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教育部教學實踐研究計畫

教學實踐研究係指教師為提升教學品質，促進大專校院學生學習成效，透過教育現場提出

問題，並藉由課程設計、教材教法、或引入教具、科技媒體運用等方式，採取適當之研究

方法及評量工具檢證成效之歷程。

https://tpr.moe.edu.tw/index
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發酵策略於生質燃料生產：
以乙醇為例

Presenter: Dr. Yueh-Hao Ronny Hung ( 洪悅豪 博士 )

Advisor: Distinguished Professor Kuan-Chen Cheng ( 鄭光成 特聘教授 )

March 19, 2026

2026 第六屆醱酵技術研討會
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What are biofuels?

Fuels that are generated directly 

or indirectly from organic matter 

(biomass) including plant 

materials and animal wastes

e.g. ethanol, methanol, biodiesel

2
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Biomass
Material derived from a living or 

recently living organism such as 

plant material or animal waste

image: hiclipart.com
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Bioethanol

Biomass

CO2
Burned

Fig. Bioethanol carbon cycle.

• Benefits in:

-Reducing greenhouse gas 

emissions 

-Saving fossil fuel depletion

-Diversifying energy sources
(Borrion et al., 2012, Biomass and Bioenergy, 47)

Carbon Neutralization

4
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Biofuel vs. Fossil Fuel
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General design for bioethanol production

Biomass

• Pretreatment

• Hydrolysis 

(Saccharification) Fermentation Purification

icon: Flaticon.com
image: Unsplash.com

Sugar Ethanol
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https://www.kegg.jp/pathway/map00010

Bioethanol

Fermentation

Fermentation 

configurations

Fermentation 

modes
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Fermentation configurations

Approaches of bioprocess

Dr. Yueh-Hao Ronny Hung

Fundamental fermentation configurations

• Separate hydrolysis and fermentation (SHF)

• Simultaneous saccharification and fermentation 

(SSF)

• Consolidated bioprocessing (CBP)

10
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Pretreatment Fermentation Purification

Biomass

Saccharification

SHF

Saccharification and Fermentation

SSF
Enzyme

MicrobeEnzyme

CBP

Microbe

Microbe
icon: Flaticon.com
image: Unsplash.com
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Fermentation modes

Modes of Substrate Delivery
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Fundamental fermentation modes

• Batch

• Fed-batch

• Continuous

13
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(Fernandes et al., 2017. In Current Developments in Biotechnology and Bioengineering , pp. 153-185)
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Batch fermentation
Characteristics: 

• Unsteady state operation

• Transient conditions

(+) most common

(+) high product concentration

(+) low risk of contamination

(-) long downtime

(-) space requirements

(-) manpower requirements

15
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(Wang et al., 2020. Biotechnology for biofuels, 13)

Fig. Batch fermentation of S. cerevisiae. 

Dr. Yueh-Hao Ronny Hung
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Fed-batch fermentation

• Need feeding strategies

• Transient conditions

(+) high cell density

(+) high product concentration

(+) low substrate inhibition

(-) manpower/downtime

(-) heterogeneous properties

(-) require control systems

17
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Fig. Fed-batch fermentation of S. cerevisiae. (Hung et al., 2023. Bioengineered, 14)

Dr. Yueh-Hao Ronny Hung
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Fed-batch: Feeding strategies

19

Without Feedback Control

• Intermittent/Pulse feeding

• Constant feeding

• Exponentially feeding

• Optimized feeding (mathematical models)

With Feedback Control

• Direct feedback control (e.g. sugar concentration)

• Indirect feedback control (e.g. CO2 evolution)

Fermentation time

Fe
e

d

Fermentation time

Fe
e

d

Fermentation time

Fe
e

d

Fermentation time

Fe
e

d
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(Russel, 2003, The alcohol textbook, 4 editions)

Glucose 

Yeast

Ethanol Carbon 

dioxide

400X

Yeast
(Saccharomyces cerevisiae)

Dr. Yueh-Hao Ronny Hung
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Pulsed adapted feeding strategies

Fixed sugar feeding

Linear adapted feeding Exponential adapted feeding

Adjust feeds based on cell biomass

Gas
Feed medium

Fed-batch

(Monitoring parameter)

• Final ethanol titer: 

12% (v/v)

• Ethanol productivity: 

increase by ~20%

Time

Fe
e

d
in

g

Time

Fe
e

d
in

g

Time

Fe
e

d
in

g

(Hung et al., 2023. Bioengineered, 14)

Dr. Yueh-Hao Ronny Hung
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Glucose 

Yeast

Ethanol Carbon 

dioxide

400X

Yeast
(Saccharomyces cerevisiae)

(Russel, 2003, The alcohol textbook, 4 editions)

Dr. Yueh-Hao Ronny Hung
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Continuous adapted feeding strategy

(Hung et al., 2025. Applied Microbiology and Biotechnology, 109)

(i) Estimate glucose consumption

Adapted feeding operations: 
(a) Use evolved gas production to 

estimate glucose consumption per 

reactor working volume

100 200 300 400 500 600 700
0 . 00  

0 . 50  

1 . 00  

1 . 50  

2 . 00  

2 . 50  

3 . 00  

3 . 50  

4 . 00  

f (x )  =  0 . 00503073498243604  x  +  0 . 30204230819408

R²  =  0 . 894923884543397

Evolved gas produced (mL/L)

G
lu

c
o
s
e
 c

o
n
s
u
m

e
d
 

(g
/L

)

Gas flow meter
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Continuous adapted feeding strategy

(Hung et al., 2025. Applied Microbiology and Biotechnology, 109)

(ii) Adjust glucose feed rate

24

Adapted feeding operations: 
(a) Use evolved gas production to 

estimate glucose consumption 

(b) Adjust the glucose feed rate 

based on increased gas production 

ratio

(c) Until 200 g/L glucose is fed
(input: the same as the fixed feeding)

24
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Continuous adapted feeding strategy

(Hung et al., 2025. Applied Microbiology and Biotechnology, 109)

Gas

Feed medium

Fed-batch

(Monitoring parameter)

Fixed sugar feeding

Time

Fe
e

d
in

g
Gas-adapted sugar feeding

Time

Fe
e

d
in

g • Final ethanol titer: 

11% (v/v)

• Ethanol productivity: 

increase by 21% 
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Glucose 

Yeast

Ethanol Carbon 

dioxide

400X

Yeast
(Saccharomyces cerevisiae)

(Russel, 2003, The alcohol textbook, 4 editions)
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27(Hirsch et al., 2019. Biotechnology 

Progress, 35)

Glucose Yeast Yeast Ethanol CO2

Dr. Yueh-Hao Ronny Hung

Continuous fermentation
Characteristics:

• Steady state operation

• Growth rate = dilution rate (μ = D)

• Chemostat/Turbidostat

(+) high throughput

(+) less downtime

(+) less product inhibition

(-) low product concentration

(-) high risk of contamination

(-) microbial selection 28

Dr. Yueh-Hao Ronny Hung
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Comparison of fermentation modes 
Batch Fed-batch Continuous

Operations • Fixed volume of 
medium • Nutrients-in

• Nutrients-in and 
medium-out 
continuously

Advantages
• Low risk of 

contamination
• Good benchmark

• High ethanol titer
• Low substrate 

inhibition

• High ethanol 
productivity

• Low substrate 
inhibition

Limitations • Substrate inhibition
• Long downtime

• Product inhibition
• Required precise 

control strategies

• Low ethanol titer
• High risk of 

contamination
• Required precise 

control strategies

Dr. Yueh-Hao Ronny Hung

Other fermentation modes:

Harvest 

Fermentation 

Refill 

Repeated-batch 

fermentation

semi-continuous

30
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Self-cycling fermentation (50:50)

Harvest 

Fermentation 

Refill 

31

50% 50% 

V

V

V

Dr. Yueh-Hao Ronny Hung
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(Wang et al., 2020, Biotechnology for Biofuels)

Fig. Ethanol volumetric productivity in 

SCF. 

• Improved productivity 

by 37–75%

Fig. Ethanol titer in SCF. 

