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ABSTRACT 
In this paper, we present a nano-spike electric protein extraction (NS-EPEx) chip for highly energy-

efficient protein extraction from mammalian cells. 3D periodic Nano-spikes (NSs) arrays with 
controllable dimensions were fabricated on low-cost Aluminum (Al) foils using scalable nano-imprinting, 
electrochemical anodization and etching processes. Extracted protein yield was comparable to one 
obtained by chemical method. By properly tuning pulsed electric field, proteins can be extracted either by 
keeping cells alive or lysed. For the same protein yield, NS-EPEx chip can be operated at applied 
voltages of 4V and save energy by 2~3 orders of magnitude (0.12kJ/kg) as compared to the other 
methods (10~1,000 kJ/kg). 
 

KEYWORDS: Nano-spike electric protein extraction chip, Pulsed electric field, Energy efficient 
 

INTRODUCTION 
Biopharmaceutical products, such as human growth hormone, vaccines, monoclonal antibodies, re-

combinant proteins are usually manufactured in eukaryotic cells, fungus or bacteria. Downstream pro-
cessing, i.e., separation, purification, etc., is the major factor in production costs. Process efficiency can 
be improved by selectively releasing intracellular products in primary recovery phase, i.e., cell disruption 
[1]. Optimization of cell disruption to avoid complete cell disruption and micronization of cell debris is 
very important from economic viewpoint [2]. Conventional methods (bead milling, homogenization, 
chemical, enzymatic) affect protein stability by disintegration of vacuoles releasing proteases [2]. Pulsed 
electric field (PEF) has been proved effective in avoiding these drawbacks by selectively disrupting the 
cell membrane in fast and rapid manner (ca milliseconds) [2]. Cellular analysis using small amounts of 
intracellular proteins over time with minimal invasiveness is possible with PEF. Conventional and PEF 
extraction methods are limited due to their high energy requirements even at the laboratory scale; special 
power generators (few tens of kV) are required to fulfill such requirements [3]. Low-energy PEF extrac-
tion methods are highly desirable in commercial applications as well as in Lab-on-a-chips. 

 

EXPERIMENTAL PROCEDURE 
In this paper, we present a nano-spike electric protein extraction (NS-EPEx) chip for highly energy-

efficient protein extraction from mammalian cells (Fig. 1a). 3D periodic Nano-spikes (NSs) arrays with 
controllable dimensions were fabricated on low-cost Aluminum (Al) foils using scalable nano-imprinting, 
electrochemical anodization and etching processes (Fig. 1b). Complete details of fabrication of nano-
spike chips can be found elsewhere [4-5]. Electric pulses with adjustable amplitude Va and duration tP 
were generated using DAQ card and Labview program (Fig. 1a). HeLa cell suspension was exposed to 
PEF on NS-EPEx chips and the extracted protein concentration was determined on supernatants after 
centrifugation by standard Bradford protein assay (Fig. 1c). Numerical simulations of the NS array using 
COMSOL show the nano-focused electric field due to the local electric field enhancement near the NSs 
(Fig. 2). Low input energy was required to extract proteins on NS-EPEx chip due to nano-focused elec-
tric field near the NSs.  

 
RESULTS AND DISCUSSION 

Extracted protein yield increases with cell concentration (Fig. 3) and cell concentration of 5×106 



Figure 1. (a) Schematic of a NS-EPEx chip and the exper-
imental setup. The applied electric field was focused and 
enhanced through Nano-spikes (NS) on the NS-EPEx, (b) 
SEM micrograph of array of Aluminum NS and (c) stand-
ard Bradford protein assay after electric protein extrac-
tion. 

Figure 2: Numerical simulation showing the electric 
field distribution on the nano-spike array using 
COMSOL at Va = 4V shows the nano-focused electric 
field due to the local electric field enhancement near 
the NS. 

 

cells/mL was used in further PEF experiments. PEF parameters Va and tP have significant impact on ex-
tracted protein yield which increased by increasing Va and tP (Fig. 4). For tP =10ms and Va ≥4V, protein 
concentration was comparable to one obtained by chemical method (Fig. 4). By properly tuning PEF pa-
rameters, proteins can be extracted either by keeping cells alive or by cell lysis (Figs. 1 & 4).  

 

 

Figure 3. The protein yield of the NS-EPEx chip as a func-
tion of HeLa cell concentration at Va=4V (Ea=3.5kV/cm) 
and tP=4ms. Each graph represents the average of 3 
measurements and the error bars represent standard devi-
ation. 

