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Bio-Optofluidic System (BIOS) Lab

2



Bio-Optofluidic System Lab, NTU

Lab-on-Chip

• Miniaturization and integration of 

laboratory biochemical processes

– Microfluidics, micro-sensors and 

micro- actuators 

– Reduce cost and waste of bio-

diagnostics

• Problems to address

– Heterogeneous materials bonding

– Standard fabrication protocols 

– Optical alignment 

– Buffer condition

– Leakage 

– Packaging 

~10-100 μm

(Ref: Sandia lab)
(Ref: OpenDrop)
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Examples of miniaturization
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https://www.youtube.com/watch?v=pgpkXTr1O3k
https://www.youtube.com/watch?v=pgpkXTr1O3k
https://www.youtube.com/watch?v=tE-x5C8vdzQ
https://www.youtube.com/watch?v=tE-x5C8vdzQ
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Microfluidics

• Technology of manipulating and 

controlling fluids, between 10-6 to 10-

12 L in ~10-100 μm microchannel

• It is a multidisciplinary field from the 

development of analytical chemistry 

and microelectronic fabrication

technologies

• Microfluidics in the 

human body?

– Blood vessel

– Organs on Chip

(Nature 471, 661–665)

(Science, 309, 137-140, 2005)
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Microfluidics for whole blood 

process and detection
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(Ref: Lab Chip, 2013, 13, 1011)

Current Bio-Sample Process Problem

• Sample preparation: centrifugation, cell fixing, washing and 

cytochemical staining 

• The quality of biomarker detection will be affected by sample 

preparation

A platform to efficiently perform sample preparation 

and in-situ analyte detection!!! 
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Diseases diagnosis using whole blood

• Whole blood consists of 54.3% plasma, 45% RBCs, 0.7% 

WBCs and platelets 

(Journal of Cancer 9(18):3417-3426)

• Biomarkers in whole blood
• Protein, DNA and metabolites=> 

diabetes, mutation disease 

• Immune cells or tumor cells=> 

inflammation, cancer 

• Bacteria => sepsis, infection
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Blood Separation Methods

• Fluorescence-activated cell sorting

• Magnetic-activated cell sorting

Label-free 

Labeled

• Micro-scale filters

• Hydrodynamic filtration

• Deterministic lateral displacement

• Inertial

• Gravity and sedimentation

• Aqueous two-phase systems

No external field 

• Acoustophoresis

• Magnetophoresis

• Optical

• Dielectrophoresis

With external field Blood
• CD 

• Paper

Other format  

• Plasma Separation

• Cell Separation 
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Difference between Plasma and Serum

http://www.microbiologynotes.com/differences-between-serum-and-plasma/
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Blood Separation Method

• Platelet-Rich Plasma (PRP) 

treatment 
• Centrifuge
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Microfluidics for whole blood processing 

Microfluidic cartridge 

(NOWDiagnostics)

• PDMS/PMMA-based, CD-based, paper-based microfluidics  
• Low sample requirement & shorter sample process time  

• Low power consumption or power-free

• Multiple bio-components separation 

• Integrate optical or electronic sensors for in-situ biomolecule detection

(Liu et. al. Anal. Chem. 2013, 85, 10463–10470) 

(Liu et. al; Lab Chip 2016, 16, 553) 12

https://www.cytofluidix.com/nowdiagnostics-is-using-quick-fingertip-prick-blood-testing-to-identify-disease/now-diagnostics/
https://www.cytofluidix.com/nowdiagnostics-is-using-quick-fingertip-prick-blood-testing-to-identify-disease/now-diagnostics/
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Microfluidics for Whole Blood Process 

• Why microfluidics for whole blood process? 

– Cost-effective, portable, disposable 

– Low sample volume 

– Fast response 

– Multi-functional

• Four important parameters:

– Dilution ratio

– Throughput 

– Purity

– Yield 
L. Lee Group at UC Berkeley Section 1
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Integration of microfluidics with electrical 

sensors for whole blood analysis
• Why integrating microfluidics with electrical sensors?