Dr. Yueh-Hao Ronny Hung
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Repeated-batch fermentation

Harvest 

Fermentation 

Refill 

33
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34(Khumsupan et al., 2025. Industrial Crops and Products, 224)

Cell immobilization

Dr. Yueh-Hao Ronny Hung
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35(Khumsupan et al., 2025. Industrial Crops and Products, 224)

Agro-wastes • Increase the surface roughness and hold more cells

Dr. Yueh-Hao Ronny Hung

Harvest 

Fermentation 

Refill 

Sequential batch 

fermentation

Second stage 

What can we do for the harvested medium?

36

Xylose

Dr. Yueh-Hao Ronny Hung
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37(Kumar et al., 2022. Fuel, 308)

Ethanol

50.25 g/L

Ethanol

56.77 g/L
Ethanol

79.93 g/L

Dr. Yueh-Hao Ronny Hung
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(Wang et al., 2021. Bioresource Technology, 330)

Biorefinery process

(Cellulose 

nanocrystals, CNC)

Dr. Yueh-Hao Ronny Hung
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Take home message…

• Bioethanol production contributes to carbon 

neutralization. Feedstocks matter.

• Fermentation configuration and mode are critical 

variables for bioethanol production.

• Can we create additional value from existing 

bioethanol production processes?

39
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Who We Are

01

About major science
Founded in 1994, Major Science is a professional 
manufacturer specializing in the design, production, and sales 
of life science laboratory instruments.
We provide reliable solutions and services to research 
institutions and biotechnology companies worldwide.

What We Do
Winpact Series: Bioreactors and fermenters designed to 
support microbial and cell culture research..

Laboratory Equipment: Electrophoresis systems, dry baths, 
temperature-controlled water baths, shakers, and peristaltic 
pumps.

Innovation & Customization: Providing modular and scalable 
solutions to meet diverse research needs.
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Our team
From R&D and production to 
logistics and technical support,
Major Science manages every stage 
of an instrument’s life cycle.

From the moment it’s designed to 
its final day in service,
we ensure performance, reliability, 
and lasting value.

Customization 
Experience Sharing

02
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Customization Experience Sharing
Transfer

Flow rate

Pressure

NIR Probe

Chart

Control

Customization Experience Sharing

The key advantage of our PFR system lies in its high degree of modularity and customization, ensuring a 
perfect fit for your specific process requirements.
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Customization Experience Sharing

The key advantage of our PFR system lies in its high degree of modularity and customization, ensuring a 
perfect fit for your specific process requirements.

Customization Experience Sharing
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Product Portfolio

03

Double jacketed dish bottom vessel

Kink et al. Stem Cell Research & Therapy (2024) 15:72
https://doi.org/10.1186/s13287-024-03688-2

IL-6
IL-10
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MS-3D-RM
3D Rotating Mixer with Adjustable Speed

It's a perfect fit for the MO-MINI.

Easy to operate user-friendly operation

WP-SMS
New Tetrad Slow Speed Magnetic Stirrer

Full stainless steel CO2 resistant design 4 individual stirring controls
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EL-01DT
New Elite Dry Bath lncubator Dual Unit

Independent dual temperature control Equipped with alarm notifications

SWB-10LT
New Elite Dry Bath lncubator Dual Unit
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Shelf Type Vacuum Freeze Dryer 
Name Shelf Type Vacuum Freeze Dryer
Shelf temperature range -55°C to +50°C
Condenser temperature -65°C to 75°C (depending on load)
CFC-free refrigerants R507 / R508A
Cooling Air-cooled
Inner chamber material SUS304 stainless steel with mirror polishing
Tray size 500 × 340 × 30 mm, SUS304, 1.5 mm 

thickness
Tray number 3 flat trays
Vacuum system Oil-free vacuum pump, 833 L/min
Vacuum (no-load) 8.0 × 10⁻³ Torr (≈ 1.07Pa)
control PLC + HMI with temperature & vacuum 

control
Power 3Φ, AC220V/AC380V, 60Hz

Thank you
No. 156, Sec. 1, Guoji Rd., Taoyuan Dist., Taoyuan City 330041, Taiwan (R.O.C.)

info@majorsci.com

www.majorsci.com
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Presenter Name

從基礎研究到生物製程的全方位實驗室設備

整合:PCR實驗流程示範

染劑
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Major Red Plus 安全核酸染劑, MRP-500

• 無毒，無致突變性
• 對藍光搭配琥珀色濾光片以及紫外光搭配SYBR濾
光片皆具高靈敏度

• 耐高溫，適用於內染法的膠體鑄膠
• 高信噪比，背景雜訊低
• 使用方便，無需脫色處理
• 適用於瓊脂糖膠與聚丙烯醯胺膠（PAGE）

pipette

• 輕巧方便
• 軟彈簧系統輕壓即可準確收放液體
• 有多種顏色旋鈕方便快速辨識微量分注
器的操作體積

• 指勾槽：抓握更輕鬆省力
• 三方位退吸頭，左右手皆適用
• 校正流程簡易內含校正工具
• 具高精準度
• 獨特序號編排:方便檢索出廠資料
• 可耐紫外光長時間照射
• 整支可以高壓滅菌 (121°C/0.1MPa/20分
鐘)

• 擁有ISO認證。
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tips

• 適用於市面上多種品牌移液器
• 操作準確性內壁光滑設計
• 材質與安全性原生級PP原料製造
• 污染防護疏水性濾芯設計
• 耐溫範圍廣-80°C ~ 121°C

ME7-7-10 ME15-7-10 ME15-7-10-15

ME20-10-20 ME26-16-24-32

電泳槽
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電泳槽

• 單一壓模：一體成形製膠台
• 透明安全上蓋具備通風孔避免水氣影響觀
察

• 可耐130°C高溫
• 底部具備距離標線讓判斷與描述跑膠終止
時間更加精確

• 鑄膠不需要膠帶，夾子或彈簧
• 電源裝置隔離不會有過熱影響
• 透明的槽體和上蓋
• 可使用MBE-300即時觀察核酸樣本移動狀
況

電源供應器
• 2.4吋彩色液晶螢幕實時顯示
• 具警報功能計時器
• 小巧體積可疊放
• 以定電流或定電壓操作
• 典型運作模式供新手操作
• 廣泛實驗室DNA，RNA和蛋白電泳分析
及墨點法應用

• 先進的安全作業設計
• 全球通用之額定電壓
• 符合ETL 認證及CE 認證
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藍光

• 兩側整合不同LED光源
• 便於攜帶的尺寸且重量輕盈
• 安全的470nm藍光波長
• 可即時性觀察結果
• 可進行早期的錯誤檢測結果
• 高效且均勻的光源
• 鋁合金外殼設計
• 低熱傳
• 節能產品

影像系統

• 6倍變焦高品質單色200萬像素CCD
• 可換式濾光片
• 10.4吋彩色螢幕及內建操作軟體介面
• 變焦鏡頭以擷取最佳的影像
• 配有抽屜式燈箱可做為凝膠切割平台
• 提供UV保護罩選配
• 自動關閉紫外光保護機制
• 可選配白光和470 nm藍光板
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醱酵實驗

大型搖床
• 實驗室認證：內部空間溫度一致。
• 具有大型震盪平台，多樣的容器支架，以及
矽膠止滑墊與各種配件可供選用，滿足使用
者全方位的實驗需求。

• 系統過熱自動斷電保護機制。
• 擁有可調式高靈敏度水平偵測器，當平台非
水平時會發出警告。

• 無刷DC馬達長效耐用，無須時常維護。
• 兩點溫度校正確保溫度的準確性。
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大型搖床

• 10吋液晶顯示屏
• 最大容量：250毫升×50 / 500毫
升×32 / 1000毫升×18 / 2000毫升
×15

• 空氣循環：強制對流，內循環
• 計時：9999分鐘（或9999小時）
• 開門方式：上滑

培養箱

多功能性：結合了「精確控溫」與「多
種振盪模式」（迴轉、擺動、往復）。
•節省空間：多款設計具備輕巧尺寸或「
可堆疊」特性，非常適合空間有限的實
驗室。
•彈性配件：提供快速更換的轉輪裝置或
配件，能適應微量盤、試管、雜交管等
多種容器。
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桌上型醱酵槽

