size in the nanometer 
the fluorescence intensity in accordance with the previous range , each of the first and second electrodes structured 
observations , however the final intensity value is smaller . to include a tip having an angle from 20 degrees to 120 
The current versus time electronic signature was obtained in 60 degrees and including an electrically insulating layer 
parallel during the same trapping event . The onset of DEP is over the electrode surface including at the opening 
observed for both cases after 90 s . Both fluorescence and between the electrodes ; 
current increase simultaneously at the beginning , and sub a first circuit electrically coupled to the first and second 
sequently fluctuate simultaneously . The value of current is electrodes to apply a non - uniform AC electric field and 
smaller compared to the one detected with higher protein 65 a DC bias signal across the first and second electrodes , 
concentrations , in accordance with the observed lower fluo wherein the applied non - uniform AC electric field 
rescence and the statistical data . For example , as shown in produces a positive dielectrophoretic force ( F PDEP ) in 

peak - to - peak 
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a direction towards the opening to capture a low trapping a low quantity of the particles including 1 , 000 
quantity of the particles including 1 , 000 particles or particles or fewer by applying the AC electric field to 
fewer in a trapping region including the opening and in capture the particles in a trapping region including the 
a region adjacent to the opening ; opening and in a region adjacent to the opening ; 

a second circuit coupled to the first and second electrodes 5 detecting the captured particles by applying the DC 
to detect changes in a DC current produced by electri electric signal across the electrodes to measure a cur 
cal tunneling through the opening and the electrically rent produced based on the presence of the particles in 
insulating layers over the electrode surfaces of the first the trapping region via electrical tunneling through the 
and second electrodes based on operation of the applied opening and the electrically insulating layers over the 
DC bias signal and caused by at least some of the electrode surfaces of the pair of electrodes ; 
captured particles in the trapping region due to opera directing a coherent light beam at the opening ; 
tion of the first circuit ; and detecting , using an optical device including a detector , 

an optical device including a laser to direct a coherent inelastic scattering of the light beam by at least some of 
light beam on the opening and including a detector to 15 the particles captured in the trapping region ; 
detect inelastic scattering of the light beam by at least determining Raman spectra from the detected light ; and 
some of the captured particles in the trapping region combining electrical sensing via the current based on 
due to operation of the first circuit to determine their electrical tunneling and optical sensing via the deter 
Raman spectra . mined Raman spectra to measure the captured particles 

2 . The device as in claim 1 , wherein the first and second 20 in the opening . 
electrodes are structured to extend into the channel such that 15 . The method as in claim 14 , wherein the applied 
the electrodes narrow a channel dimension . non - uniform AC electric field produces a positive dielectro 

3 . The device as in claim 1 , wherein the electrically phoretic force ( F PDEP ) in a direction towards the opening to 
insulative material includes at least one of glass , silica , capture the particles in the trapping region . 
oxidized silicon , silicon nitride , polysilsesquioxane ( PSQ ) , 25 16 . The method as in claim 14 , wherein the particles 
polymethylmethacrylate ( PMMA ) , or plastic . include a first type of particles and a second type of particles . 

4 . The device as in claim 1 , wherein the particles include 17 . The method as in claim 16 , further comprising select 
at least one of proteins , nucleic acids , peptides , carbohy ing electrical parameters to separate the first type of particles 
drates , or nanoparticles . from the second type of particles based on differences in 

5 . The device as in claim 1 , wherein the size of the 30 polarizability and electrokinetic mobility of the first and 
opening is in a range of 1 to 10 nanometers . second type of particles . 

6 . The device as in claim 1 , wherein the electrically 18 . The method as in claim 17 , further comprising con 
insulating layer includes a native metal oxide coating . trolling the duration of the applied AC electric field to 

7 . The device as in claim 6 , wherein the native metal oxide temporally control the separation of the first and second type 
coating includes titanium oxide . 35 of particles . 

8 . The device as in claim 7 , wherein the titanium oxide 19 . The method as in claim 14 , wherein the particles 
coating is configured to have a thickness of 0 . 1 to 2 include at least one of proteins , nucleic acids , peptides , 
nanometers . carbohydrates , or nanoparticles . 

9 . The device as in claim 1 , wherein the electrically 20 . The method as in claim 14 , wherein the size of the 
insulating layer is formed of a self - assembled monolayer . 40 opening is in a range of 1 to 10 nanometers . 

10 . The device as in claim 1 , wherein the optical device 21 . The method as in claim 14 , wherein the electrically 
is configured to detect an illumination intensity of the insulating layer includes a native metal oxide coating . 
aggregated particles . 22 . The method as in claim 21 wherein the native metal 

11 . The device as in claim 10 , wherein the illumination oxide coating includes titanium oxide and is configured to 
intensity includes a fluorescence intensity . 45 have a thickness of 0 . 1 to 2 nanometers . 

