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1. HD-SACA chip for 
CTCs/CTM/CHCs 

detection

CTC 
Cluster

10 drugs x 5 conc. Cocktail chip

CTC clusters chip

2.AI-PRS drug screening 
3. 3D Tumor/Kidney/Liver 

on a Chip
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Part I: SACA systems enabled CTC/CTM 
identification for Cancer Diagnosis/Prognosis
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(Image source: Fabisiewicz, Anna, and Ewa Grzybowska. "CTC clusters in cancer progression and metastasis." Medical Oncology 34.1 (2017): 12.

CTM have higher stemness, survival and metastatic growth possibility (30-50 times) than single CTCs.

Circulating tumor Cells (CTCs) and
 Circulating tumor microemboli (CTM) 
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Circulating Tumor Cells from Enumeration to Analysis

Yu-Ping Yang, Teresa M. Giret and Richard J. Cote, Cancers 2021, 13, 2723

There are now efforts to characterize CTCs more precisely through molecular and functional analysis, expanding 
the CTC effort from one of diagnosis and prognosis to now include the use of CTCs to specifically target cancers 
and discover therapeutic solutions, establishing CTCs as critical in precision medicine.
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Side flow:
Lateral flow by evaporation
Side fluid force 

Top view

Cross section

Pure passive force (without pump)

A well with side channel A well without side channel

Monolayer Overlapping

SACA chip 96-well

Easy to recognize and isolate

Fluorescent

Bright

Fluorescent

Bright

Cells > 10µm

Cell restriction 
channel < 5µm

Cells trapped in 
observation hole

SACA chip avoid cell aggregation 
which interference observation 

High-density Self-Assembly Cell Array (HD-SACA) Chip

TJ Chen et. al. Biomicrofludics, 2014 ; WY Cho et.al., Sci. 
Rep. 2018 
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Mechanism for Cell Self-Assembly

Radiation flow

Brownian Motion

Slide over
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Single cell pick-up

SACA chip 
loading stage

Image scanner with xyz p
ositioning stage

Step 5. fnRBC counting and single cell sorting

visible touch panel

CTCs     WBCs     RBCs

Gravity

Monolayer!

Cross section

Lateral flow by evaporation 

Self Assembled Cells Array Chip

Step 3. fnRBC isolation from PBMC smear in a monolayer by SACA chip

CTCs/CTM
Lymphocytes
Monocytes
Platelets

PBMC

Step 1. Blood Sampling Step2. Cell IF staining 

Step 4. Image screening and positing of fnRBC  

EpCAM Hoechst

CD45 Merge

Workflow of CTCs/CTMs Detection

Density 
Separation

fluor-dyes 
stained

Venkatesh et. al. Sen.Act. B, 2019, Venk. ACS AMI 2021 
YJ Hao, Clinical Med. 2022
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Rare Cell Screening and Single Cell Analysis System
† The first demonstration case is a CTCs scanning chip system for monitoring disease progression 

and prediction of recurrence of Cancer.

*System feature: 
• Open chamber, Cell Monolayer
• Fluorescent imaging of CTCs
• Realtime Tracking
• Single cells/clusters pick-up

*Function capability:
• Resolution: 1/109

• Recovery Rate: > 95% 
• Cell assembly: 5 mins
• Cell density: 106 cells/cm2

• Image time: <1 hrs for 107 cells
• Capture capability: 1 cell/0.1 cc

NO Pumping system

WBCs

CTCs

Others

Venkatesh et. al. Sen.Act. B, 2019

SACA Image SystemSACA Chip

Cell recovery rate 30% 
higher than ISOflux 

www.cellenvision.biz CytoSCM imaging@cellenvision

www.cellenvision.biz
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Name

Commerci
al

/Technolo
gy

Automatio
n

Recognition

Speed Cost Repeatabili
ty

Clinical 
trial

Cells 
viability FDASignal Shape

FAST
Partial 

fluorescence 
image

Low 80+80
min(In Lab)

EH M S Dead N

HD-CTC
Partial 

fluorescence 
image

Low 80+80
min(In Lab)

EH H L(3y) Dead N

CTC-Chip
Research  
immuno

Fluorescence
No 8~9 hr M L S Low N

BD-Chip
Research  
immuno

Fluorescence
No 8~9 hr M L S Low N

AdnaTestR
(RT-PCR)