(1) on-chip sample process; (2) multiplicity; (3) low sample volume; 

(4) fully automated system with embedded signal processing  

(Kuan et. al., Analytical Methods, 2020) 14
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Microfluidics for blood cell 

lysis and focusing 
• Mechanical lysis: nanoblades, microbubble  

• Chemical lysis: 
(1) hypotonic solution (DI water) for selective lysis 

of RBCs and WBCs 

(2) lysing buffer to eliminate red blood cells

• Narrow channel focusing

• Sheath flow focusing

(Kuan et. al., Analytical Methods, 2020) 15
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Microfluidics for blood cell separation

Do we want blood plasma or blood cells?
16
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Microfluidics for blood cell separation

• Micro-scale filters (Size, deformability) 

• Hydrodynamic 

filtration (size, shape)

• Deterministic lateral 

displacement (DLD) 

(size)
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Microfluidics for blood cell separation -

Sedimentation
• Based on gravity 

• Blood cell separation 
– May not be suitable 

• Blood plasma separation
– The easiest method
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• Blood plasma separation 

Microfluidics for blood cell separation -

Micro-Filtration

K. Kurabayashi Group, U Michigan  

• Based on cell size 

• White blood cell separation 
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• Blood Cell Separation

Microfluidics for blood cell separation -

Cell Deviation

• The balance of shear gradient and wall effect 

life force

20
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The fully integrated microfluidics with 

electrical sensors for whole blood analysis 

• Microfluidics

– Cell focusing

– Cell lysis

– Cell guiding 

– Cell separation 

• Electrical sensors 

(Electrode, ISFET, EIS)

– Cell counting

– DNA detection

– metabolite detection  

(Kuan et. al., Analytical Methods, 2020) 21
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When Microfluidics meet 

Electronics or Optics… 
• Problems need to solve…

– Bonding of different materials

– Buffer conditions 

– Leakages 

– Packaging 

– Optical alignment 

– Standard fabrication protocols 

(Ref: Sandia lab)

(Ref: OpenDrop)

https://www.youtube.com/watch?v=o9n0tfutOp4
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https://www.youtube.com/watch?v=o9n0tfutOp4
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Case Discussion: Bad Blood
• Elizabeth Holmes, the CEO of Theranos

• Theranos was a health-care company, but subsequently infamous 

for its false claims to have devised blood tests that only needed 

very small amounts of blood

• Q1.Issues when minimizing the 

sample volume?

• Q2.Issues when integrating multiple 

modules into one system? 

https://www.youtube.com/watch?v=wtDaP18OGfw

23

https://www.youtube.com/watch?v=wtDaP18OGfw


mChip from Harvard for hepatitis C and HIV microRNA detection for cancer diagnosis 

(e.g. Toshiba) 

Circulating tumor cell (CTC) detection  

(e.g. CellSearch, Leica) 

Complete blood counting (CBC) for 

malaria detection (e.g. Sight Diagnostics’ 

OLO analyzer) 

Section 2 24
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Point-of-care (POC) devices

What are the challenges of POC analysis?

1.Simple: power-free, or automatic fluidic control  

2.Sample efficient: no dead volume, high selectivity and purity 

3.Sensitive: detection spot has to be highly specific

25

https://www.youtube.com/watch?v=iMMYbzizu8c
https://www.youtube.com/watch?v=iMMYbzizu8c
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M-Chip for HIV Test  

• Serial sample loading by 

preloaded droplet

• Each detection zone represent 

to one biomarker

• The total analysis time is ~min   

S. Sia Group at U columbia
http://www.youtube.com/watch?featu
re=player_embedded&v=vpxnJM2jSVg 26

http://www.youtube.com/watch?feature=player_embedded&v=vpxnJM2jSVg
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Magnetic Field Separation 

• Blood Cells Separation

• C.albicans fungi: 

– a leading cause of 

sepsis-related deaths

Micromagnetic–microfluidic blood cleansing 

device Lab Chip, 2009,9, 1171-1177
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Blood Plasma Separation by CD

• Use centrifugal force to guide 

blood sample 

• Advantages:

– Cost-effective 

– High throughput 

– Fast response 

• Problems:

– Not easy to adjust flow rate

– Require valves

– Tubing is difficult  

https://www.youtube.com/watch?v=iXUtVtpP6Q8

28

https://www.youtube.com/watch?v=iXUtVtpP6Q8
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• Use capillary force to 

guide blood sample 

• Advantages:

– Low cost 

– Easy of fabrication  

– Long term storage 

• Problems:

– Flow rate is not 

consistent 

– Difficult to perform 

fluidic valving

– Difficult to integrate 

sensors   

Paper-based Microfluidics 

G. Whiteside Group, Harvard P. Yager Group, U Washington 

29

https://www.youtube.com/watch?v=8Jp-TSyrgqA
https://www.youtube.com/watch?v=8Jp-TSyrgqA
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Blood Plasma Separation by Paper

