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Real-Time Monitoring of Dynamic Microbial Fe(III) Respiration
Metabolism with a Living Cell-Compatible Electron-Sensing Probe

Na Chen+, Na Du+, Wenjie Wang, Tiangang Liu, Quan Yuan,* and Yanbing Yang*

Abstract: Monitoring microbial metabolism is vital for
biomanufacturing processes optimization. However, it
remains a grand challenge to offer insight into microbial
metabolism due to particularly complex and dynamic
processes. Here, we report an electron-sensing probe
Zn2GeO4:Mn@Fe

3+ for real-time and dynamic monitor-
ing of Fe(III) respiration metabolism. The quenched
persistent luminescence of Zn2GeO4:Mn@Fe

3+ is recov-
ered when Fe3+ accepted electrons from the dynamic
Fe(III) respiration metabolism, enabling the real-time
monitoring of microbial metabolism. The probe shows
the capability to verify the role of related biomolecules
in microbial Fe(III) respiration metabolism, to track the
dynamic Fe(III) respiration metabolic response to
environmental stress and microbial co-culture interac-
tions. Furthermore, the Zn2GeO4:Mn@Fe

3+ probe pro-
vides guidance for improving biosynthesis efficiency by
monitoring Fe redox recycling in microbial co-culture.

Introduction

As the center of microbial life, microbial metabolism
provides necessary energy and building blocks for cellular
activities.[1] Metabolism processes that couple elemental
reactions, such as microbial photosynthesis and respiration,
perform critical functions in driving major global elemental
cycles.[2] Currently, microbial metabolism has been widely
applied in the production of fine chemicals. For example,
high value-added biofuels and pharmaceuticals can be
biomanufactured with microbial cell factories through en-
gineered metabolic pathways.[3] Monitoring the microbial
metabolism processes in real-time could facilitate the under-

standing of metabolic mechanism and guide biomanufactur-
ing pathways optimization.[4] Consequently, it is of vital
importance to develop efficient microbial metabolism mon-
itoring methods to understand the intrinsic physiological
metabolism processes.
Microbial metabolism is a series of biochemical reactions

that include numerous decomposed and synthesized chem-
ical molecules.[5] Various substances such as nucleic acids,
proteins and chemical molecules are involved in the
metabolism processes.[6] In addition, metabolism intermedi-
ates are included within different metabolic pathways in
microorganism. The metabolism complexity is prominently
increased due to the interconnected interactions between
and within intricate metabolic pathways in microorganism.[7]

Additionally, microorganism requires to dynamically regu-
late the metabolic pathways by generating a series of
adaptive and protective responses to environmental stresses,
and this dynamic process further increases the metabolism
complexity.[8] In this regard, it remains a grand challenge to
monitor microbial metabolism processes in real-time due to
the extraordinary complexity of metabolic systems.
Fe(III) respiration, also called dissimilatory Fe(III)

reduction, is one of the earliest forms of microbial respira-
tion that sustains microbial growth.[9] Typically, Fe(III)
respiration bacteria are represented by Shewanella and
Geobacter species.[9c] In the Fe(III) respiration metabolism
process, external Fe3+ can be reduced to Fe2+ by electrons
that are transmitted across the cell membrane of
microorganisms.[10] Consequently, the design of a probe with
the capability to detect Fe3+/Fe2+ ratio is expected to be an
efficient approach to monitor electron transfer processes of
dynamic Fe(III) respiration metabolism. Various techniques
including fluorescence,[11] colorimetry,[12] electrochemistry,[13]

atomic absorption spectrometry and inductively coupled
plasma-mass spectrometry have been utilized for Fe3+ and
Fe2+ detections.[14] Currently, luminescent sensing techni-
ques based on afterglow materials have attracted great
attention in analyzing complex biosystems due to the ability
to eliminate autofluorescence interference.[15] Consequently,
developing afterglow probe with the ability to detect Fe3+/
Fe2+ is promising in monitoring the complex and dynamic
metabolism processes.
Here, we report an electron-sensing afterglow probe