Commercial
RT-PCR

No ~4hr H(RT-PCR) H m Dead N

CytoTrapNa
noTMChip

Commercial
Immune

Fluorescence
Half X X EH EL(ys) Dead N

CellMax-LBx 
CMxR

Commercial
ctDNA

Half X US
$1000/CASE

EH EL(ys) Med N

CellSearchRF
luxion

Commercial
Immune-
magnetic

Half 8 Parallel 4hr EH
$1000/CASE

EH E(ys)L Dead Y

NTHU-HD-
SACA system

Research
fluorescence 

image
Half 1-2 hr

US
$100/CASE

EH(In Lab) S(5ys) High N
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Part I: SACA systems enabled CTC/CTM/CHC/T cells/NK 
cells identification for Cancer Diagnosis/Prognosis

--More than 2000 clinical samples were completed since 2015.
(Clinical Medicine 2023, Advanced Therapeutics 2023, Sensors and Actuators B 2023, Cancers, 2020, 2019, Cells 
2020, Sci. Rep. 2017, BMF 2014, MicroTAS 2011, 2012, 2013,2016, 2017, 2018, 2022, 2023, 2024, 2025, IEEE 
MEMS 2011)

NVGH Dr. CK Chiang, Dr. CG Lin
CRC Cancer

SHH, Dr. KY Lee
Lung Cancer

NTU H, Dr. ZS Lee
Lung Cancer

SKH, Dr. HC Lai
Breast Cancer

NTU H, Dr. S Wu
Head neck cancer
Pancreatic Cancer

NTU H, Dr. CC Ke
Lung Cancer



µ-Nano Bio & fluidic Systems Lab Prof. Fan-Gang Tseng

NTHU ESS/NEMS Institute
CTCS SYNERGIZES WITH CEA TO IMPROVE PREDICTION

OF RECURRENCE IN NON-METASTATIC CRC

Figure X. Kaplan–Meier survival curves of progression-free survival in patients with non-metastatic diseases, stratified with CTC and CEA. (A) 
Red line: CTC >4; blue line: CTC ≤4; p = 0.242; (B) red line: CEA >5 ng/mL; blue line: CEA ≤5 ng/mL, p = 0.176; (C) red line: both CTC >4 
and CEA >5 ng/mL; blue line: others, p = 0.033.

By	long-term(>3	years)	Number	of	CTC	clusters	tracking,	it	is	possible	to	identify	CTCs	in	the	blood	
1-1.5	years	before	the	recurrence	and	metastasis	of	tumor,	and	improve	postoperative	survival	rate	
with	the	odds	Odds	ratios	(ORs)	of	CTCs	with	CEA	>8	folds	than	CTC	or	CEA	respectively.

Cancers 2019, 11(1), 56; Fangang et.

NVGH Dr. CK Chiang

HY Chu et. al. Cancers, 2019

CTCs + CEA:  ORs>8.2 
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“Highly Correlated Recurrence Prognosis in Patients with 
Metastatic Colorectal Cancer by Synergistic Consideration 
of Circulating Tumor Cells/Microemboli and Tumor Markers 
CEA/CA19-9” Cells, VOL.10, Issue 5, 1149, MAY, 2021

CTM numbers highly correlate with tumor stage 

The CTM counts can best predict recurrence 
in patients with non-metastatic CRC

Odds ratios (ORs) of CTCs, CEA, CA19-9, and CTC clusters and their 
combination to predict recurrence for patients at all cancer stages

CTCs+CTMs+CEA: ORs>24.4

NVGH Dr. CK Chiang

HY Chu et. al. Cells, 2020
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Lower CTM (CTCs cluster) activity illustrates more stable patient conditions
For lung squamous cell carcinoma stage IIIB, one has had tumors positive for PD-L1 expression as well as 
treated with Docetaxel + Carboplatin + Nivolumab), and the other has had  tumors negitive for PD-L1  expression 
as well as treated with Alimta/Carbo/Avastin/Atezolizumab )
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POSTOPERATIVE FOLLOW-UP ON RECURRENCE 
DYNAMICS FOR NSCLC

Positive case(CTM number & (CTC+CD45-) decreasing) Negative case (CTM number & 
(CTC+CD45+) increasing)