•多功能控制器：具備全彩人機介面 (HMI)，操作直
覺，支援遠端監控與數據記錄。
•多樣化槽體選擇：提供從 0.5 公升到 20 公升不等
的玻璃槽體，且可根據需求更換葉片 (Impeller) 類型
。
•精密補料控制：內建蠕動幫浦，可精確控制酸、鹼
、消泡劑與補料的添加。
•高度相容性：支援市面上大多數標準的傳感器（如
pH、DO、溫度、消泡傳感器等）。

SIP
• 多種槽體可供選擇
• 全自動的遠距監控流程
• 支援15階段自動化發酵環境調節設定
• 以環狀方式焊接有效降低殘留物附著
• 採用醫療等級 SUS316L不鏽鋼蜂巢式雙
夾套設計提供卓越的溫度控能

• 配備安全閥當壓力超過臨界值時自動洩
壓確保作業安全

• 整合多樣安全設計保護作業人員操作安
全

• 附贈遠端監控及操控軟體
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建廠

• 設計
• 監造
• 各類計劃書及規範
• 工程管理
• 現場施工
• 電力系統
• 空調系統
• 公用系統
• 中央監控系統
• 確校驗證
• 系統完整性驗證
• 潔淨室設備管線系統製程設備工程

Thank you
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Synthetic biology of 1,12 
dodecanediol in engineered E. coli

台大生化科技系
李昆達

1

D

2

1,12-Dodecanediol (DCO12)
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Ferrodoxin CYP153A Ferrodoxin reductaseP POAlkRM. na.

CYP153Ma.qu. operon in synthetic E.coli

mRNA mRNA

OH

5

Alkane induction assay for CYP153A operon 
regulator AlkR

6

Characterization of the AraC/XylS family alkane response regulator. To deter-
mine whether the operon regulator AlkR is functional, we fused putative AlkRM.aq with
the reporter monomeric red fluorescent protein (mRFP) and assayed reporter expres-
sion by induction with different alkanes. As shown in Fig. 2A, n-alkanes between C8 and
C16 in size (especially C8 to C14) significantly induced mRFP expression. Methyl laurate
(C12-fatty acid methyl ester [FAME]) also has an induction strength similar to that of
dodecane. Dodecanol could slightly induce mRFP expression, suggesting that the
regulator can be strongly induced by the alkane substrate of the operon but is weakly
induced by the alkanol product (Fig. 2B). The presence of 1-dodecanol did not affect
induction caused by alkane, indicating that the operon was not subject to product
inhibition (Fig. 2C).

To further rule out the possibility that the alkane-responsive promoter may be
regulated by endogenous E. coli proteins rather than the AlkR regulator, we partially
deleted the regulator and did not observe leaky expression induced by either octane
or methyl laurate (Fig. S4). Thus, the regulator is indeed responsible for alkane induc-
tion. The characterization of the regulator proved that it is part of the CYP153AM.aq

operon.
Reconstitution of the CYP153AM.aq operon. Sequence analysis led us to hypoth-

esize that the dysfunction of the CYP153AM.aq operon might be due to a transposon
insertion in the first open reading frame of the polycistronic operon. We first confirmed
that the sequence upstream of the transposon contains a functional RBS and a TTG start
codon using an enhanced green fluorescent protein (eGFP) translational fusion (Fig. S3
and S5). The CYP153AM.aq operon was then recovered by joining the two fragments
that flank the transposon, and the functionality of the reconstituted operon was tested
in both P. putidamt-2 and E. coli JM109 cells. When octane was used as the sole carbon
source, wild-type P. putida did not grow. In contrast, P. putida carrying the restored
CYP153AM.aq operon grew (Fig. S6). This result suggested that P. putida carrying the
CYP153AM.aq operon could oxidize octane to 1-octanol, which can be further oxidized
to 1-octanoic acid and utilized as a fatty acid. E. coli JM109 could express the CYP153A
protein upon methyl laurate induction (Fig. S7). The carbon monoxide (CO) difference
spectral assay confirmed that CYP153A was functionally expressed (Fig. 3A and B).
Moreover, the E. coli strain carrying the reconstituted CYP153AM.aq operon could
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FIG 2 Characterization of the putative CYP153A operon regulator AlkR. (A) AlkR is induced by medium- and long-chain n-alkanes and C12-FAME. (B) AlkR can
be weakly induced by 1-dodecanol. (C) The addition of 1-dodecanol does not repress dodecane induction. Abbreviations: None, water for induction control;
C8 to C18, alkanes with different carbon numbers; C12-FAME, dodecyl methyl ether; C12OH, 1-dodecanol; a.u., arbitrary units.
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Co-expression of AlkL enhances induction of 
ability of alkanes

7

even the downstream lipoprotein (maqu_0477), which may be its operon partner, was
coexpressed. We also tried to express these genes behind a stronger RBS, and we found
that the expression of the transporter also failed to activate the reporter (data not
shown). The nonfunctional expression of these transporters might be due to their
improper folding in E. coli or might indicate that more assistance proteins are required.

Biotransformation of dodecane to 1-dodecanol and tetradecane to 1-tetradecanol
using 5-liter bioreactors. We designed fed-batch biotransformation methods to pro-
duce 1-alkanols in a 5-liter bioreactor. When the dissolved oxygen (DO) concentration
dropped to 40%, after approximately 9 h, we started feeding the bioreactor continu-
ously and induced biotransformation by the addition of 0.1 g/liter rhamnose. We were
able to harvest more than 1.5 g/liter 1-dodecanol after 11 h of induction (Fig. 5A). In
contrast, 1-tetradecanol accumulated much more slowly than did 1-dodecanol. After 11
h of induction, only 0.5 g/liter 1-tetradecanol was produced. By extending the culturing
time to 50 h, more than 2 g/liter 1-tetradecanol was produced (Fig. 5B). The production
rates of 1-dodecanol and 1-tetradodecanl were 85 mg · liter�1 h�1 and 40 mg · liter�1

h�1, respectively.
We were able to oxyfunctionalize dodecane and tetradecane in E. coli using a

continuous-growth strategy with the CYP153AM.aq operon and AlkLP.pu. Less overoxi-
dation occurs during oxyfunctionalization with CYP153AM.aq than with AlkB and CYP52
(15). During biotransformation, levels of C12/C14 1-alkanal and 1-alkanoic acid were
below the gas chromatography/mass spectrometry (GC/MS) limit of detection. This
result indicates that the expression of the CYP153A operon in E. coli JM109 cells results
in limited overoxidation activity. In addition, neither 1,12-dodecanediol nor 1,14-
tetradecanediol could be detected in the respective cultures by GC/flame ionization
detector (FID), indicating that CYP153AM.aq has a higher affinity for alkane than
1-alkanol.

Biotransformation of a dodecane–1-dodecanol mixture into 1,12-dodecanediol
in a 5-liter bioreactor. Alkane monooxygenases can utilize not only alkanes but also
1-alkanoic acids as the substrates (5). We proposed that �,�-alkanediols could also be
produced by our constructed strain. However, we could detect only 1-dodecanol when
dodecane was added. We then tried to add both dodecane and 1-dodecanol as the
inducer and the substrate; the culture produced approximately 800 mg/liter �,�-
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FIG 4 Expression of AlkL enhances the induction ability of medium- to long-chain alkanes. AlkL facilitated the
uptake of different medium- and long-chain alkanes. mRFP signals were measured 6 h after induction. EV, empty
vector.
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dodecanediol after 72 h of fed-batch culturing (data not shown). The number of living
cells dramatically decreased upon the addition of 1-dodecanol because of its toxicity.
To restore cell growth and boost 1,12-dodecanediol production, we decreased the
temperature to 25°C upon induction and added substrates twice; 0.1 g/liter rhamnose,
150 g of dodecane, and 30 g of 1-dodecanol were added at each time. Nine hours after
the first induction, we began to feed the bioreactor glycerol and yeast extract contin-
uously at rates of 12.5 and 2.5 g/h, respectively, until the end of culturing. The second
induction was performed after 40 h of culturing. This strategy resulted in a level of
1,12-dodecanediol production of 3.76 g/liter at 71.5 h (Fig. 6). The rate of production of
1,12-dodecanediol was 55 mg · liter�1 h�1. The total working volume at the end of the
biotransformation was approximately 3 liters. Therefore, approximately 11.28 g of
product was produced from 300 g dodecane and 60 g 1-dodecanol.

