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Abstract  Accurate monitoring of dissolved oxygen 
(DO) is vital for aerobic fermentation process con-
trol. This work presents an autoclavable Micro-Dis-
solved oxygen Sensor (MDS) that can monitor real 
time DO. The proposed sensor is much cheaper to 
be manufactured (< $35) and can be adapted to vary-
ing measurement environments. An ultra-micropore 
matrix was created using femtosecond laser process-
ing technology to reduce flow dependency of probe 
signals. The validity of the proposed DO sensor was 

verified by testing it under different DO levels. The 
result revealed consistency between the new designed 
sensor and a commercial DO sensor. The obtained 
sensitivity was−  7.93 μA·L·mg−1 (MDS with ultra-
micropore matrix). Moreover, the MDS can function 
without an oxygen-permeable membrane and a solid 
electrolyte was used which reduced the response time 
(4.6 s). For real-time monitoring, the stability of the 
MDS was validated during a yeast batch fermentation 
carried out until 18 h.

Keywords  All-solid electrolyte · Dissolved oxygen 
sensor · Electrolysis · Real time monitoring · Yeast 
fermentation

List of symbols 
kDO	� First order rate constant for DO 

probe model (s−1)
cl,O2

	� Oxygen concentration near the 
surface of DO sensor

cs,O2
	� Oxygen concentration inside the 

sensor
cDO	� Output of the DO sensor
�e	� Response time
Irelative	� Relative value of current to charac-

terize flow dependence
Currentrpmi

	� The measured current of sensors 
under different rotation speeds

Currentmax∈rpmi
	� The maximum current of 
Currentrpmi

XCO2,out
	� Volume fraction of CO2 in off-gas
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XCO2,in
	� Volume fraction of CO2 in off-gas

XO2,in
	� Volume fraction of O2 in air

XO2,out
	� Volume fraction of O2 in air

Fin and Fout	� Volumetric flow rate of inlet air 
and outlet off-gas under standard 
condition

Vbroth	� Volume of the broth in bioreactor

Introduction

Dissolved oxygen (DO) is an important parameter 
for aerobic fermentation process in various bioreac-
tors (Haiyuan et al. 2020; Hyunjin et al. 2017; Milica 
et al. 2006; Seyed Ali et al. 2016; Justin et al. 2020), 
as it plays a critical role in supporting the respiration 
of the culture of the microorganism in bioreactors. 
The level of DO in a bioreactor may often indicate the 
metabolic status of the microorganism. The develop-
ment of small-scale bioreactors for high throughput 
strain screening and bioprocess optimization has been 
fast growing over more than two decades (Andrijana 
et al. 2016), and the volume of which ranges from a 
few milliliters to tens of milliliters (Buchenauer et al. 
2009; Gabi et  al. 2011; Michel et  al. 2010). That 
requires that the size of the DO sensor should be 
small enough to fit in the miniature bioreactors. The 
advantage of commercialized macro-scale electrodes 
is that they are not prone to be interference by the 
problems associated with concentration differences, 
filling solution evaporation, thin film dissolution and 
liquid junction potentials. However, due to their bulky 
nature, they are harder to integrate into miniature bio-
sensors (Tom and Bland 2008). There is an increas-
ing trend towards miniaturization of both biological 
and chemical DO sensors for usage with miniaturized 
sample pre-processing and analysis systems (Tom 
and Bland 2008). Despite optical DO electrode is 
regarded as a better choice in the environmental water 
monitoring field (Andrijana et al. 2016; Tobias et al. 
2013; Mário et al. 2013; Schmiderder et al. 2015), its 
application in fermentation field is restricted. Because 
fluorescence dye used in optical DO is high tempera-
ture sensitive and has problem to be autoclaved with 
high temperature and pressure, which is crucial for 
microorganism pure culture in bioreactor. The Clark 
cell remains the most reliable sensor to measure dis-
solved oxygen concentration but miniaturization is 
complicated. Since normal size macro DO electrode 