SHH, Dr. KY Lee
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𝑪𝑻𝑪: 	𝑷𝒂𝒕𝒊𝒆𝒏𝒕!𝒔	𝒔𝒕𝒂𝒕𝒆	𝒑𝒐𝒊𝒏𝒕	𝒐𝒇	𝑪𝑻𝑪

𝑪𝑻𝑴: 	𝑷𝒂𝒕𝒊𝒆𝒏𝒕!𝒔	𝒔𝒕𝒂𝒕𝒆	𝒑𝒐𝒊𝒏𝒕	𝒐𝒇	𝑪𝑻𝑴

𝑨1: 𝑷𝒓𝒆𝒅𝒊𝒄𝒕	𝒂𝒄𝒄𝒖𝒓𝒂𝒏𝒄𝒚	𝒐𝒇	𝑪𝑻𝑪

𝑨𝟐: 𝑷𝒓𝒆𝒅𝒊𝒄𝒕	𝒂𝒄𝒄𝒖𝒓𝒂𝒏𝒄𝒚	𝒐𝒇	𝑪𝑻𝑴

𝑩1: 	𝒄𝒖𝒕 − 𝒐𝒇𝒇	𝒑𝒐𝒊𝒏𝒕	𝒐𝒇	𝑪𝑻𝑪

𝑩𝟐: 	𝒄𝒖𝒕 − 𝒐𝒇𝒇	𝒑𝒐𝒊𝒏𝒕	𝒐𝒇	𝑪𝑻𝑴

C𝑇𝐶	𝐹𝑎𝑐𝑡𝑜𝑟 = 𝑨1×
𝐶𝑇𝐶 − 𝑩1

𝑩𝟏
C𝑇𝑀	𝐹𝑎𝑐𝑡𝑜𝑟 = 𝑨𝟐×

𝐶𝑇𝑀 − 𝑩𝟐
𝑩𝟐

P	Score	 = 𝑨𝟏×
𝐶𝑇𝐶 − 𝑩𝟏

𝑩𝟏
+ 𝑨𝟐×

𝐶𝑇𝑀 − 𝑩𝟐
𝑩𝟐

Combine

𝑩𝟏	(𝟑𝟕) 𝑩𝟐 (5)

15
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P score (Combined Predition Scores of CTC/CTM) for PD Risk Assessment

0: SD
1: PD

CTC CTM PScore

Sensitivity 0.846 0.846 1.000

Specificity 0.938 0.938 0.812

AUC 0.887 0.885 0.957

Risk classification

Range Total PD Recurrence rate

<0 13 0 0%

0~1 5 3 60%

>1 10 10 100%

CTC CTM C Score state
19 1 -0.60649 0
22 3 -0.29446 0
11 4 -0.45523 0
16 5 -0.21051 0
19 5 -0.13449 0
12 4 -0.42989 0
74 14 2.321371 1
21 8 0.2702 1
9 9 0.084086 1

73 4 1.116029 1
53 24 2.969171 1
54 52 6.298514 1
12 5 -0.31189 0
19 5 -0.13449 0
36 12 1.122343 1
64 19 2.657943 1
67 1 0.609971 0
43 2 0.119743 1
8 4 -0.53126 0

102 47 6.924971 1
23 2 -0.38711 0

226 144 21.51349 1
57 39 4.840543 1

107 12 2.921686 1
34 7 0.481657 0
21 5 -0.0838 0
7 7 -0.2026 0
1 1 -1.06266 0

• If only CTC or CTM is used for judgment, 6 status 
points of the appointment will be misjudged, and 5 
points will be corrected after the combined 
judgment

P	𝐒𝐜𝐨𝐫𝐞	 = 𝟎. 𝟖𝟖𝟕× )*)+𝟑𝟓
𝟑𝟓

+ 𝟎. 𝟖𝟖𝟓× )*-+𝟕.𝟓
𝟕.𝟓

+ 0.566

16
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Monitoring PD-L1+ CTC was a good liquid biopsy material associated with immunotherapy
(Nocolazzo, C. 2016)

Circulating tumor 
microemboli (CTM) 
or called CTC clusters be 
used to predict metastatic 
cascade of cancer in blood 

Identify the tumor 
microenvironment (TME) 
the population dynamics of 
tumor and immune cells (MDSC 
or Treg etc.) can be used to 
longitudinally assess the presence 
and intra-patient heterogeneity

SOLID AND LIQUID BIOPSY FOR PDL1 DETECTION
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Hoechst EpCAM/PenCK

PDL1/CD45 Marge

Our CTM-PD-L1 Expression (CPS score) as Biomarker for
Therapeutic Efficacy of Immune Checkpoint Inhibition in
NSCLC, and may to be met the guide to scoring PDL1
expression posted by Merck & Co., Inc. 