During culturing, the color of the E. coli cell pellet was pinkish red after substrate
induction, which may have resulted from the heme prosthetic group in the expressed
P450 enzyme (29). During the middle to late stages of the fed-batch 1,12-dodecanediol
biotransformation, we observed a distinct milk-colored layer in the E. coli cell pellet, and
the CFU counts also dramatically decreased (Fig. 6). In addition, the dry cell weight
decreased (data not shown). Thus, we suggest that this layer contained cytotoxic
1-dodecanol, which led to cell lysis. However, the remaining bacteria were capable of
reproducing and bioconverting 1,12-dodecanediol as we continued feeding. Given this
result, we decided to induce the culture twice to decrease the diminished growth.
However, the cytotoxicity of alkanols remains the most difficult challenge in whole-cell
biotransformation.

Interestingly, during the late 1,12-dodecandiol biotransformation process, we found
a traceable amount of dodecyl acetate during GC/MS analysis; it may be derived from
the esterification of dodecanol and acetate. The formation of dodecyl acetate reduced
the amount of 1-dodecanol in the medium, which reduced cell toxicity as well as
substrate availability. The effect of esterification during the biotransformation process
should be further clarified.

DISCUSSION

CYP153AM.aq has gained attention for terminal hydroxylation of medium- and
long-chain alkanes due to its low overoxidation activity and high regioselectivity.
However, the native CYP153AM.aq operon is dysfunctional; therefore, CYP153AM.aq is
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FIG 5 1-Alkanol production by fed-batch culture in a 5-liter bioreactor. (A) Bio-oxidation of n-dodecane to 1-dodecanol; (B) bio-oxidation of n-tetradecane to
1-tetradecanol. DCW, dry cell weight.
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regulated by an inducible promoter, and its monooxygenase activity functions with
redox partners from other species (12, 15). This work demonstrated that a transposon
insertion caused the native CYP153AM.aq operon to be dysfunctional (Fig. 1). By the
removal of the transposon, the operon became fully functional in E. coli (Fig. 2 and 3).
Subsequently, by combining AlkLP.pu coexpression, the operon could oxyfunctionalize
dodecane and tetradecane. Fed-batch culturing and the presence of the respective
substrates in a 5-liter bioreactor resulted in recombinant E. coli producing 1.5 g/liter
1-dodecanol in 20 h and 2 g/liter tetradecanol in 50 h (Fig. 5). Moreover, the E. coli strain
generated 3.76 g/liter 1,12-dodecanediol in 60 h by the addition of a dodecane–1-
dodecanol substrate mixture (Fig. 6). This study reports an efficient way to produce
medium- and long-chain 1-alkanol and �,�-alkanediols.

Sequence analysis showed that AlkRM.aq was quite different from AlkR in Gram-
positive bacteria, but the CYP153A operon was highly conserved among all species (see
Fig. S1 in the supplemental material). These findings indicate that these regulators
independently evolved or had diverged for a long time after their common ancestor
first emerged, and the CYP153A enzymatic mechanisms are more conserved than those
for expression regulation. Considering the phylogenetic relationship among Pseudomo-
nas, Acinetobacter, and Marinobacter, we cannot eliminate the possibility that the
operon contains nonconserved CA motifs and is CRC regulated (30). Further studies
should test whether the operon is regulated by CRC. If it is free from CRC regulation, the
operon can be used for alkane oxyfunctionalization for an even broader range of hosts.

C12/C14 alkane hydroxylation is important for the production of alcohols, carboxylic
acid, and amines. However, the difficulties of producing these compounds are different.
Products with higher melting points than the culturing temperature, which may have
little toxicity toward cells, can accumulate to massive amounts during culturing. For
example, the levels of production of 1,12-dodecanedionic acid and 14-hydroxy-
tetradecanoic acid were reported to be 140 and 174 g/liter, respectively (6, 31). In
contrast, for products containing hydroxyl groups or amine groups, which remain as a
liquid during culturing, production is drastically reduced. For example, the conversion

20
40

60
80

10
0

D
O

 (
%

)

0 12 24 36 48 60 72
Culturing time (hr)

0
1

2
3

4
1,

12
−

D
od

ec
an

ed
io

l (
g/

l)

0
2

4
6

8
10

lo
g(

C
F

U
)

CFU
Dodecanediol
DO

FIG 6 1,12-Dodecanediol production by fed-batch culture in a 5-liter bioreactor.

Hsieh et al. Applied and Environmental Microbiology

February 2018 Volume 84 Issue 4 e01806-17 aem.asm.org 8

 on July 5, 2018 by N
ATIO

N
AL TAIW

AN
 U

N
IVER

SITY
http://aem

.asm
.org/

D
ow

nloaded from
 

1-alkanol and 1,12-dodecanol production 
by Fed-batch culture in a 5-liter bioreactor 

74

台大生化科技系 李昆達教授兼系主任 - Synthetic biology of 1,12-Dodecanediol in engineered Escherichia coli



9

Production of 1-Dodecanol, 1-Tetradecanol, and 1,12-
Dodecanediol through Whole-Cell Biotransformation in
Escherichia coli

Shan-Chi Hsieh,a Jung-Hao Wang,a Yu-Chen Lai,a Ching-Yeuh Su,a Kung-Ta Leea

aDepartment of Biochemical Science and Technology, National Taiwan University, Taiwan, Republic of China

ABSTRACT Medium- and long-chain 1-alkanol and �,�-alkanediols are used in per-
sonal care products, in industrial lubricants, and as precursors for polymers syn-
thesized for medical applications. The industrial production of �,�-alkanediols by
alkane hydroxylation primarily occurs at high temperature and pressure using
heavy metal catalysts. However, bioproduction has recently emerged as a more
economical and environmentally friendly alternative. Among alkane monooxyge-
nases, CYP153A from Marinobacter aquaeolei VT8 (CYP153AM.aq; the strain is also
known as Marinobacter hydrocarbonoclasticus VT8) possesses low overoxidation activ-
ity and high regioselectivity and thus has great potential for use in terminal hy-
droxylation. However, the application of CYP153AM.aq is limited because it is en-
coded by a dysfunctional operon. In this study, we demonstrated that the operon
regulator AlkRM.aq is functional, can be induced by alkanes of various lengths, and
does not suffer from product inhibition. Additionally, we identified a transposon in-
sertion in the CYP153AM.aq operon. When the transposon was removed, the expres-
sion of the operon genes could be induced by alkanes, and the alkanes could then
be oxyfunctionalized by the resulting proteins. To increase the accessibility of
medium- and long-chain alkanes, we coexpressed a tunable alkane facilitator (AlkL)
from Pseudomonas putida GPo1. Using a recombinant Escherichia coli strain, we pro-
duced 1.5 g/liter 1-dodecanol in 20 h and 2 g/liter 1-tetradecanol in 50 h by adding
dodecane and tetradecane, respectively. Furthermore, in 68 h, we generated 3.76
g/liter of 1,12-dodecanediol by adding a dodecane–1-dodecanol substrate mixture.
This study reports a very efficient method of producing C12/C14 alkanols and C12
1,12-alkanediol by whole-cell biotransformation.

IMPORTANCE To produce terminally hydroxylated medium- to long-chain alkane
compounds by whole-cell biotransformation, substrate permeability, enzymatic activ-
ity, and the control of overoxidability should be considered. Due to difficulties in
production, small amounts of 1-dodecanol, 1-tetradecanol, and 1,12-dodecanediol
are typically produced. In this study, we identified an alkane-inducible monooxygen-
ase operon that can efficiently catalyze the conversion of alkane to 1-alkanol with
no detection of the overoxidation product. By coexpressing an alkane membrane fa-
cilitator, high levels of 1-dodecanol, 1-tetradecanol, and 1,12-dodecanediol could be
generated. This study is significant for the bioproduction of medium- and long-chain
1-alkanol and �,�-alkanediols.

KEYWORDS 1,12-dodecanediol, AlkL, CYP153A operon, fed-batch culture,
recombinant E. coli

Medium- and long-chain �,�-alkanediols have many applications, including use as
industrial lubricants, surfactants, detergents, and personal care products (1).