Zn2GeO4:Mn@Fe
3+ (ZGO:Mn@Fe3+) for real-time and

dynamic monitoring of Fe(III) respiration metabolism.
Shewanella putrefaciens CN32 (S. putrefaciens) with Fe(III)
respiration metabolism is selected as the research model.
The quenched persistent luminescence of ZGO:Mn@Fe3+ is
recovered when Fe3+ accepted electrons from the dynamic
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Fe(III) respiration metabolism processes of S. putrefaciens,
thus enabling the monitoring of Fe(III) respiration metabo-
lism. The electron-sensing probe ZGO:Mn@Fe3+ could be
utilized to verify the role of related biomolecules in micro-
bial Fe(III) respiration metabolism as well as to track the
metabolic response of S. putrefaciens to environmental
stresses. Additionally, the metabolic processes involved in
microbial co-culture could be monitored with ZGO:
Mn@Fe3+ probe in real-time. Consequently, based on the
excellent performance in metabolic processes monitoring,
the electron-sensing probe ZGO:Mn@Fe3+ provides guid-
ance for microbial co-culture biosynthesis yields optimiza-
tion. The reported electron-sensing probe offers an efficient
platform for monitoring complex and dynamic microbial
metabolism, facilitating metabolic pathways optimization in
biomanufacturing.

Results and Discussion

S. putrefaciens, as one of the earliest dissimilatory metal-
reducing bacteria, can thrive through Fe(III) respiration
metabolism in which electrons from cytoplasm can be
transferred to extracellular minerals through metal reducing
extracellular electron transfer pathways (Figure 1a).[16]

ZGO:Mn nanorods, as a kind of afterglow luminescence
nanomaterials, exhibit a band gap (EZGO:Mn) of 4.75 eV as
determined by UV/Vis diffuse reflectance spectra (DRS)
(Figure 1b and Figure S1 and S2).[17] The energy level
diagrams of ZGO:Mn nanorods and Fe3+/Fe2+ were
depicted in Figure 1c.[17,18] As shown in Figure 1c, the
persistent luminescence of ZGO:Mn nanorods at 536 nm
originates from the 4T1(G)!

6A1(S) transition of Mn2+

luminescence center.[13] The reduction Fermi energy level of

Figure 1. Design of electron-sensing probe. a) Schematic illustration of Fe(III) respiration metabolism in microorganisms. b) Tauc plots of ZGO:
Mn nanorods. c) Diagrammatic illustration of photoinduced electron transfer processes between ZGO:Mn nanorods and Fe3+/Fe2+. d) Schematic
illustration of ZGO:Mn nanorods upon exposing to redox Fe3+/Fe2+ couple. e) Persistent luminescence curves of ZGO:Mn nanorods in response
to Fe3+ and Fe2+, respectively.
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EFe3þ , red (� 4.80 eV) locates between
4T1(G) level (� 4.36 eV)

and 6A1(S) (� 6.67 eV).
[17,18c] In this way, photo-excited

electrons in 4T1(G) will be transferred to nearby EFe3þ , red
instead of relaxing to 6A1(S),

[17,18a,b] and such photoinduced
electron transfer would cause persistent luminescence
quenching of ZGO:Mn nanorods. In contrast, the Fermi
energy level of EFe2þ , red (� 3.6 eV) locates between the
conduction band of ZGO:Mn nanorods (� 3.24 eV) and the
4T1(G) level of Mn

2+ (� 4.36 eV). In this case, photo-excited
electrons in the conduction band of ZGO:Mn nanorods
would transfer to Fermi energy level of EFe2þ , red and

4T1(G)
level of Mn2+ sequentially, and then relax to 6A1(S) to emit
fluorescence. The difference in persistent luminescence of
ZGO:Mn nanorods towards Fe3+ and Fe2+ might achieve
efficient Fe(III) respiration metabolism detection (Fig-
ure 1d). To verify this point, the persistent luminescence of
ZGO:Mn nanorods in response to Fe3+ and Fe2+ was
investigated. As shown in Figure 1e and Figure S3–5, the
persistent luminescence of ZGO:Mn nanorods is quenched
by Fe3+ efficiently compared with Fe2+. Besides, the
persistent luminescence of ZGO:Mn nanorods exhibits
negligible variation upon exposure to other physiological
relevant metal ions, indicating that ZGO:Mn nanorods
display excellent selectivity for Fe3+ (Figure S6). The above
results indicate that ZGO:Mn nanorods with excellent
persistent luminescence performance enable the detection
of Fe3+/Fe2+ ratio effectively, which might provide a path-
way to achieve real-time monitoring of Fe(III) respiration
metabolism in microorganism.
Based on the above consideration, we developed a