GUIDE TO SCORING PD-L1 EXPRESSION USING COMBINED POSITIVE SCORE (CPS), 
2021 Feb, MERCK

CORRELATION BETWEEN PD-L1 EXPRESSION AND OUTCOME 

NTU H, Dr. ZS Lee
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Artifitial Inteligience differentiated 
Hperspectra for Single CTC analysis 

from patient blood sample
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Spectral analysis - Compare Spectral line

Selected region diagram

• Hard to distinguish from spectral 
lines

• After PCA still not significant
normal tissue

tumor
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Structural analysis – ResNet50 (training set)

51 CTCs 82 WBCs
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Structural analysis – ResNet50 (do cross-validation)

• Overall, a good recognition rate can be 
achieved

• Investigate whether the size of the data 
affects the results
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Structural analysis – Compare different wavelengths

470nm-900nm(150 bands)

Training Datasets:
CTC:80

                        WBC:160
Test Datasets: 
                        CTC:20
                        WBC:20 
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Structural analysis – Compare different wavelengths

wavelength(nm)
775.9 804.7 813.4 859.5 871.1 894.2 900 Mixed

Test1 92.42% 89.39% 87.88% 89.39% 92.42% 96.97% 95.45% 95.45%
Test2 89.39% 90.91% 93.94% 93.94% 98.48% 98.48% 90.91% 96.97%
Test3 93.94% 93.94% 95.45% 90.91% 95.45% 92.42% 92.42% 95.45%

Test4 90.77% 95.38% 90.77% 92.31% 96.92% 93.85% 95.38% 93.85%
Test5 89.23% 89.23% 89.23% 87.69% 87.69% 87.69% 86.15% 87.69%

Test6 92.31% 90.77% 90.77% 90.77% 90.77% 89.23% 93.85% 92.31%
Overall 91.34% 91.60% 91.34% 90.84% 93.62% 93.11% 92.36% 93.62%

Accuracy
wavelength(nm)

775.9 804.7 813.4 859.5 871.1 894.2 900 Mixed

Test1 85.19% 92.59% 77.78% 85.19% 88.89% 92.59% 88.89% 92.59%
Test2 96.30% 92.59% 92.59% 88.89% 96.30% 96.30% 88.89% 96.30%
Test3 88.89% 88.89% 92.59% 81.48% 92.59% 85.19% 92.59% 92.59%

Test4 84.62% 92.31% 80.77% 84.62% 92.31% 84.62% 96.15% 88.46%
Test5 76.92% 84.62% 84.62% 80.77% 76.92% 73.08% 73.08% 76.92%

Test6 88.46% 80.77% 88.46% 88.46% 80.77% 84.62% 88.46% 84.62%
Overall 86.79% 88.68% 86.16% 84.91% 88.05% 86.16% 88.05% 88.68%

Recall

Training Testing

Test1 CTC:132  WBC:195 CTC:27  WBC:39
Test2 CTC:132  WBC:195 CTC:27  WBC:39
Test3 CTC:132  WBC:195 CTC:27  WBC:39

Test4 CTC:133  WBC:195 CTC:26  WBC:39
Test5 CTC:133  WBC:195 CTC:26  WBC:39

Test6 CTC:133  WBC:195 CTC:26  WBC:39

• Select the top seven wavelengths that performed 
best

• We can find that the mixing performance is 
relatively stable

• Mixing can achieve higher accuracy and recall
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Part II: AI-PRS enabled precision medicine

CTC 
Cluster

10 drugs x 5 conc. Cocktail chip

CTC clusters chip

AI-PRS drug screening 
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AI-PRS Based Cocktail-Drug Treatment Process

CTC 
Cluster

10 drugs x 5 conc. Cocktail chip

CTC clusters chip

AI-PRS drug screening 

清華 曾繁根教授

UCLA 何志明院士

北醫 閻雲 校長

Chemotherapy response 

rate for CRC patients

→25-35%  in US ; 15% in 

Taiwan! 
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Literature Review- 
Artificial Intelligence Phenotypic Response Surface (AI-PRS)

linear drug effects 
on tumor response quadratic drug effects

drug–drug interaction effects
(synergistic or antagonistic) 

M drug Calibration tests
Search space NM 

(N=5)
4 15 625

10 66 ~106

20 231 ~1013

PRS dictates the composition and the ratio 
of a globally optimized drug combination 
from a very large search space in in vitro 
tests.