Among these molecules, 1,12-dodecanediol also has applications as a component in
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【57】申請專利範圍
1.　⼀種具有由 SEQ ID NO：1之核苷酸序列所編碼胺基酸序列的的蛋⽩質⽤於調控基因表
現的⽤途，其中該蛋⽩質在⼀中鏈或長鏈烷類或⼀中鏈或長鏈脂肪酸甲酯的誘導下活化
⼀基因之表現，該中鏈或長鏈烷類為⼀碳鏈長度介於 8⾄ 18的直鏈烷類，該中鏈或長鏈
脂肪酸甲酯為⼀碳鏈長度介於 8⾄ 12的飽和直鏈脂肪酸甲酯，該具有由 SEQ ID NO：1
之核苷酸序列所編碼胺基酸序列的蛋⽩質由⼀重組微⽣物細胞表現，該重組微⽣物細胞
進⼀步表現⼀烷類轉運蛋⽩，該烷類轉運蛋⽩係來⾃⼀戀臭假單孢菌的 AlkL蛋⽩。

2.　如申請專利範圍第 1項所述之⽤途，其中該碳鏈長度介於 8⾄ 12的飽和直鏈脂肪酸甲
酯為⽉桂酸甲酯。

3.　如申請專利範圍第 1項所述之⽤途，其中該基因編碼⼀細胞⾊素 P450氧化酶。
4.　⼀種受中鏈或長鏈烷類或中鏈或長鏈脂肪酸甲酯調控之全細胞催化系統，包含⼀重組微
⽣物細胞，其表現⼀具有由 SEQ ID NO：1之核苷酸序列所編碼胺基酸序列的的蛋⽩質
及⼀細胞⾊素 P450氧化酶，該中鏈或長鏈烷類為⼀碳鏈長度介於 8⾄ 18的直鏈烷類，
該中鏈或長鏈脂肪酸甲酯為⼀碳鏈長度介於 8⾄ 12的飽和直鏈脂肪酸甲酯，該細胞⾊素
P450氧化酶係由⼀細胞⾊素氧化酶 CYP153A、⼀鐵氧化還原蛋⽩、及⼀鐵氧化還原蛋
⽩還原酶所組成，該細胞⾊素氧化酶 CYP153A、該鐵氧化還原蛋⽩、及該鐵氧化還原蛋
⽩還原酶係來⾃⼀⽔油海桿菌 VT8，該重組微⽣物進⼀步包含⼀編碼烷類轉運蛋⽩之基
因，該烷類轉運蛋⽩係來⾃⼀戀臭假單孢菌的 AlkL蛋⽩。
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12

Strain construction, culture optimization 
for 1,12-diol production
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Regulatory mechanisms
of the AlkRM.aq. and 
CYP153AM.aq. operon

13

1,12-diol production parameters in different bioreactors

14
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Extending the system 
to de novo 1,12-diol 
biosynthesis from glycerol

15

1,12-Diol production using biocatalytic processes

16

Host E. coli 
strain

Overexpressed proteins Inducer Culture Substrate
1,12-Diol 
titer (g/L)

Year

BL21
CYP153, FdX, FdR 
(Acinetobacter sp. OC4)

lactosea
RCCb

1.5 mL, 24 h
1-dodecanol 0.079 2006

in vitro 
reaction

CYP153A16 (Mycobacterium marinum), CamA, 
CamB (P. putida ATCC17453)

0.1 mM IPTG
in vitro reaction
0.5 mL, 4 h

1-dodecanol 0.009 2011

BW25113
(DE3)
ΔfadD

strain 1: CYP153A33 (M. aquaeolei), CamA, CamB 
(P. putida)
strain 2: CAR (Mycobacterium
marinum), SFP, GDH (B. subtilis)

strain 1: 0.01 
mM IPTG strain 
2: 0.1 mM IPTG

2-step process, RCC (300 gCDW/L)
strain 1: 10 mL; 24 h
0.5 mM 5-ALA 
strain 2: 10 mL; 13 h

dodecanoic acid 1.40 2020

JM109
CYP153A, FdR (M. aquaeolei VT8), FdX (M. 
salarius R9SW1), AlkL (P. putida)

0.01% (w/v)
rhamnose

fed-batch culture
1.5 L, 68 h

dodecane, 
1-dodecanol

3.76 2022

BW25113
(DE3)
ΔfadD

strain 1: CYP153A33 (M. aquaeolei), CamA, CamB (P. 
putida)
strain 2: CAR (Mycobacterium
marinum), SFP, GDH (B. subtilis)

strain 1: 0.01 mM 
IPTG strain 2: 0.1 
mM IPTG

2-step process, RCC (300 gCDW/L)
strain 1: 10 mL; 24 h
0.5 mM 5-ALA 
strain 2: 10 mL; 13 h

dodecanoic acid 1.40 2017

BW25113
(DE3)
ΔfadD

strain 1: AlkB (P. pelagia), AlkG, AlkT (P. putida)
strain 2: CAR (Mycobacterium
marinum), SFP (B. subtilis)

0.05 mM IPTG
2-strain coculture requiring intermediate steps (18 
gCDW/L for strain 1, 9 gCDW/L for strain 2)
40 mL, 48 h

dodecanoic acid methyl 
ester

5.46 2022

C. tropicalis 
Δpox4Δpox5 and 
E. coli BW25113 
(DE3)

Yeast: CYP52A19, CPRb, FAO (C. tropicalis)
E. coli: CAR (Mycobacterium abscessus), SPF (B. 
subtilis)

Yeast: glucose
E. coli: 15 g/L 
galactose

Yeast: fed-batch culture
1.5 L, 102 h
E. coli: fed-batch culture
1.5 L, 96 h

dodecane to 1,12-DDA 
then to 1,12-diol

68.0 2025

JM109
CYP153A, FdR (M. aquaeolei VT8), FdX (M. salarius 
R9SW1), AlkL (P. putida)

0.01% rhamnose
fed-batch culture
1.5 L, 68 h

dodecane, 
1-dodecanol

3.76 2018

MG1655
CYP153A, FdR (M. aquaeolei VT8), FdX (M. salarius 
R9SW1), AlkL (P. putida)

0.01% rhamnose
fed-batch culture
1.5 L, 120 h

1-dodecanol 24.56

This 
study

MG1655
CYP153A, FdR (M. aquaeolei VT8), FdX (M. salarius 
R9SW1), FadL (E. coli)

0.01% rhamnose
fed-batch culture
1.5 L, 83 h

1-dodecanol 15.90

MG1655
CYP153A, FdR (M. aquaeolei VT8), FdX (M. salarius 
R9SW1), AlkL (P. putida)

－
fed-batch culture
1.5 L, 36 h

1-dodecanol 11.56

MG1655
ΔtesCΔfadE

BTE (U. californica), afFAR,  CYP153A, FdR (M. 
aquaeolei VT8), FdX (M. salarius R9SW1), AlkL (P. 
putida)

－
fed-batch culture
1.5 L, 24 h

－ 0.014
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1,12-dodecanediol

Glycerol
Sugar

CO2
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1-dodecanic acid

Coconut oil

Acknowledgements

•謝善棋 博士
•江昱霆 博士班在學
•蘇永瀚 碩士
•胡中齊 碩士
•孫浚豪 碩士班在學
•陳克祺 碩士班在學

18

79

台大生化科技系 李昆達教授兼系主任 - Synthetic biology of 1,12-Dodecanediol in engineered Escherichia coli



Application of ultrasound in the 
fermentation process with lactic acid 

bacteria

超音波在乳酸菌發酵過程中之應用

楊珺堯 (Chun-Yao Yang)

天主教輔仁大學  食品科學系

Department of Food Science, Fu Jen Catholic University, 

New Taipei City, Taiwan

2CY Yang, FJCUFS

• Ultrasound is defined as sound above 

the frequency of 20 kHz, which human 

beings cannot hear.

• The effect of ultrasonic irradiation is to 

produce the cavitation in liquids to assist 

the progress of chemical reactions.