• Use capillary force to draw liquid

– RBC aggregation helps plasma separation 

X. Yang, O. Forouzan, T. P. Brown and S. S. Shevkoplyas,

Lab Chip, 2012, 12, 274–280
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Power-free Blood Separation Microfluidics  

• Fluid is driven by vacuumed PDMS 

L. Lee Group at 

UC Berkeley
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Challenges of Whole Blood Process

• High cellularity of samples 

• Cell components 

aggregation

– EDTA: prevent platelet 

activation 

– Dilution factors

– Red blood cell lysis: remove 

99% of cellular contents  

• Large blood volume 

process 

• Long sample culture time 

• Requirements of whole blood 

process device:

• Easy-of-use: automating multi-

step sample preparation 

• Yield: Preparing samples with 

high cellularity 

• Purity: achieving high purity cell 

populations

• Throughput: concentrating rare 

cells from large volumes

• Multiplexity: preparing small 

volume sample for multiple 

assays

32
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Diabetes Diagnosis Methods

• Diabetes diagnosis methods in the hospital

– Fasting plasma glucose (FPG) level 

– 2-h value in the oral glucose tolerance test (OGTT)

• POC glucose meters at home

– Day-to-day glucose level varies by diet, stress levels and illness.

– Different hematocrit levels in patients 

POC Glucose Meter• Hemoglobin-A1c test (HbA1c / Hb) 

– Risk for diabetes: HbA1c ratio = 5.7 to 

6.4% 

– Require whole blood processing: cell 

lysis, plasma purification => laborious, 

time-consuming and require 1~1.5 mL 

blood

33
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Microfluidics Integrating Nanowire Sensors

• Microfluidics + nanowires: on-chip whole blood processing and analytes

detection

• Three-dimensional microchannel: blood cells trapping and plasma dilution 

• Programmable piezoelectric pumps: automatic fluidic control

• CMOS nanowire sensors: label-free and dynamic detection of analytes

• Total assay time: <30 minutes

• Required blood volume: 5 μL

34
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Schematic of CMOS Nanowire Sensors

• 0.35μm two-polysilicon-four-metals (2P4M) CMOS standard 

fabrication technology

(Kuan et. al., Lab on Chip, 2016)

35
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Detection of Hb and HbA1c Concentrations 

in Clinical Samples

• Three clinical sample groups with different diabetes risk level

(Kuan et. al., Lab on Chip, 2016)

36
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Microfluidic Platform for Heart Failure Diagnosis 

• Integration of sedimentation and porous 

membrane to enable dilution-free whole 

blood processing

37
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The Microfluidic Device for Plasma 

Extraction, RBC, and WBC Trapping

(Kuan et. al., Scientific Reports, 2018)
38
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Summary

• We developed various microfluidic platforms for whole blood 

processing and in-situ analyte detection

– on-chip whole blood processing and in-situ Hb/HbA1c detection

– dilution-free plasma extraction

– simultaneously plasma extraction, RBC and WBC trapping 

• The microfluidic platforms for whole blood processing could 

– improve the accuracy and sensitivity of biosample analysis

– eliminates the cost and time of sample preparation process

– less blood sample volume, important for infants and elderly 

people  

39
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isolation and detection
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Bacteria Infection Diagnosis Method 

Blood 

sample

BacT/Alert

1day - 3day

Plate culture

1day

• Current bacteria antibiotic susceptibility test (AST) 

• Problems: 

1. complicated procedures and bulky instruments 

2. prolonged bacteria culture and sample process time 

41
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• Challenges of AST :
– Extremely low bacteria in blood

– Rapid and efficient diagnosis 

– Suitable antibiotics 

(Merckmillipore)

Clinical AST procedures

• Solution: the use of broad 

band antibiotics

A rapid, highly-sensitive bacteria phenotypical analysis is required
42
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Microfluidics for bacteria AST

• System integration

• Less manipulation error

• Lower sample volume & process time

• Surface-Enhanced Raman Scattering (SERS)

• Label-free and rapid detection

D=25nm W=5nm

Biological samples

(Ex: blood)

(Blood) 

Culture
Plate culture

Manual/Auto 

Observation

1-3 days 1 day• Standard AST ~hrs

On-chip culture Metabolite collection & SERS

Biological 

samples

(Ex: blood)

(Blood) 

half-time 

Culture

Broth/ 

microfluidics 

culture

SERS 

detection

Metabolite 

separation

• Microfluidic AST ~mins ~mins~hrs

43
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Surface-Enhanced Raman Scattering (SERS)