12 . The device as in claim 1 , further comprising a sensor 23 . The method as in claim 14 , wherein the electrically 
located along the channel to detect a parameter of the insulating layer is formed of a self - assembled monolayer . 
captured particles , the sensor including at least one of an 24 . A method to capture and characterize particles in a 
electrical sensor , an electrochemical sensor , a mechanical fluid by combining electrical sensing via electrical tunneling 
sensor , or a magnetic sensor . 50 and optical sensing via coherent optical Raman spectros 

13 . The device as in claim 1 , wherein the second circuit copy , comprising : 
includes a transimpedance amplifier . receiving an electrically conducting fluid containing par 

14 . A method to capture and characterize particles in a ticles in a channel formed of an electrically insulative 
fluid k combining electrical sensing via electrical tunneling material and having a pair of electrodes to form an 
and optical sensing via coherent optical Raman spectros - 55 opening at an interface between the electrodes with a 
copy , comprising : size in the nanometer range , wherein the electrodes are 

receiving an electrically conducting fluid containing par structured to include a tip having an angle from 20 
ticles in a channel formed of an electrically insulative degrees to 120 degrees and an electrically insulating 
material and having a pair of electrodes to form an layer over the electrode surface at the opening ; 
opening at an interface between the electrodes with a 60 selecting a frequency and magnitude of an AC electric 
size in the nanometer range , wherein the electrodes are field to be applied across the electrodes ; 
structured to include a tip having an angle from 20 trapping a low quantity of the particles including 1 , 000 
degrees to 120 degrees and an electrically insulating particles or fewer by applying the AC electric field to 
layer over the electrode surface at the opening ; capture the particles in a trapping region including the 

selecting a frequency and magnitude of an AC electric 65 opening and in a region adjacent to the opening ; 
field and a bias magnitude of a DC electrical signal to selecting a bias magnitude of a DC electrical signal to be 
be applied across the electrodes ; applied across the electrodes ; 
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detecting the captured particles by applying the DC range , wherein electrodes in at least one electrode 
electrical signal across the electrodes to measure a pair of the array are structured to include a tip having 
current produced based on the presence of the particles an angle from 20 degrees to 120 degrees and an 
in the trapping region via electrical tunneling through electrically insulating layer over the electrode sur 
the opening and the electrically insulating layers over 5 face at the opening ; 
the electrode surfaces of the pair of electrodes ; 

directing a coherent light beam on the opening ; an electrical energy source electrically coupled to the 
detecting , using an optical device including a detector , electrode dielectrophoresis chip to generate a non 

inelastic scattering of the light beam by at least some of uniform AC electric field and a DC bias signal across 
the particles captured in the trapping region ; and 10 the paired electrodes , wherein the non - uniform AC 

determining a Raman spectra from the detected light . electric field produces a positive dielectrophoretic force 
25 . The method as in claim 24 , wherein the applied ( F PDEP ) in a direction towards the opening to capture a 

non - uniform AC electric field produces a positive dielectro low quantity of the particles including 1 , 000 particles 
phoretic force ( F PDEP ) in a direction towards the opening to or fewer in a trapping region including the opening and 
capture the particles in the trapping region . 15 in a region adjacent to the opening ; 

26 . The method as in claim 24 , wherein the particles a circuit board including an electrical circuit coupled to 
include a first type of particles and a second type of particles . the first and second electrodes and configured to detect 

27 . The method as in claim 26 , further comprising select changes in a DC current produced by the applied DC 
ing electrical parameters to separate the first type of particles bias signal caused by at least some of the particles 
from the second type of particles based on differences in 20 captured in the trapping region via electrical tunneling 
polarizability and electrokinetic mobility of the first and through the opening and the electrically insulating 
second type of particles . layers over the electrode surfaces of the electrodes , the 

28 . The method as in claim 27 , further comprising con circuit board providing a base to attach the electrode 
trolling the duration of the applied AC electric field to dielectrophoresis chip and electrically couple the elec 
temporally control the separation of the first and second type 25 trode dielectrophoresis chip to the electrical circuit ; 
of particles . an optical device including a laser to direct a coherent 29 . The method as in claim 24 , wherein the particles light beam on the opening and including a detector to 
include at least one of proteins , nucleic acids , peptides , detect inelastic scattering of the light beam by at least carbohydrates , or nanoparticles . some of the particles captured in the trapping region ; 30 . The method as in claim 24 , wherein the size of the 30 
opening is in a range of 1 to 10 nanometers . 

31 . The method as in claim 24 , wherein the electrically a processing unit to process at least one of the detected 
insulating layer includes a native metal oxide coating . light to determine their Raman spectra or the detected 

32 . The method as in claim 31 wherein the metal oxide DC current as data to determine a characteristic of the 
coating includes titanium oxide and is configured to have a 35 particles . 
thickness of 0 . 1 to 2 nanometers . 34 . The system as in claim 33 , wherein the processing unit 

33 . A system to characterize particles by combining is configured on the circuit board . 
electrical sensing via electrical tunneling and optical sensing 35 . The system as in claim 34 . wherein the circuit board 
via coherent optical Raman spectroscopy , comprising : further includes a memory unit coupled to the processing an electrode dielectrophoresis chip , including : 40 unit to store the data . ( i ) a substrate that is electrically insulating and struc 

tured to define a channel to carry an electrically 36 . The system as in claim 33 , wherein the circuit board 
conducting fluid containing particles , and further includes an input / output unit to send at least one of 

the data , the detected DC current signals , or the Raman ( ii ) an array of paired electrodes formed of an electri 
cally conductive material and located in the channel 45 Spectra data . 
to form an opening with a size in the nanometer * * * * * 

and 