• 超音波是屬於最簡單、最安全的非熱加工

技術的一種。

• 是較安全與無毒的技術，應用於食品工業

和生物技術之製程中常有顯著的促進效果。

• 是屬於對環境友善的「綠色技術」。

Ultrasound

Fig. 1. 超音波在食品科學上之應用
(Yang, 2017)
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3CY Yang, FJCUFS

Types of ultrasound

4CY Yang, FJCUFS

(Yang, 2017)

Fig. 2. The types of ultrasonic equipment: (a) ultrasonic probe/ horn; (b) ultrasonic bath

Types of ultrasound
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Comparison between ultrasonic probe and ultrasonic bath

CY Yang, FJCUFS

(Yang, 2017)

6CY Yang, FJCUFS

Cavitation of ultrasound

• Cavitation (空穴效應 )

• Cavitation microstreaming (空穴化微流 )

• Hot-spot (局部熱點 )

• 空穴效應作用機制 :

[步驟 1] 超音波在基質的表面附近產生空泡

[步驟 2] 空泡崩塌並釋放出具壓力和高溫的微噴

流朝向基質表面

[步驟 3] 基質表面細胞壁破裂並使細胞內的活性

成分與外部溶劑直接接觸

[步驟 4] 釋放活性成分並將其輸送到萃取溶劑中
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Application of Ultrasound in Microbial Fermentation

CY Yang, FJCUFS

• Fermentation: one of the oldest methods of food preservation and 
preparation.

• Definition of "food fermentation": referring to the decomposition of 
carbohydrates in anaerobic and aerobic environments. This process 
involves the use of enzymes and microorganisms to transform complex 
organic compounds into simpler ones.

• Application of ultrasound on biological effects:

a) 「 Inactivation effect (失活效應 ) 」 on microbial cells

b) 「 Proliferation effect (增殖效應 ) 」 on microbial cells

c) Effect on enzyme activity

8

Application of Ultrasound in Microbial Fermentation

CY Yang, FJCUFS

• Microbes have a hydrophobic surface, which will promote the rupture 
of bubbles on the surface (cavitation effect), leading to severe 
damage to the cell wall.

• Microjets can cause erosion of the cell wall, further leading to 
microbial inactivation.

''Inactivation effect'' on microbial cells

• Ultrasound enhances the permeability of cell membranes, accelerates 
mass transfer and promotes cell growth and reproduction

• Ultrasound provides effects on cellular composition, functionality, and 
genetics to accelerate the proliferation of microorganisms

''Proliferation effect'' on microbial cells
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Strategic ultrasound-induced stress response of LAB

CY Yang, FJCUFS

10

(Liu et. al., 

2018)

Application of ultrasound in the fermentation of soymilk with LAB

CY Yang, FJCUFS

Fig. 3. Effect of incubation time on β-glucosidase 

activity of L. acidophilus BCRC 10695. Ultrasound 

conditions: amplitude setting at 20%, 20 kHz, 2 

min, 37 °C. Each value is expressed as mean ± 

S.E. (n=3). Means with different letters within the 

same group are significantly different at p < 0.05.

Fig. 4. Effects of different amplitudes of ultrasound 

treatment (2 min) on β-glucosidase activity of L. 

acidophilus BCRC 10695. Each value is expressed 

as mean ± S.E. (n=3). Means with different letters 

within the same group are significantly different at p < 

0.05. N.D.: none detected.

UT-12 ： bacteria 

incubated for 12 

h then sonicated 

UT-24 ： bacteria 

incubated for 24 

h then sonicated 

UT-36 ： bacteria 

incubated for 36 

h then sonicated 

C-12 ： bacteria 

incubated for 12 

h

C-24 ： bacteria 

incubated for 24 

h

C-36 ： bacteria 

incubated for 36 

h
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(Liu et. al., 2018)

Application of ultrasound in the fermentation of soymilk with LAB

CY Yang, FJCUFS

Fig. 6. FESEM images for surface morphology of L. acidophilus BCRC 10695: 

(a) bacteria without ultrasonic treatment, (b) bacteria treated with ultrasound 

(amplitude setting at 20%, 2 min).
Fig. 5. Effect of irradiation time of ultrasound 

(amplitude setting at 20%) on β-glucosidase 

activity of L. acidophilus BCRC 10695. Each value 

is expressed as mean ± S.E. (n=3). Means with 

different letters within the same group are 

significantly different at p < 0.05.

12

Application of ultrasound in the fermentation of okara with LAB

CY Yang, FJCUFS

(Peng et. al., 2018)

Table 1 Effect of ultrasound treatment with different intensities and 

durations on viable cell counts of L. plantarum BCRC 10357 in MRS 

broth after incubation at 37  ℃ for 48 h. 

Fig. 7. Variations of (A) viable cell 

counts and pH values, and (B) β-

glucosidase activity of L. plantarum 

BCRC 10357 incubated in MRS 

broth at 37  ℃ for 120 h. Data were 

expressed as mean ± standard 

deviations from triplicate 

experiments.
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Application of ultrasound in the fermentation of okara with LAB

CY Yang, FJCUFS

(Peng et. al., 2018)

Fig. 8. Comparison of β-glucosidase activity of L. plantarum BCRC 10357 for 24 h of incubation at 37  with ultrasound at ℃
various amplitudes and durations: (A) sonication at 60 % amplitude for various incubation times; (B) sonication at various 

amplitudes and durations. Control group: without ultrasound treatment. Data were expressed as mean ± standard deviations 

from triplicate experiments. 

14

Application of ultrasound in the fermentation of okara with LAB

CY Yang, FJCUFS

(Peng et. al., 2018)

Fig. 9. Comparison of β-glucosidase activity of 

L. plantarum BCRC 10357 for 48 h of 

incubation at 37  after ultrasonic stimulation ℃
(60 % amplitude, 2 min) on various growth 

phases. Data were expressed as mean ± 

standard deviations from triplicate experiments.

Fig. 10. Effect of operating mode of 

ultrasound (60 % amplitude, 2 min) on β-

glucosidase activity of L. plantarum 

BCRC 10357 at 37  for 48 h of ℃
incubation. Data were expressed as 

mean ± standard deviations from triplicate 

experiments.

Fig. 11. The contents of isoflavones and 

β-glucosidase activity during fermentation 

by L. plantarum BCRC 10357 after 

ultrasound stimulation at 60 % amplitude 

for 2 min with 3 % okara in MRS broth at 

37 . Data were expressed as mean ± ℃
standard deviations from triplicate 

experiments.
• Continuous type: run for 2 min
• Periodic type: run for 1 min, stopped for 1 min, 

and run for 1 min 
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Impact of ultrasonic stress on the fermentation process

CY Yang, FJCUFS

16

Application of ultrasound in the fermentation of burdock roots with LAB

CY Yang, FJCUFS

(Su et. al., 2023)

Table 2. Effect of solid-to-liquid ratio on the ultrasound-assisted 

extraction of fructose and glucose from dried burdock-root 

powder (BP) using water as the solventa.

Fig. 12. Effect of various types of culture medium on (A) viable cell 

counts, and (B) β-glucosidase activity of L. plantarum FEL112 incubated 

at 37 °C for 48 h. BS: black soymilk; BWE: dried aqueous extract of 

burdock-root with U40 for 10-min; 1% BWE/BS: 1% BWE added in black 

soymilk (BS) (w/v); Control: MRS medium. Data were expressed as mean 

± standard deviations (n = 3). Different lowercase letters at the same 

incubation time and different uppercase (bold, underline, or italic) letters 

at the same medium indicated significant differences (p < 0.05) by 

Duncan’s multiple range test.
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Fig. 13. Effect of ultrasonic treatment on (A) viable cell counts, and (B) β-glucosidase activity of L. plantarum FEL112 incubated at 37 °C for 48 

h using 1% BWE/BS. BWE: dried aqueous extract of burdock-root with U40 for 10-min; 1% BWE/BS: 1% BWE added in black soymilk (BS) 

(w/v); Uy-t min: using 1% BWE/BS medium with y-kHz ultrasonic (U) treatment for t min after inoculation of the bacteria. Data were expressed 

as mean ± standard deviations (n = 3). Different lowercase letters at the same incubation time and different uppercase (bold, underline, or 

italic) letters at the same ultrasonic treatment indicated significant differences (p < 0.05) by Duncan’s multiple range test.
(Su et. al., 2023)

Application of ultrasound in the fermentation of burdock roots with LAB

18CY Yang, FJCUFS

(Su et. al., 2023)

Fig. 14. Plot for the modelling of viable cell counts of L. 

plantarum FEL112 for different growth conditions. BS: black 

soymilk medium; BWE: dried aqueous extract of burdock-root 

with U40 for 10-min; 1% BWE/BS: 1% BWE added in BS 

(w/v); Uy-t min: using 1% BWE/BS medium with y-kHz 

ultrasonic (U) treatment for t min after inoculation of the 

bacteria. Symbol: experimental data; line: modelling results.