mounted in stirred tank bioreactor, it might take up 
to several minutes before the DO concentration gra-
dient to be in equilibrium and the resulting diffusion 
boundary layer is prone to be interfered by bulk con-
vective flow. In conventional Clark oxygen sensors, 
these problems are circumvented by building up the 
concentration gradient mainly builds up in a mem-
brane, which encloses the amperometric cell with an 
internal cavity. An effective way to overcome con-
vective the flow interference of the current detection 
is by applying ultra-micropore matrix, which is a 
term generally denoting circular pores with a diam-
eter below 5  µm covering the surface of the sensor 
(Eric et al. 2008) and the same effect with a diame-
ter of 10 µm was proven in this article. Femtosecond 
(fs) laser has become a powerful tool for fabricating 
three-dimensional (3D) microstructures from nano-
to-micron scale in transparent materials, which is 
enabled in either additive/subtractive manners or an 
internal modification fashion (Wei et al. 2019; Rafael 
and Eric 2008; Kazuyoshi et  al. 2006; Koji and Ya 
2014; Xiaolong et al. 2019). As a maskless technol-
ogy, femtosecond laser enables rapid prototyping and 
provides a straightforward approach to fabricate 3D 
structures inside photosensitive materials, including 
polymer and glass (Anthony et al. 2016; Yang et al. 
2012; Zijie et al. 2020; Jia et al. 2020; Gregor et al. 
2019). It is possible to be used to make the micro-
channels for overcoming the convective flow interfer-
ence problem.

In this study, we propose a micro-dissolved oxy-
gen sensor (MDS) with a femtosecond laser fabricate 
ultra-micropore matrix structure, which is not sensi-
tive to bulk convective flux interference. The pro-
posed sensor replaces the liquid electrolyte with solid 
electrolyte, so that only-oxygen-permeable membrane 
is no longer required and the sensor can undergo high 
temperature sterilization. A precise electrochemistry 
instrument system was developed based on the new-
designed sensor. The performance of the electrodes 
was tested in with a pure water system, which showed 
the good stability and repeatability of sensor signals, 
and no significant flow dependence was observed in 
the measured DO value. On the basis of cold flow 
model experiments, the sensor was applied in a real 
fermentation process in real-time and continuous 
measurement of DO for 18  h. The new designed 
Micro-DO sensor presented here showed shorter 
response times and lower costs than commercial DO 
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probes. More importantly, the small size of the sensor 
offers the potential to be used in more diverse envi-
ronments with little adaption.

Materials and methods

Principle of the MDS

Figure  1a shows the schematic structure of the 
MDS, which can be divided into three layers: the 

three solid electrodes layer (Fig. 1c), solid electro-
lyte layer, and the top insulation layer with ultra-
micropores matrix generated using a femtosecond 
laser. The three electrodes in the DO sensor meas-
ure the current caused by reduction of dissolved 
oxygen in the solid electrolyte. The reduction reac-
tion of the dissolved oxygen at the working elec-
trode and that on counter electrode is described by 
the following Eqs. (1, 2) (Jungil et al. 2007):

Fig. 1   Schematic diagram 
of the structure and manu-
facturing method for the 
new-designed micro-DO 
sensor. a Illustration of 
assembled DO sensor and 
a cross-sectional diagram 
of the chemical reaction for 
the Clark-type electrode. b 
Schematic diagram of fem-
tosecond laser processing. c 
Physical image and size
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Fabrication of MDS