ZGO:Mn@Fe3+ probe to monitor Fe(III) respiration metab-
olism in microorganism (Figure 2a and Figure S7–S11). To
explore the capability of ZGO:Mn@Fe3+ probe in Fe(III)
respiration metabolism monitoring, the ZGO:Mn@Fe3+

probe was incubated with S. putrefaciens that involves
Fe(III) respiration metabolism and Escherichia coli (E. coli)
without Fe(III) respiration metabolism, respectively. As
shown in Figure 2b,c and Figure S12, the persistent lumines-
cence intensity of the ZGO:Mn@Fe3+ probe increases with
incubation time in S. putrefaciens that involves Fe(III)
respiration metabolism. In comparison, the ZGO:Mn@Fe3+

probe cultured with E. coli without Fe(III) respiration
metabolism exhibits constant persistent luminescence inten-
sity over time. The above results suggest that the ZGO:
Mn@Fe3+ probe is specific in microbial Fe(III) respiration
metabolism monitoring. It is worth mentioning that the
persistent luminescence intensity of ZGO:Mn@Fe3+ probe
shows negligible change upon incubation with culture super-
natant of S. putrefaciens, indicating that the metabolite
interference exhibits little influence on the ZGO:Mn@Fe3+

probe (Figure S13). The ZGO:Mn@Fe3+ probe with persis-
tent luminescence could also eliminate the autofluorescence
interference in microorganism (Figure S14). The logarithm
of persistent luminescence intensity of ZGO:Mn@Fe3+

probe linear correlates with the ratio of Fe2+/Fetotal (Fig-
ure 2d). The limit of detection (LOD) of the ZGO:
Mn@Fe3+ probe for Fe2+ is calculated to be 781 nM
according to LOD=3σ/m, where σ represents the standard
deviation of the response and m represents the slope of the

concentration-dependent response in the Fe(III) respiration
metabolism processes (Figure S15).[11a,e, 18c] The above results
indicate that the ZGO:Mn@Fe3+ probe provides a quantita-
tive strategy for Fe(III) respiration metabolism monitoring.
To quantitatively monitor the Fe(III) respiration metab-

olism in S. putrefaciens, the persistent luminescence inten-
sities of ZGO:Mn@Fe3+ probe in S. putrefaciens over
incubation time were recorded (Figure 2e). The Fe3+

reduction ratio during the Fe(III) respiration metabolism
could be quantified based on the linear relationship between
logarithm of persistent luminescence intensity and Fe2+/
Fetotal ratio in Figure 2d. As indicated in Figure 2e, the

Figure 2. Fe(III) respiration metabolism monitoring. a) Schematic illus-
tration of the monitoring of microbial Fe(III) respiration metabolism
with ZGO:Mn@Fe3+ probe. b) Persistent luminescence decay images
and c) persistent luminescence intensities of the ZGO:Mn@Fe3+ probe
upon exposure to S. putrefaciens and E. coli. d) Persistent luminescence
curves of ZGO:Mn nanorods in response to different Fe2+/Fe3+ ratios
with a total Fe concentration of 2.0 mM. Inset: Linear relationship
between logarithm of persistent luminescence intensity and Fe2+/Fetotal

ratio. e) The recorded persistent luminescence intensity of ZGO:
Mn@Fe3+ probe (red lines) and the calculated Fe3+ reduction ratio
versus growth time (blue lines) during Fe(III) respiration metabolism
in S. putrefaciens based on the linear relationship in Figure 2d. f) The
derivative of logarithm of persistent luminescence intensity across time
(red lines) correlates (R2=0.97, P<10� 4) with S. putrefaciens growth
rates (blue lines). Growth rates were measured as the derivative of the
logged abundance curve (optical density of culture, black lines).
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maximal Fe2+/Fetotal ratio during the Fe(III) respiration
metabolism processes is measured to be about 50%. This
value might provide an interpretation for the phenomenon
that the natural mineral magnetization shows a stoichiomet-
ric magnetite Fe2+/Fetotal of 50%. The calculated Fe