• Raman scattering (RS)

– Inelastic scattering 

– 1 out of 10 million photons

– Fingerprints of molecule

• Surface-enhanced RS

– Rough silver or gold surfaces

– Surface plasmon resonance

– Enhance intensity (1010 ~1014)

(Smith and Dent, 2005)

44
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SERS Spectrum of Bacteria Strains

(W. R. Premasiri, et al, Anal Bioanal Chem, 2017)

Prof. Ziegler in Boston University 45
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Microfluidics for bacteria AST

Sample preparation + Metabolite detection

46
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Automated microfluidic system

Valve

Manifold

Micro-

pump

Reservoirs

Valves

185 mm X  133 mm

(Wang et. al., Microfluid. and Nanofluid., 2019)

47



Bio-Optofluidic System Lab, NTU

On-chip LC separation of FITC and R6G

1 mm

Mobile phase 60% methanol

(Wang et. al., under review)
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On-chip LC separation and SERS Detection

Top

Bottom

R6GFITC

• Two fluorescent molecule (FITC and R6G) separation and in-situ 

SERS detection 

(Wang et. al., under review)
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The microfluidic system integrating 

membrane filtration and SERS

200nm

(Chang et. al., Anal. Chem. 2019) 50
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Trapping efficiency: 
82%

Bacteria Filtration Capability

• Membrane filter: Polycarbonate membrane (pore size=0.22μm)

• Bacteria strain: Fluorescent E. coli (ATCC 25922 transfected with GFP)

• Volume: 1, 5, 10 mL & Concentration: 103 – 106 mL-1

(Chang et. al., Anal. Chem. 2019) 51
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On-chip AST

• Susceptible E. coli (ATCC 25922)

• Resistant E. coli (DH5-alpha transfected with kanamycin resistance)

(Chang et. al., Anal. Chem. 2019) 52

Section 4
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The microwell-SERS system

(Huang et. al., Lab on Chip, 2020) 53
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Operation protocol of

Microwell-SERS system

(Huang et. al., Lab on Chip, 2020) 54



Bio-Optofluidic System Lab, NTU

The microwell-SERS system for AST

• Antibiotic susceptibility test results of E. 

coli and S. aureus treated with antibiotic

• Raman mapping image

• Bacteria encapsulation images

(Huang et. al., Lab on Chip, 2020) 55
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The “automated” microwell-SERS system

LabSmith System
1 mmPDMS Microchip

(Diameter: 50 μm)

56
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Automated bacteria isolation and 

washing process
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Washing flow rate optimization

Fluorescence beads concentration:
5 x 107 particles/mL  (diameter: 2 µm)

Automatic wash 3 min
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Washing flow rate (μL/min)

N = 1100

Before wash
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The SERS spectrum at 

various bacteria concentration

105

106

107

108

109

DI

105

106

107

108

109

DI
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AST results using automated 

microwell-SERS system 

• Sample: E. coli. (ATCC 25922) - susceptible

. E. coli. (DH5-α) - resistant

• Antibiotic: kanamycin 16 μg/mL 

r 7
4

0

• Bacteria concentration: 108 CFU/mL

• Antibiotic treating time: 2 hours

Susceptible Strain Resistant Strain

DH5-α
ATCC 25922
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Summary

• A microfluidic device integrating membrane filtration with SERS

substrate for rapid bacteria detection and AST.

• The device enables a high-throughput (~2mL/min), label-free, real

time and in-situ detection with much less manual error.

• The device currently achieves ~10000X bacteria enrichment.

61



Microfluidics for cell 

trapping and detection
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The microfluidic microwell device for 

immunomagnetic single cell trapping
• The sweeping process to enable 

single particle trapping 

• The microfluidic microwell device

• The magnetic field distribution

(Huang et. al., Micro. & Nanofluidics, 2018) 63
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The microfluidic microwell device for 

hydrodynamic particle trapping 
• The microfluidic microwell device 

with sheath flow 
• Flow stream and particle trajectory 

simulation  

• Particle trapping efficiency 

w/ and w/o sheath flow

(Lai et. al., Micro. & Nanofluidics, 2019) 64

Section 5
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• 1.7 million patients suffer from chronic 

renal failure in the world. 