An MDS with three electrodes consists of an Au 
working electrode (3 mm in diameter), an Au coun-
ter electrode, and an Ag reference electrode as 
shown in Fig.  1b. Ni/Cu (20  nm/ 200  nm) layers 
were deposited onto a printed circuit board (PCB) 
using an Angstrom E-beam Evaporator (Angstrom 
Engineering Inc.), followed by deposition of Ag 
(250  nm) for the reference electrode (cost $5). 
The probe was cleaned using 75% C2H5OH with 
30  min ultrasonic processing and dried at 60 ℃. 
After cleaning, a 300  mV constant voltage cur-
rent source was applied to obtain Ag/AgCl refer-
ence electrode from the original Ag electrode. The 
cathode of the power supply was connected to the 
Ag electrode, and the anode of the power sup-
ply to Pt electrode and both electrodes were sub-
merged in 0.1 M KCl solution for 15 s. A thin layer 
of Nafion solution (Sigma 117) was fabricated 
on the surface of the probe. The solvent was then 
dried by placing the electrode in a vacuum drying 
oven with 0.95 degrees of vacuum at 60 ℃ for 2 h. 
Epoxy resin was used as an insulating layer over 
the Nafion layer. The resin was evenly distributed 
on the electrode surface using a spin coater with 
2.01 g (3000 rpm) and then solidified at 70 °C for 
24 h. The resin layer was then processed to gener-
ate the ultra-micropore matrix using the femtosec-
onds laser as illustrated in Fig.  1b. An ultrashort 
laser system (Light Conversion, Pharos-20 W) with 
a central wavelength of 1028 ± 5  nm, a repetition 
rate of 2  kHz, and a variable pulse duration was 
employed for laser direct writing. The pulse energy 
of the laser beam was tuned using a variable neu-
tral density filter. The pulse durations of the laser 
beam were set at 0.4  ms by moving a motorized 
translation stage to change a compressor length and 
induce a positive chirp and the pulse energies were 
set 6 μJ to make the proper ultra-micropores (cost 
less than $10).

(1)Working electrode ∶ O2 + 4H+ + 4e− → 2H2O

(2)Counter electrode ∶ 2H2O → O2 + 4H+ + 4e−

Configuration of the whole measuring system

The instrument system signal processing to receive 
current data from MDS is designed based on a pre-
vious work (Zhen et  al. 2018), which contains the 
electrode interface, analog front, microcontroller, 
data transceiver and multiplexer (cost $15). The cur-
rent on the working electrode is converted to voltage 
by using a trans-impedance amplifier (TIA) in the 
front end with selectable feedback resistance from 1 
to 10 MΩ to adjust the measuring range through the 
multiplexer. Two on-chip DACs (12-bit) are used to 
control the potential for implementation of the cyclic 
voltammetry.

Characterizations of the MDS

Several steady state DO levels were established in a 
1.5-L beaker through the air and N2 mixing with dif-
ferent ratios before the mixture enters into the solu-
tion. The Nafion MDSs were tested in double-distilled 
water (dd-water), 2.5–10% (w/w) of lactic acid, malic 
acid, citric acid, ethanol, respectively, and under dif-
ferent temperatures (15–55 ℃) or different pH values 
(pH 0–14). The flow rates of air and N2 were con-
trolled by two mass flow meters. The DO value in 
the beaker was also measured with a commercial DO 
probe (VisiFerm DO Arc 120, Hamilton, Bonaduz, 
Switzerland) at the same time. Cyclic voltammetry 
was performed by sweeping linearly from − 300 mV 
to − 500 mV at a scan rate of 50 mV/s (Hyunjin et al. 
2017). Then, the Nafion MDS were tested for their 
properties after high temperature sterilization (121℃ 
for 30 min, required for pure microorganism culture 
application) for 50 times.

Dynamic response and flow dependence testing

Response time testing was carried out under fluctuat-
ing dissolved oxygen conditions. The fluctuating DO 
condition was created using a two-gas switching sys-
tem, and the system consisted of two electromagnetic 
valves controlling the cutover of air and N2 (99.999%) 
and one mass flow controller that fixes the flow rate 
of the gas to be under 1 vvm. Intermittent switch-
ing of nitrogen and air with a 5-min period cycle to 
achieve periodic changes in dissolved oxygen in a 5-L 
bioreactor (GuoQiang Company, Shanghai, China). 
During the process pH was kept at 5.0 ± 0.2 and the 
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temperature at 30 ± 0.5  °C. A commercialized dis-
solved oxygen probe (VisiFerm DO Arc 120, Hamil-
ton, Bonaduz, Switzerland) was mounted in the same 
system as a control to validating the new-designed 
probe. If we switch the electrode from one DO level 
(DO1) solution to another different DO level (DO2), 
a constant response time value ( �e assume a first 
order response kinetics) defined as the time needed 
for the probe signal reaches 63% of the difference 
(DO2–DO1) was obtained and the kinetics process 
can be expressed as (3) and (4) (Nulee et al. 2020) (de 
Jongea et al. 2014):

The following procedure was used to obtain �e . 
The designed DO sensor was initially put into a zero 
DO level solution sparged with pure N2 until the sig-
nal is steady. Switch the probe immediately to an oxy-
gen saturated solution nearby, and the response curve 
of the probe signal was recorded. The switching time 
was neglectable as it is less than 0.5 s, which is much 
smaller than the response time of the electrodes.