C. M. Ho. et. al., Science translational Medicine, 2018. 
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5. 

Ex
pe

rim
en

ta
l r

es
ul

ts
AI-PRS based combinatorial drug screening (in vitro) for personalized medicine

§ Top 15 ranked 3, and 4 drug combinations out of 155 
combinations. 

§ The drug combinations highlighted with deferent color 
combinations are the universal combinations (7 
combinations) for both the cell lines respectively

HT-29HCT-116

1. Bevacizumab (Bev) 

2. Cetuximab (Cet)

3. Regorafenib (Reg)

4. Panitumumab (Pan)

5. Lenvatinib (Len)

6. 5-FU 

7. Folinic Acid (FA)

8. Oxaliplatin (Oxa)

9. Irinotecan (Iri)

10. Gemcitabine (Gem)
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5. 
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AI-PRS based combinatorial drug screening (in vitro) for personalized medicine

HCT-116 Lenvatinib 5-FU Irinotecan Gemcitabine

Mono IC-50 (µM) 28.47 8.561 0.010 0.183

Concentration 
used in 

combination (µM)

6.558 4.505 8.027pM 0.033

HT-29 Lenvatinib 5-FU Irinotecan Gemcitabine

Mono IC-50 (µM) 50.0 13.9 0.1 0.366

Concentration 
used in 

combination (µM)

20.0 1.409 1.897 27.9nM

§ Individual drug treatment need higher 
concentration.

§ More toxicity.
§ Increased drug resistance.
§ Less effective.

Monotherapy
§ Combination drug treatment need lower 

concentration.
§ Less toxic.
§ Increased drug sensitivity.
§ Higher efficacy.

AI-PRS combination Therapy
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Result and Discussion- AI-PRS Drug Screening

Common top drug combinations

Rank Optimized 

3-drug combo

Optimized 

4-drug combo

1 U+R+C U+G+R+C

2 U+G+C U+O+R+C

in One Month

HY Yang et al, Adanced Pharmacuiticals, 2023
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Part III: 3-D Tumor and Kidney/Liver 
Organ on a Chip

LK-CGH, Dir. Dr. HH 
HSU (Nephrology )

NHRI, DD. Dr. MS Hong 
(Pharmaceutical) 

NVGH Dr. CK Chiang, 
Dr. CG Lin (CRC Cancer)

NTU H, Dr. CC Ke
(Lung Cancer)
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Prototype (the CSDS SACA chip)

2nd  generation of 3R chip array 
unit and system

3R (microfluidic) chip (24 wells) and perfusion system

32
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1. Tumor-on chip models In-parallel Antitumor 

drug screening
Intravasation/
migration

Kaladharan K, Tseng FG. et al. Lab on a Chip. 2024;  Goudar VS, Tseng FG. et al. ACS Applied Materials & Interfaces. 2021; Chu HY, Tseng FG. et al. Cancers. 2020

2. Kidney (Glomerular filtration barrier)-on chip platform 3. Liver (Non-alcoholic steatohepatitis-NASH)-on chip platform

F. G. Tseng, et. al.  Micromachines, 2018, 2025

2D/3D dynamic co-culture 
for drug screening Cancer cell 

Homing

F. G. Tseng, et. al.  Analyst, 2026
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From Single-Organ-on-a-Chip to Multi-Organs-on-a-Chip

Single-Organ Multi-Organs

34

Aims:
1. Establishment of hepatocyte 

model and fluidic device.
2. The synthetic and metabolic 

functions of the liver.

Aims:
1. To connect tumor/ kidney organ 

models via 3R-chips.
2. Simulate the drug metabolism 

environment, cancer cell 
migration and urea filtration.