Table 3. Profile of isoflavones in the fermented product using 1% BWE/BS 

as the medium fermented by L. plantarum FEL112 without or with 

ultrasonic treatmenta.

Application of ultrasound in the fermentation of burdock roots with LAB
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(Su et. al., 2023)

Fig. 15. FE-SEM images of the morphological structures of L. plantarum FEL112 incubated at 37 ◦C for 24 h without or with BWE (dried 

aqueous extract of burdock root with U40 for 10-min) in the medium and ultrasonic treatment: (A) MRS; (B) 1% BWE in MRS; (C) 7% BWE in 

MRS; (D) 1% BWE in black soymilk (BS); (E) 1% BWE in BS with 40 kHz/300 W of ultrasonic treatment for 20 min (U40-20 min); (F) 1% 

BWE in BS with 120 kHz/300 W of ultrasonic treatment for 20 min (U120-20 min).

Application of ultrasound in the fermentation of burdock roots with LAB

20

Application of ultrasound in the fermentation of black soybean okara 
& choline chloride with LAB

Fig. 16. Variations in β-glucosidase activity of L. plantarum BCRC 10357 incubated at 37 °C for 48 h 

using different conditions of ultrasonic treatment (40 kHz/300 W) for the medium of MRS with 3% black 

soybean okara (Oka). Data were expressed as mean ± standard deviation with triplicate experiments 

(n = 3). Different superscript lowercase letters at the same incubation time and different superscript 

uppercase letters at the same conditions with or without ultrasonic treatment were significantly different 

(p < 0.05) by Duncan’s multiple range test.

CY Yang, FJCUFS

(Wu and Yang., 2023)

Oka (no US): the Oka 

medium without ultrasonic 

treatment 

Oka-US-L: the Oka 

medium with ultrasonic 

treatment at 30°C for 20 

min before inoculation 

Oka-US: the Oka medium 

with ultrasonic treatment at 

60°C for 3 h before 

inoculation 
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Application of ultrasound in the fermentation of black soybean okara 
& choline chloride with LAB

CY Yang, FJCUFS

Fig. 17. Effect of different amounts of choline chloride (ChCl) added to the medium of MRS with 

3% black soybean okara (Oka) on the β-glucosidase activity of L. plantarum BCRC10357 

incubated at 37 °C for 48 h. Data were expressed as mean ± standard deviation (n = 3). Different 

superscript lowercase letters at the same incubation time and different superscript uppercase 

letters at the same amounts of ChCl were significantly different (p < 0.05) by Duncan’s multiple 

range test.
(Wu and Yang., 2023)

Oka-US: the Oka medium 

with ultrasonic treatment 

(40 kHz/300 W) at 60 °C 

for 3 h before inoculation 

x%ChCl-US: the Oka 

medium combined with x

% ChCl using ultrasonic 

treatment (40 kHz/300 W) 

at 60 °C for 3 h before 

inoculation. 

22

Application of ultrasound in the fermentation of black soybean okara 
& choline chloride with LAB

CY Yang, FJCUFS

(Wu and Yang., 2023)

Fig. 18. Effect of various modes of ultrasonic treatment on (a) viable cell counts; (b) β-glucosidase 

activity of L. plantarum BCRC 10357 incubated at 37 °C for 48 h. Data were expressed as mean ± 

standard deviation with triplicate experiments (n = 3). Different superscript lowercase letters at the 

same incubation time and different superscript uppercase letters at the same modes of ultrasonic 

treatment were significantly different (p < 0.05) by Duncan’s multiple range test.

1%ChCl (no US): the Oka 

medium combined with 1% 

choline chloride (ChCl) without 

ultrasonic treatment 

1%ChCl-US: the Oka medium 

with ultrasonic treatment (40 

kHz/300 W) at 60 °C for 3 h 

before inoculation

1%ChCl-USP: the medium of 

1%ChCl-US using L. plantarum 

BCRC 10357 that had been 

pretreated with an ultrasound 

probe (20 kHz/200 W) at 60% 

amplitude and 25 °C for 2 min

Oka: the medium of MRS with 

3% black soybean okara 
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Application of ultrasound in the fermentation of black soybean okara 
& choline chloride with LAB

CY Yang, FJCUFS

(Wu and Yang., 2023)

Fig. 19. Variations in ferric-reducing antioxidant power (FRAP) in the dried fermented product (FP) 

at 0, 24, and 48 h of fermentation time for the effects of (a) amount of choline chloride (ChCl) added 

to the Oka medium and (b) mode of ultrasonic treatment on the medium or on L. plantarum BCRC 

10357. Data were expressed as mean ± standard deviation (n = 3). Different superscript lowercase 

letters at the same fermentation time and different superscript uppercase letters at the same 

amounts of ChCl for (a) or at the same modes of ultrasonic treatment for (b) were significantly 

different (p < 0.05) by Duncan’s multiple range test.

Oka-US: the Oka medium with 

ultrasonic treatment (40 kHz/300 

W) at 60 °C for 3 h before 

inoculation 

1%ChCl (no US): the Oka 

medium combined with 1% ChCl 

without ultrasonic treatment 

x%ChCl-US: the Oka medium 

combined with x% ChCl using 

ultrasonic treatment (40 kHz/300 

W) at 60 °C for 3 h before 

inoculation 

1%ChCl-USP: the medium of 

1%ChCl-US inoculated with L. 

plantarum BCRC 10357 

pretreated with ultrasound probe 

(20 kHz/200 W) at 25 °C for 2 min

24

Application of ultrasound in the fermentation of black soybean okara 
& choline chloride with LAB

CY Yang, FJCUFS

(Wu and Yang., 2023)

Fig. 20. FE-SEM images of the solids separated from the 

medium in 12 h with L. plantarum BCRC 10357: (a) Oka-

US; (b) 1%ChCl (no US); (c) 1%ChCl-US; (d) 1%ChCl-

USP. Oka: the medium of MRS combined with 3% black 

soybean okara; Oka-US: the Oka medium with ultrasonic 

treatment (40 kHz/300 W) at 60 °C for 3 h before 

inoculation; 1%ChCl (no US): the Oka medium combined 

with 1% choline chloride (ChCl) without ultrasonic 

treatment; 1%ChCl-US: the Oka medium combined with 

1% ChCl using ultrasonic treatment (40 kHz/300 W) at 60 

°C for 3 h before inoc-ulation; 1%ChCl-USP: the medium of 

1%ChCl-US using L. plantarum BCRC 10357 that had 

been pretreated with an ultrasound probe (20 kHz/200 W) 

at 25 °C for 2 min.
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Mechanisms of ultrasonic stimulation on microorganisms

CY Yang, FJCUFS

26

Conclusion

CY Yang, FJCUFS

• Ultrasonic waves are non-toxic, safe, and environmentally friendly.

• It involves lower running cost, ease of operation, and efficient power output, and 
it does not need sophisticated machinery and wide range of technologies.

• A limited strength of nutrient and ultrasonic stresses would be beneficial to 
enhance the survivability of lactic acid bacteria.