The flow dependence of the different MDS was 
tested at a constant dissolved oxygen concentra-
tion (8.05 mg/L, at 25 ℃ and 1 atm). Rotation speed 
was increased gradually from 100 to 700  rpm in a 
period of 5 min and the same cyclic voltammetry was 
performed.

Preculture and batch cultivation of yeast

Preculture of S. cerevisiae B1 was carried out for 9 h 
in three 500 mL shake flasks with 100 mL working 
volume at 30 ℃, and the batch cultivation served as 
inoculum for the 5-L bioreactor (GuoQiang Com-
pany, Shanghai, China) with a working volume 
of 3 L of mineral medium (Jianye et  al. 2022). The 
pH was controlled at 5.0 with 3 M NaOH as titrate. 
The temperature of the batch was set at 30 ℃ also. 
Two Rushton turbine impellers were mounted for 
mixing and gas–liquid mass transfer with 200  rpm. 

(3)
�cs,O2

�t
= kDO(cl,O2

− cs,O2
)

(4)cDO[t + �e] = cs,O2
[t]

(5)Irelative =
Currentrpmi

Currentmax∈rpmi

Sterilized air was sparged into the reactor with a 
flow rate of 3 L/min (1 vvm). The off-gas of the fer-
mentation was analyzed using an off gas-MS (Prima 
BT, Thermo Fisher Scientific, Wins ford, U.K.), and 
oxygen uptake rate (OUR), carbon dioxide evolution 
rate (CER) and respiratory quotient (RQ) were calcu-
lated based on the MS measured off-gas composition 
according to Eqs. (6) to (8). The bioreactor was oper-
ated with a gauge pressure of 0.05 MPa.

Result and discussion

Electrochemical response of MDS

Firstly, we tested the properties of the new-designed 
micro-DO electrode in a 1.5-L beaker. Figure  2a 
shows the dissolved oxygen levels under different 
steady state DO levels within around 80 min at room 
temperature and 1  atm pressure. The cyclic voltam-
metry (CV) measurements of the new-designed sensor 
under seven DO states are shown in Fig. 2b. Cathodic 
current demonstrated better linear current response 
in the potential range of −  350  mV to −  450  mV. 
As shown in Fig.  2c, the greatest regression coeffi-
cient under different voltage is at − 400 mV, so the 
− 400 mV current is chosen as the operating voltage. 
In Fig. 2d, we compared the regressed DO vs. elec-
trode current lines for the new designed micro-DO 
probes with different setups. It can be seen that the 
probes with ultra-micropore matrix structure obtains 
the best regression line with an excellent correlation 
coefficient (R2 = 0.9939). In the actual fermentation 
process, the fermentation broth is complex in compo-
sition and may contain various metabolites, like alco-
hols, organic acids, etc. In addition, different level 
of temperature and pH may be required for different 
strains. Therefore, the validity of the Nafion MDSs 
were tested under various conditions mentioned 

(6)CER =
XCO2,out

Fout − XCO2,in
Fin

Vbroth

(7)OUR =
XO2,in

Fin − XO2,out
Fout

Vbroth

(8)RQ =
CER

OUR
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above. In the presence of organic acids or ethanol and 
with pH changes, the Nafion MDSs show consistent 
linearity for different dissolved oxygen concentra-
tions (Supplementary Fig.  1a–e). According to the 
ANOVA analysis, the slopes and intercepts obtained 
in the above cases were not significantly different 
from those tested in pure water (P > 0.05, Fig.  3). 
At constant air pressure, the solubility of insoluble 
gases in water decreases with increasing tempera-
ture. As a result, the measured current also decreases 
with increasing temperature (Supplementary Fig. 1f). 
To confirm the reliability of the sensors after steri-
lization, the Nafion MDSs were sterilized 50 times 
and tested after each 5 autoclaves (Supplementary 

Fig. 2). According to the ANOVA analysis, the slopes 
keep no significant changes and the intercepts were 
not changed significantly after 25 times autoclaves 
(Fig. 4b, Table 1).