Figure 4: The protein yield of the NS-EPEx chip as a 
function of applied voltage Va at selected pulse dura-
tion tP at the cell concentration of 5×106 cells/mL. 

From the protein yield–Va curves (Fig. 4), two critical values of voltage/electric field was defined. 
Ec,ex is the electric field for the onset of protein extraction; beyond this value, protein extraction efficien-
cy increased exponentially. Es,ex is the critical electric field for the saturation of protein yield. Phase dia-
gram for the protein extraction from HeLa cells on the NS-EPEx chip were constructed using these criti-



 

 

cal values (Fig. 5) which defines the effective protein extraction area with PEF parameters. Typical ener-
gy requirement for the protein extraction using different extraction methods was compared with our 
method (Table 1). It is clear that for the same protein yield, NS-EPEx chip can save energy by 2~3 orders 
of magnitude (0.12 kJ/kg) as compared to the other methods (10~1,000kJ/kg).  

 

Figure 5. Phase diagram for the protein extraction from 
HeLa cells on the NS-EPEx chip. Vc,ex/Ec,ex is the critical 
voltage/electric field for the onset of protein extraction; 
beyond this value, protein extraction efficiency increased 
exponentially. Vs,ex/Es,ex is the critical voltage/electric field 
for the saturation of protein yield. 

Table 1. Typical energy requirement for the protein 
extraction using different methods. 

Ref. 
Extraction 
Methods

Specific Energy 
Requirement 

Protein 
Yield % 

[6] 
High pressure 
homogenization 

150–1500 kJ/kg 
91% 

[6] Ultrasonication 12–96 kJ/kg 1.8% 

[6] 
High voltage elec-
trical discharge

53.1 kJ/kg 
1.15% 

[6-7] 
Pulsed electric 
field

13.3-53.1 kJ/kg 
5.2% 

(2mg/mL)
This 
paper 

NS-EPEx 0.12 kJ/kg 
90~100% 
(1.5µg/µL) 

 

CONCLUSION 
In this paper, we present a nano-spike electric protein extraction (NS-EPEx) chip for highly energy-

efficient protein extraction from mammalian cells. Extracted protein yield was comparable to one 
obtained by chemical method. By properly tuning pulsed electric field, proteins can be extracted either by 
keeping cells alive or lysed. For the same protein yield, NS-EPEx chip can save energy by 2~3 orders of 
magnitude (0.12 kJ/kg) as compared to other methods (10~1,000kJ/kg). 

 
ACKNOWLEDGEMENTS  
This research was supported by the Hong Kong Research Grants Council (Ref No. 16205314). 

REFERENCES 
[1] B. Balasundaram et al., “Advances in product release strategies and impact on bioprocess design,” Trends in 

Biotech., 27, 477-485, 2009. 
[2] M. Coustetsa et al., “Optimization of protein electroextraction from microalgae by a flow process,” 

Bioelectrochemistry, 103, 74-81, 2014. 
[3] J. Teissié et al., “Recent biotechnological developments of electropulsation A prospective review,” 

Bioelectrochemistry, 55, 107-112, 2002. 
[4] K. Riaz et al., “An Aluminum Nano-Spike Electroporation Chip for Low Voltage Delivery of Molecules to 

Cancer Cells,” IEEE NEMS 2014, Hawaii, USA, 147-151, 13-16 April 2014. 
[5] K. Riaz et al., “Optimization of multiple-pulse ultra-low voltage Nanospike electroporation chips using feed-

back system control for efficient delivery of molecules to cancer cells,” IEEE NEMS 2015, Xian, China, 263-
267, 7-11 April 2015. 

[6] N. Grimi et al., “Selective extraction from microalgae Nannochloropsis sp. using different methods of cell dis-
ruption,” Bioresource Technology, 153, 254-259, 2014. 

[7] T. Ohshima et al., “Releasing profiles of gene products from recombinant Escherichia coli in a high-voltage 
pulsed electric field,” Biochemical Engineering Journal, 5, 149-255, 2000. 

CONTACT 
*Yi-Kuen Lee, HKUST, Tel: +852 2358-8663, Fax:+852 2358-1543, E-mail: meyklee@ust.hk 

View publication statsView publication stats

https://www.researchgate.net/publication/302904600


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

  /CreateJDFFile false
  /Description <<

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

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