2+/Fetotal
ratio is also consistent well with previous studies,[9a] demon-
strating that the ZGO:Mn@Fe3+ probe is capable to monitor
Fe(III) respiration metabolism. Bacterial colonies after 96 h
incubation (2.16×109 CFUmL� 1 for bare S. putrefaciens,
1.91×109 CFUmL� 1 for ZGO:Mn-S. putrefaciens, and 1.97×
109 CFUmL� 1 for ZGO:Mn@Fe3+-S. putrefaciens) are de-
tected on substrate, indicating that both the ZGO:Mn
nanorods and the ZGO:Mn@Fe3+ probe exhibit low toxicity
against S. putrefaciens (Figure S16). Besides, the ZGO:
Mn@Fe3+ probe remains stable after 4 days co-culture with
S. putrefaciens (Figure S17). The negligible change of
persistent luminescence of ZGO:Mn@Fe3+ probe during the
whole incubation processes in medium solution also verifies
the excellent stability of ZGO:Mn@Fe3+ probe (Figure S18).
Previous studies have indicated that the metabolic activities
of microorganism are highly correlated to the metabolic
status.[19] The relationship between the persistent lumines-
cence intensity of ZGO:Mn@Fe3+ probe and bacterial
growth rates was plotted in Figure 2f. As shown in Figure 2f,
the derivative of logarithm of persistent luminescence
intensity across time correlates well with the bacterial
growth rates (R2=0.97, P<10� 4) that was calculated as the
derivative of bacterial abundance (log2OD600) across
time.[19a, 20] The above results suggest that ZGO:Mn@Fe3+

probe could offer real-time and quantitative insights in
complex microbial Fe(III) respiration metabolism monitor-
ing.
Besides the capability for real time detection of Fe(III)

respiration metabolism in microorganism, ZGO:Mn@Fe3+

probe could also facilitate the exploration of relevant
biomolecules that are involved in microbial metabolism.
Genetic studies have revealed that CymA, MtrC, OmcA and
OmcB are involved in the electron transfer processes of
bacteria.[16a, 21] CymA is a key membrane-anchor protein that
could transfer electrons from cytoplasm to periplasm in S.
putrefaciens.[22] MtrC, OmcA and OmcB on the bacteria
surface could transfer electrons to minerals directly.[23]

Mutants with CymA-encoding gene deleted (ΔCymA) and
MtrC-encoding gene deleted (ΔMtrC) were constructed to
investigate the role of CymA and MtrC in electron transfer
processes, respectively (Figure S19 and S20). As shown in
Figure 3a–c, the recovery rates of persistent luminescence in
both ΔCymA and ΔMtrC mutants are slower than wild-type
S. putrefaciens, indicating that the Fe(III) respiration
metabolism is impeded in the absence of CymA or MtrC.
The OmcA and OmcB inhibitor vanadate (V2O5) was
employed to verify the role of OmcA and OmcB in Fe(III)
respiration metabolism.[24] As shown in Figure 3d, the
persistent luminescence of ZGO:Mn@Fe3+ probe in S.
putrefaciens increases slowly in the presence of V2O5, and
the luminescence intensity exhibits a dose-dependent behav-
ior in response to V2O5 (Figure S21). This phenomenon
suggests that the electrons transfer pathways were impeded
once OmcA and OmcB were blocked. Recently, flavin

shuttles have been proved to mediate electron transfer to
extracellular acceptors through conjunction with extracellu-
lar flavoprotein.[16b,25] The electrons transfer ability of flavin
was also investigated with ZGO:Mn@Fe3+ probe. After the
addition of flavin shuttles such as riboflavin, flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMN), the
persistent luminescence intensity of ZGO:Mn@Fe3+ probe
in S. putrefaciens increases by 41.5%, 31.4% and 24.3%%
after 48 h incubation (Figure 3e and Figure S22,S23). It is
worth mentioning that exogenous substances such as V2O5
and riboflavin show negligible interference on the persistent
luminescence of ZGO:Mn@Fe3+ probe (Figure S24). These
results confirm the critical role of CymA, MtrC, OmcA,

Figure 3. Metabolism mechanism verification. Schematic and persis-
tent luminescence intensity of the ZGO:Mn@Fe3+ probe co-cultured
with a) wild-type S. putrefaciens, b) ΔCymA mutants and c) ΔMtrC
mutants. Schematic and persistent luminescence intensity of the ZGO:
Mn@Fe3+ probe upon the addition of d) V2O5 inhibitor and e) electron
transfer shuttle riboflavin.
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OmcB and flavin shuttles in transferring cytoplasm electrons
to extracellular acceptors in Fe(III) respiration metabolism.
Also, the above investigations clearly indicate that the
ZGO:Mn@Fe3+ probe is capable of exploring the role of
related biomolecules in microbial Fe(III) respiration metab-
olism.
Microbial metabolism in nature are complex due to

particularly complicated metabolism environment and dy-
namic processes.[26] Typically, bacteria encounter a myriad of
stresses in nature, and it would generate a series of adaptive
and protective responses to adapt external environment.[27]