Dynamic and flow dependence results

The response time of the DO probe is required to 
be as small as possible in order to catch the oxy-
gen uptake kinetics of the cell within the system, 
which is attributed to the low solubility of oxygen 
(0.26 mmol/L at 25 ℃ and 1 atm) (Xiao et al. 2019) 
in fermentation broth under normal condition (at 25 
℃ and 1 atm) and relative higher oxygen uptake rate 

Fig. 2   Cold flow model testing of the properties of the new 
designed Micro-DO sensor. a 7 different DO concentration 
levels. b Cyclic voltammetry of Nafion MDS. c Distribution 

of regression coefficients for different voltages. d Influences on 
calibration curve of 3 different processes MDS
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of yeast cells in bioreactor (normally over 60 mmol/
L/h when biomass OD600 is over 40) (Zhiqiang et al. 
2008).

The response time of Clark-type sensors is affected 
by some elements, such as membrane type, mem-
brane thickness, area of the working electrode and a 
gap between the membrane and the working electrode 
surface (Lee and Kim 2004). Compared to the com-
mercial electrodes used in this work, the proposed 
electrode uses a solid electrolyte with a layer total 
thickness of less than 2  µm. This special structure 

improvement reduces the distance between bulk dis-
solved oxygen molecule and the electrode where oxy-
gen molecules are reduced, and in turn it reduces also 
the response time of the probe. A schematic diagram 
of the measurement process is shown in Fig. 5a. Fig-
ure 5b shows the profile of measured DO level using 
the new designed micro-electrode in three full cycles 
of air-nitrogen intermittent shifting within approxi-
mately 30 min. Raw current data of the probe showed 
a deviation of 1.79% at dissolved oxygen saturation 
versus zero dissolved oxygen. The data in Fig.  5b 

Fig. 3   Variations of a slopes and b intercepts under various relevant conditions for testing the Nafion MDS

Fig. 4   Variations of a slopes and b intercepts after every 5 times autoclaves for a total of 50 times autoclaves
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shows that it requires 100 s from zero dissolved oxy-
gen to 90% of saturated dissolved oxygen and needs 
more 100 s to 100% due to the reduction of the oxygen 
concentration difference between the gas and liquid 
phases. The long conversion time of 200  s does not 
mean that the electrodes have a long response time. 
Because the complete elimination of N2 in the reactor 
often needs at least five residence times, correspond-
ing to about 3.3 min. However, the information of the 
probe response time �e contained in the response time 
of the DO profile. The response time of the commer-
cialized DO probe and the new-designed micro-DO 
sensors were measured (The response curve of the 
probe signals is shown in Fig.  5c). The correspond-
ing response time �e is 10.2 s and 4.6 s for commer-
cial sensor and the MDS, respectively. For the vast 
majority of application scenarios, a response time of 
10.2 s is sufficient, because a fermentation often runs 
from a few days to several weeks. However, for cer-
tain conditions where dissolved oxygen changes more 
rapidly, we believe that a shorter reaction time should 
be beneficial. Variety of different pulse experiments 
were carried out, e.g. sugar pulse (Peng et al. 2021), 
oxygen pulse (Diano et  al. 2006) and ethanol pulse 
(Diana et  al. 2004) experiments were designed to 
study the properties of microorganism oxygen uptake 
kinetics, in which cases rapid dynamic changes of DO 
accompanied. A shorter �e is thus crucial for obtain-
ing real-time dissolved oxygen level and the accurate 
property of the microorganism. A shorter response 
time of the new designed micro probe makes it much 
easier for achieving this purpose.