• In Taiwan, there are 70,000 patients

– >90% patients take hemodialysis in 

the hospital three times per week => 

USD 100 per treatment 

– ~9% patients take peritoneal dialysis 

(PD) at home => cost and time 

efficient

• The bottleneck of promoting peritoneal 

dialysis is the early-stage inflammation  

Tele-health Care for Chronic Renal 

Failure Patients 

Hemodialysis 

Peritoneal dialysis

Develop a microfluidic platform to monitor the early-stage 

inflammation of PD patients 
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Microfluidics for White Blood Cell Counting

• Key parameters of early-stage inflammation of PD patients

– 100 WBC/μl and >50% neutrophils in PD solution 

Microfluidic

Platform

黃念祖教授

Interface & 

Signal

Processing

(既有成果)

Turbidity Detection and ECG Module

馬席彬教授

NFC Tag IC

林宗賢教授

Smart Power Management System

劉深淵教授Dialysate

Peritoneum

NTU Hospital 

Cardiac Monitoring in CAPD Patients

林彥宏醫師

Peritoneal Dialysis Peritonitis

黃政文醫師

Home Telecare

ECG

Drug Sensor

黃榮山教授

Mobile

Phone 
Platform

Blood

NTU Hospital

Mobile Device
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The Microfluidic Device with

Hydrodynamic Trap Arrays

Zone A Zone B Zone C
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15 μm Fluorescent Beads and 30 μm

Pluribeads Trapping

• Pluribeads: 30μm, concentration: 20/μL

• Fluorescent beads: 14.8μm, concentration: 50/μL

• Flow rate: 2μL/min

• Sample volume: 10μL

4x speed 

68



Bio-Optofluidic System Lab, NTU

Neutrophils Conjugated to 30μm Pluribeads

Microbeads capture more cells under higher concentration
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THP-1 cells conjugated to 30 μm Pluribeads

• Pluribeads and THP-1 cells trapping image under flow rate: 0.05μL/min

• 100% pluribeads

trapping rate

• 96% THP-1 cells 

trapping rate

• THP-1 cell has 

CD15 expression
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• The neutrophils percentage comparison between flow

cytometry and microfluidics

Neutrophils Concentration in PD Solution

71



Microfluidics for DNA 

microarray hybridization
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• Conventional genetic tests are usually time-consuming 

(~4-8 weeks) and expensive (USD 3000–5500)

• The microfluidic DNA microarray platform for genetic 

variants detection in inherited arrhythmic diseases, such 

as long QT syndrome (LQTS), Brugada syndrome (BrS)

– Single nucleotide polymorphism (SNP)

– Graphene Oxide (GO) to inhibit non-perfectly matched DNA  

Microfluidics for Personalized Medicine

(Huang et. al., Analyst, 2018) 73
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Automated DNA hybridization process

• Automated and precise fluidic control 

– Active mixing, temperature control

– Total assay time: <3 hours

– Required blood volume: 20 μL

(Huang et. al., Analyst, 2018) 74
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LQTS Clinical Sample Validation

Patient (J1612)

Exon Sanger result

12 WT

17 MU

E
x
o

n
 1

2
 

E
x
o

n
1

7
 

(Huang et. al., Analyst, 2018)

• The microfluidic DNA 

hybridization device

– SNP detection by GO + 

SYBR green I

– Automatic reagent control 

and rapid DNA 

hybridization

– Distinguish three clinical 

samples with specific 

exon mutation 
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Disease Diabetes 
Periodontal 

dialysis 
Leukemia 

Bacterial 
Infection 

Genetic Diseases
Blood 

Counting 

Markers 
Glycated 

Hemoglobin 
(HbA1C)

White Blood
Cells (WBC)

Bacteria &
Metabolites

Primary cilia
Mutated 

DNA 
sequence 

WBC, RBC, 
Plasma

(Kuan et. al., Scientific 

Report, 2018)

(Huang et. al., Analyst, 2018)

(Kuan et. al., Lab Chip, 2016)

(Chu et. al., 

Biomicrofluidics, 2019)

(Huang et. al., Microfluid. 

and Nanofluid., 2018)

(Wang et. al., Microfluid. and 

Nanofluid., 2019)

(Chang et. al., Anal. 

Chem. 2019)
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Conclusions

• We developed various microfluidic platforms for personalized 
medicine and healthcare

– whole blood processing and in-situ analyte detection

– bacteria enrichment followed by antibiotic susceptibility test
(AST)

– Cell trapping and counting for disease diagnosis

– rapid and automated DNA hybridization process and SNP 
analysis  

• The microfluidic platforms could potentially 

– improve the quality of medical care and enables long-term 
health monitoring in point-of-care settings

– eliminates the cost and time of sample preparation process
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