• It has gained huge applications in the food industry such as processing, 

fermentation, extraction, emulsification, preservation, homogenization, etc.
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Thanks for your attention
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生技製程自動化
-機器手臂在發酵與食品產業的革新應用場合-

2026年第六屆發酵技術研討會

（2026/03/19 @ 台大食品科技館）

微生物發酵技術的各種應用

時機允晟股份有限公司 邱志雄總經理

1

2

生技、發酵與食品產業的現狀與挑戰

➢ 製程痛點：高重複性、 繁瑣或重負荷的搬運、取樣、分裝與篩選。

➢ 人力風險：操作人員疲勞導致的失誤或污染風險。

➢ 法規要求：嚴格的 GMP/ISO 追蹤追溯紀錄需求與追溯性。

➢ 核心思維：從「人力操作」轉向「數位自動化」。

機器手臂的核心優勢

➢ 精準度 (Precision)：輕盈或重型物件搬運精度的一致性。

➢ 耐受性 (Durability)： 24/7 不間斷運作，處理重複、無聊且容易出錯的工序。

➢ 無菌性 (Sterility)：減少人員進入潔淨室，降低外源微生物污染機率。

➢ 數位化 (Data Logging)：自動記錄動作參數，完美對接 AI 分析。

時機允晟  曾季清 - 生技製程自動化
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3

食品加工應用

堆棧 卸棧 排/卸盤 裝盒/裝箱

搬運 搬運開箱

特殊充填

4

其他生技應用

LAB automation

藥劑調配

時機允晟  曾季清 - 生技製程自動化
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➢ 協作機器人 (Cobots)：安全地與工作人員在同一工作空間協作。

➢ AI 整合：視覺/力量感測器結合 AI，擷取老師傅經驗，自我學習，品質與品管趨近人類

未來趨勢

6

評估指標 人工操作 (Manual) 機器手臂自動化 (Robotic) 改進效益

連續工作時間 8 小時 (需休息) 24 小時 (全年無休) 300% 產能提升

菌種篩選通量 約 200–500 樣本/日 3,000–10,000 樣本/日 >15 倍效率

移液精準度 (CV%) 2.0% – 5.0% < 0.5% 極高的一致性

污染風險 (人為) 高 (皮屑、呼吸、觸碰) 極低 (封閉系統/減少人員進入) 顯著降低批次失敗率

數據紀錄 手動紀錄 (易漏、易錯) 自動數位化掛鉤 (LIMS) 100% 可追溯性

領域 應用場景 機器手臂具體任務 核心好處

發酵工程 上游菌種開發 高通量挑選菌落、培養基優化配比 縮短研發週期 (R&D)

生技製藥 疫苗/抗體生產 自動化取樣監測、精準調配充填 符合 GMP 嚴格合規性

食品工業 發酵食品加工 產品翻動、搬運 解決惡劣環境缺工問題

品管檢驗 外觀、物性檢驗 自動化搬運 節省人力減少人為錯誤

項目 傳統生產線 (人工為主) 自動化生產線 (手臂輔助)
初期投資成本 低 高 (設備採購與系統整合)

長期營運成本 (OPEX) 高 (薪資、勞保、訓練) 低 (電力、定期保養)

錯誤成本 難以估計 (單次污染損失數百萬) 極低 (製程高度受控)

回收週期 (Payback) N/A 約 18–30 個月 (視規模而定)

時機允晟  曾季清 - 生技製程自動化
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在 2026 年的今天，我們追求的不再只是『實驗成功』，而是『每一次實驗都像影印一

樣精準可複製』。

關於『法規與數據完整性（Data Integrity）』:當機器手臂在無菌環境中完成每一個動

作，系統會同步生成電子紀錄，這完全符合 CFR Part 11 或食品追蹤追溯等法規要求。

我們不需要再擔心漏填紀錄或筆誤，因為每一個動作、每一次移動，都是可追蹤、不可

篡改的數位足跡。

總結來說，在實驗室、製造工廠導入機器手臂，不只是節省了繁瑣的工作，更是一場關

於『品質保證』的升級。它讓我們的操作人員能從繁重、無趣、長時間的操作中解放，

轉而投入更具價值的數據分析與製程優化。」

8

感謝聆聽

敬請指導

時機允晟  曾季清 - 生技製程自動化
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Cellometer X2
高倍率自動化計數器
專為酵母菌和細菌設計

Billy Cheng| Product supervisor

Mar 19, 2026

Revvity Proprietary Information

• Nexcelom創始人兼CTO Dr. Jean 
Qiu是ISO美國技術專家委員會成
員

• 和美國計量院 (NIST) 合作開發基
於成像原理細胞計數和活率分析
的控制策略和標準

• 合作發表了多篇同行評議文章以
及組織多場研討會

• Nexcelom獨立發表了約60篇細胞
計數相關文獻，是這一研究領域
的重要貢獻者之一

2

Nexcelom-Revvity致力於細胞定量方法的研究和參與相關標準的建立
• Since 2003

進階 儀器產品 鄭凱丰主任 - Cellometer X2 高倍率自動化計數器專為酵母菌和細菌設計
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Revvity Proprietary Information

“ Our new Cellometer X2 has cut the time we spend on cell counts drastically, freeing up time for 
much more. The transition was very easy, the software is a piece of cake to learn and the support is 
excellent!”                                                                                                             -美國威斯布魯克釀酒公司

釀酒工業品管 Brew beer

Revvity Proprietary Information

傳統人工細胞計數：費工、費時、人為差異

進階 儀器產品 鄭凱丰主任 - Cellometer X2 高倍率自動化計數器專為酵母菌和細菌設計

99



Revvity Proprietary Information

2003：
發明一次性細胞計數板

2006：
發佈世界首個基於血球計數
板原理的細胞計數儀

2008：
首次將AO/PI雙螢光細胞染色
法商業化

更方便 自動化 更準確

5

Nexcelom – Revvity 的三個世界首創

Revvity Proprietary Information

Cellometer X2細胞分析系統－工業酵母監控與研究

樣本濃度與存活率：明視野與紅綠螢光雙視野偵測成像

快速偵測：上樣至分析結束僅需 秒

僅需少量樣本：僅 μl樣本即可偵測

可靠的線性範圍： –

直覺的操作介面：無學習門檻

適配染劑：

專為酵母菌和細菌所設計，快速、準確的自動化計數平台

進階 儀器產品 鄭凱丰主任 - Cellometer X2 高倍率自動化計數器專為酵母菌和細菌設計
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Revvity Proprietary Information

簡單3步完成細胞計數

• 細胞數，濃度
• 細胞活率
• 細胞直徑
• 1分鐘/樣本
• 資料保存和匯出

7

Cellometer 細胞計數儀

Revvity Proprietary Information

X2 可辨識不同形態的酵母細胞

單個游離酵母
• 計數單個細胞粒子
• 通過細胞大小參數排除碎片或細胞團

出芽酵母的去聚團 (de-cluster)
• 圖像分析演算法去聚團和計數單個酵母細胞

成鏈酵母的去聚團
• 計數形成鏈的單個酵母細胞

進階 儀器產品 鄭凱丰主任 - Cellometer X2 高倍率自動化計數器專為酵母菌和細菌設計
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Revvity Proprietary Information

出芽樣本的兩種分析模式：
芽體分割計數 & 整體顆粒計數

芽體分割計數模式 整體顆粒計數模式

X2 可辨識不同形態的酵母細胞

Revvity Proprietary Information

使用AO/PI測量酵母存活率

乙醇發酵過程中監測酵母樣品
發酵早期活率約90%

發酵結束時活率低於30%

與人工計數方法一致

Bright field image Live cell image Dead cell image

Live yeast

Dead yeast
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Revvity Proprietary Information

Propidium iodide——膜完整性的存活率檢測

螢光核酸活性染色分子與DNA結合時會發出強烈的螢光
• PI染料分子不可滲透膜完整的活細胞
• PI染料分子容易通過膜受損的死亡細胞

Propidium Iodide FluorescenceBright-Field

Live cells: FL -

Dead cells: FL +

Live cells: FL -

Dead cells: FL +

Revvity Proprietary Information

白色念珠菌在培養皿 4℃長時間培養的存活率變化
Stability of C. albicans culture on agar plate stored at 4°C from Day 0 to Day 31 
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Revvity Proprietary Information

白色念珠菌保存在甘油重複冷凍/解凍的存活率檢測
Stability of C. albicans frozen culture stock in 10% glycerol over 8 freeze/thaw cycles. 

13

X2 在發酵工業品管帶來的好處
• 絕對計數與存活率計數準確，高線性範圍。

• 操作快速，從取樣到分析完成 < 5min。

• 操作簡單，看過一次就上手。

• 拋棄式耗材，無交叉感染，儀器無須維護。

• 快速偵測不同時間製程樣本數與存活率。

• 製程管理、購買菌株確認、品管確效。

• 客製化輸出報告，減少人為操作差異。

X2 在發酵工業品管的相關應用
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www.majorsci .com     
info@majorsci.com

協辦單位：

主辦單位：

主辦單位：
協辦單位：

台大食科所、台大生技所、教育部教學實踐研究計畫
台灣農業化學會、台灣乳酸菌協會、國際精準健康協會、台灣食品保護協會、台灣食品科技學會 、台灣保健食品學會

贊助單位：
進階生物科技股份有限公司
整合股份有限公司
佶駿實業有限公司
桂鼎科技股份有限公司