Some researchers used the method of ultra-
micropore matrix to overcome the problem of the 

influence of convective flow to the probe signal 
(Eric et al. 2008), in this case, the equilibrium oxy-
gen concentration profile builds up within a few 
milliseconds, and the contribution of diffusion to 
the total mass transfer of oxygen becomes so high 
that it is hardly influenced by convection flow. Two 
kinds of laser fabrication methods were tested: 
ULS laser platform (VLS2.30 Universal, America) 
and a femtosecond laser amplifier (Libra, Coher-
ent, Inc.). Figure 3d shows the aperture formed by 
CO2 laser cutting are irregular and non-uniform 
(118.9 ± 42.3  μm). The pictures shot by stereomi-
croscope (SZX16, Olympus Corporation, Japan) are 
8 times (center) and 40 times (around) respectively. 
In contrast, the ultra-micropore matrix generated by 
femtosecond laser shown in Fig.  5e is much more 
regular with pore diameter of 10 μm and inter-pore 
distance of 50 μm and about 50 thousand pores cov-
ered RE, WE and CE. We compared the resistance 
of probe signal to the convective flow for the new 
designed probe with different processing method, 
and the result is shown in Fig. 5f. All experiments 
were conducted under a saturated dissolved oxygen 
condition (8.05 mg/L, at 25 ℃ and 1 atm) to ensure 
that the dissolved oxygen did not change with 
impeller rotation speed. The raw currents in the 
probe are logged during the process, and the Irelative 
gradually increased as the rotational speed increas-
ing for both MDS without the resin layer and laser 
cutting MDS. However, Irelative of MDS with ultra-
micropore matrix on the resin layer fabricated by 
the femtosecond laser showed stability during the 
whole process (standard deviation is within ± 5%).

Table 1   Table of the 
differences of profiles’ 
slopes and intercepts after 
5–50 autoclaves

Number of auto-
claves

Average slope Average intercept Std.slope Std.intercept

5  − 0.86  − 0.38 0.08 0.28
10  − 0.72 0.90 0.06 0.21
15  − 0.81 0.84 0.11 0.34
20  − 0.92  − 0.48 0.01 0.13
25  − 0.77 0.77 0.03 0.13
30  − 0.81 0.44 0.04 0.19
35  − 0.76 0.69 0.03 0.07
40  − 0.82 0.52 0.04 0.35
45  − 0.74 0.78 0.04 0.10
50  − 0.76 0.77 0.03 0.12
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Fig. 5   Response and convective flow interference testing of 
the new designed micro-DO sensor. a Schematic diagram of 
cold model test in 5-L bioreactor. b Testing at dynamic state. 

c Definitions of �
e
 for commercial sensor and Nafion MDS. d 

Structure of ultra-microeletrodes. e Holes made by CO2 laser 
cutting. f Flow dependence test of Nafion MDS
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Dissolved oxygen measurement results of the yeast 
batch culture

The MDS was applied to batch yeast fermentation 
in a 5-L bioreactor (GuoQiang Company, Shanghai, 
China) to verify the stability and feasibility of the 
new designed micro-DO sensor in real fermenta-
tion conditions for monitoring the process DO. The 
real fermentation broth system has a rather complex 
environment, which proposes a challenge to the use 
of microelectrodes. Living cells and metabolites, 

complex gas-and liquid two-phase turbulence flow 
make the measurement of DO level a challenging 
work. It is therefore necessary to validate the micro-
electrodes applicability in a real fermentation process 
for accurate DO measurements. During the batch cul-
tivation the dissolved oxygen concentration decreased 
with time due to the increasing oxygen demand of 
the exponentially growing yeast. Figure 6a shows the 
installment of the MDS in the 5-L bioreactor. The 
batch experiments finished at approximately 18  h 
after inoculation. As can be seen in Fig. 6b, the batch 