1. Using 3R chip to build single organ 
on chip models mimicking 
physiological metabolism and 
functions.

2.The interaction between co-
cultured cells on chip and responses 
to drugs can be studied.

3. Different single organ on chip 
models can be connected to form a 
multi-organ on chip platform.

4. The interaction between different 
organ/tissue model can be studied.

HepG2-C3A HSC LSEC KC

SACA-Chip

Tumor Liver Kidney

3R-Chip
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• Establish Liver-tumor on a 
chip platform

• Evaluate Regorafenib drug 
efficacy and safety at once

• Adding Kidney chip in the 
future

Regorafenib

Tumor-Liver-on chip platform for Regorafenib drug efficacy and safety evaluation

3R chip Liver Tumor

Peristaic Pump

F. G. Tseng, et. al.  Analyst, 2026
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4

49.23

Cell number: HepG2/C3A: 50k /chip

HT-29: 60k,50k,25k,16k /chip

Circulation time:24hr 

Drug: Regorafenib

• Drug efficacy on Tumor depends on the tumor to liver loading ratio and the interaction between them.

• When tumor/liver loading lower than 50%, tumor killing rate higher then tumor IC 50. 
• When tumor/liver loading higher than 50%, Liver endure higher death rate then liver IC 50, also higher 

CyP3A4 generation/cell observed.

Tumor-Liver-on chip platform for Regorafenib drug efficacy 
and safety evaluation

F. G. Tseng, et. al.  Analyst, 2026
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Wireless SoC for Flexible Electrochemical Sensor Array
ü Integrated AFE + BLE: AD5940 with CYBLE222014 enables real-time wireless sensing via Bluetooth.
ü Multi-Analyte Array 3R organ-on-chip integrates electrochemical sensors (WE1, WE2, WE3, CE, RE) to measure glucose, pH, and 

lactate.
ü Compact Power Design: Li-ion battery with ADP162AUJZ regulator for low-power operation.
ü Scalable Goal: Toward 27-channel (9×3) flexible array with custom SoC for organ-on-chip monitoring.

Wireless SOC electrochemical sensors array for Oxygen, Glucose, 
lactate, pH detection
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Oxygen, Glucose, pH, Temp. Sensitive NPs for Cells Monitoring 

( With MIT Langer’s Lab and U. Liverpool Jude’s lab)

Resolution：±0.578%
Dynamic Range：
0.74 ~ 3.20 (mg/L)
(0.064~5.25(mg/L for Cell) 
Sensitivity：3.929 AU/(mg/L)

Artificial Pancreas

Blue: Hela/DAPI, Red: FNOPs
500 μm 100 μm

Polystyrene 
beads
510nm

• Pluronic F-127：Linker
• Ru(dpp)3Cl2：Oxygen (or glucose, pH) 

sensitive fluorescence dye

Manohar et.al., ACS AMI, 2018 Kumar et.al., Small, 2024

FNOPs: Dyes on PS beads Ru-ONPS:Dyes inside Urea-Paraformaldehyde 
partices  

5 times longer Life time 
for Ru-ONPS!!

Green: A549 cells/Calcien, Red:FNOPs
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Nano-Mushrooms mediated Nano-Second Photoporation

T. Santra, and FG Tseng, Analyst 2021, Lab Chip 2020, Cells 2020, 
ACS Biomater. Sci. Eng. 2020, Nanoscale 2020

94% intracellular uptake 
100% cell viability 
(35 mJ/cm2, 10 ns pulse/10Hz at near infrared 
,997 nm)

transverse plasmon    longitudinal peak
(TP)                             (LP) 

350 nm nano-mushrooms 
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NTHU 3R chip

Our 3R chip has multiple advantages:
It has significant advantages in combinatorial design, multi-organ interaction simulation, automated system integration and
commercialization potential, which is suitable for commercial applications that require high flexibility and scalability.
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Part I: HD-SACA systems for CTC/CTM 
identification for Cancer prognosis

Part II: AI-PRS drug screening for  
precision medicine

Part III: 3D Tumor and Kidney/Liver 
Organ on a Chip

Summary HD-SACA chip

CTC 
Cluster

10 drugs x 5 conc. 
Cocktail chip

CTC clusters chip

AI-PRS drug screening 

3D Tumor & 
Organoid on a chip

MicroFluidic Systems enabled: 
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