Fig. 6   Application of new designed probe in a 5-L bioreactor 
with real fermentation process. a Mount of the new designed 
probe in a 5-L bioreactor; b Profiles of oxygen uptake rate 
(OUR), carbon dioxide evolution rate (CER) and respiration 
quotient (RQ) of the yeast cell culture process in the 5-L bio-

reactor; c Comparison between the dissolved oxygen signals 
from the conventional sensor and MDS with ultra-micropore 
matrix. d Comparison between the dissolved oxygen signals 
from the conventional sensor and Nafion MDS
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fermentation of yeast shows two distinct phases due 
to the Crabtree effect of the yeast cell (Jianye et  al. 
2022). From 0 to 6.5 h (phase I, respire-fermentative 
state), yeast cells preferentially use the glucose as the 
carbon source and ethanol accumulated due to the 
high specific growth rate (> 0.28  h−1), indicating by 
a higher RQ value (> 1) during this phase. The yeast 
produces large quantities of ethanol for balancing the 
requirement of constant redox condition in the cyto-
plasm and support the higher ATP requirement for 
fast cell growth. From 6.5 to 18 h (Phase II), the cells 
started to utilize the accumulated ethanol after the 
glucose depleted in phase I, indicated by the decreas-
ing of RQ from much larger than 1 to less than 1. The 
DO drops from 100 to 55% during the entire fermen-
tation cycle and returns to 100% at the end of the fer-
mentation. The micro-DO sensor was calibrated using 
two points calibration method (0% for zero dissolved 
oxygen and 100% for saturated dissolved oxygen con-
centration of 12.1 mg/L) before the batch cultivation. 
It can be seen in Fig. 6c that the new designed MDS’s 
signal matched the signal of the commercial DO 
sensor (VisiFerm DO Arc 120, Hamilton, Bonaduz, 
Switzerland). Nafion MDS covered with only solid 
electrolyte but without the ultra-micropores matrix of 
resin layer was also tested under the same fermenta-
tion process. The signal of this probe was much prone 
to noise compared to that with the ultra-micropore 
matrix resin layer probe in Fig. 6d. This again veri-
fied that without the outer resin layer the raw cur-
rent signal was very easy to be interfered by noises, 
such as convective flow, electromagnetic signals, etc. 
A way to improve the signal to noise ratio would be 
increasing the electrode area and thus the measured 
current. Covering the naked probe with solid electro-
lyte significantly increases the voltage measured by 
the CV, which helps to increase the signal-to-noise 
ratio. Roughly 10  h after inoculation, however, the 
sensitivity of the naked probe suddenly decreased, but 
this was not observed for MDS with ultra-micropore 
matrix resin layer.

Conclusion

In conclusion, we proposed and fabricated a novel 
micro-DO sensor. It can be utilized in a wide range 
of bioreactors from milliliter scale to industrial 
scale composed to the traditional commercialized 

DO probes. The slopes keep no significant change 
after 50 times autoclaves and the intercept was not 
changed significantly after 25 times autoclaves. 
The new designed probe adopted solid electrolyte 
rather than liquid electrolyte, which ensured a much 
shorter response time (4.6  s), in addition, we also 
found a proper process procedure that can signifi-
cantly reduce the convective flow interference to 
the raw current signals of the probe. The miniature 
sensor is more economical to manufacture (less 
than $35), easier to prepare, and it can suit more 
variable measurement environments. Femtosec-
ond laser processing technology was used for the 
first time to manufacture ultra-micropores matrix 
with 10  µm diameters and reduce flow depend-
ence. The obtained sensitivity was −  7.93 ± 0.12 
uA·L·mg−1 for the new designed MDS with ultra-
micropore matrix, showing an excellent perfor-
mance (R2 = 0.9939). Preliminary experimental data 
showed that the MDS exhibit stability during an 
18-h yeast fermentation. For longer-term biological 
processes, these manifestations should be further 
investigated.

Supporting Information  Supplementary Figure  1—Vali-
dation of the Nafion MDS under (a) 2.5-10 % Citric acid; (b) 
2.5-10 % Lactic acid; (c) 2.5-10 % Malic acid; (d) 2.5-10 % 
Ethanol; (e) pH 0-14; (f) 15-55 °C.

Supplementary Figure  2—Linear characterizations of sen-
sors every 5 times autoclaves for a total of 50 times autoclaves.
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