To explore the capability of ZGO:Mn@Fe3+ probe for
Fe(III) respiration metabolism monitoring in complicated
environment, the persistent luminescence of ZGO:Mn@Fe3+

probe co-cultured with S. putrefaciens under environmental
stress stimulus was investigated. Figure 4a presents the
Fe(III) respiration metabolism of S. putrefaciens in response
to oxygen-stress. When oxygen was injected into the ZGO:
Mn@Fe3+ probe and S. putrefaciens co-culture solution, the
persistent luminescence quenched immediately, while the
persistent luminescence intensity in control group without S.
putrefaciens remains stable. The quenched luminescence can
be ascribed to the oxidation of Fe2+ to Fe3+ by oxygen.
Then, the persistent luminescence of ZGO:Mn@Fe3+ probe
gradually recovers to the original intensity, suggesting that
the injected oxygen was consumed by S. putrefaciens and
Fe3+ was reduced to Fe2+ through Fe(III) respiration
metabolism (Figure S25). When the culture temperature
elevates from 303 K to 310 K, the persistent luminescence
recovery rate decreases, suggesting that the increase of
temperature impedes the Fe(III) respiration metabolism in
S. putrefaciens (Figure 4b and Figure S26). The impeded
metabolism at 310 K is partially due to reduced metabolic
status or enzymatic activity in the electron transfer chains.
The stress response detecting capability of ZGO:Mn@Fe3+

probe provides a facile strategy for stress-tolerant strains
metabolic activity monitoring.

Besides the influence of natural environmental stress,
interactions among microorganism also play key roles in
microbial metabolism. By trading metabolites, exchanging
signals or integrating pathways, microbial co-culture coor-
dinates specific activities, thus determining the stability,
functionality and dynamics of communities.[28] For example,
E. coli-S. cerevisiae microbial co-culture can work coopera-
tively by integrating relevant metabolic pathways of E. coli
and S. cerevisiae to improve paclitaxel biomanufacturing
efficiency.[29] In microbial co-culture of Rhodopseudomonas
palustris TIE-1 (R. palustris)-S. putrefaciens, S. putrefaciens
could provide Fe2+ electron donor for phototrophic R.
palustris through Fe(III) respiration metabolism.[9b] Further-
more, Fe2+ can be oxidized to Fe3+ by R. palustris under
light illumination.[9b] The confocal images in Figure 5a and
Figure S27 show the morphologies of glutaraldehyde-fixed
R. palustris (blue) and S. putrefaciens (red) in R. palustris-S.

Figure 4. Dynamic stress responses monitoring. a) Oxygen-stress and
b) temperature-stress Fe(III) respiration metabolism monitored with
ZGO:Mn@Fe3+ probe.

Figure 5. Metabolism monitoring in microbial co-culture. a) Confocal
fluorescence imaging of R. palustris (DAPI, blue) and S. putrefaciens (PI,
red) in microbial co-culture. Monitoring of metabolism in b) microbial
co-culture and c) S. putrefaciens with ZGO:Mn@Fe3+ probe under light
illumination. Monitoring of metabolism in d) microbial co-culture and
e) S. putrefaciens with ZGO:Mn@Fe3+ probe in the dark. f) The number
of electrons transferred to ZGO:Mn@Fe3+ probe under different
conditions, n=3. g) Schematic of ZGO:Mn@Fe3+ probe for the
monitoring of Fe redox cycling metabolism in R. palustris-S. putrefaciens
co-culture.
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putrefaciens co-culture. To monitor the Fe redox cycling
metabolism existed in R. palustris-S. putrefaciens co-culture,
the ZGO:Mn@Fe3+ probe was incubated with R. palustris-S.
putrefaciens co-culture and the persistent luminescence
performance was recorded. To give a clear comparison, pure
S. putrefaciens was selected as the control. In Figure 5b and
Figure 5c, it can be observed that the persistent lumines-
cence intensities of ZGO:Mn@Fe3+ probe in R. palustris-S.
putrefaciens co-culture under light illumination are much
lower compared with that of bare S. putrefaciens at different
growth stages. The amounts of S. putrefaciens in Figure 5b
and 5c are further investigated with the corresponding
fluorescence in situ hybridization (FISH) probe of S.
putrefaciens.[30] Flow cytometric analysis shows that the S.
putrefaciens amounts in R. palustris-S. putrefaciens co-
culture and bare S. putrefaciens under light illumination are
nearly consistent at the same growth stages (Figure S28 and
Table S3). Hence, the decreased luminescence in Figure 5b
suggests that the Fe redox cycling occurred in the microbial
co-culture under light illumination. By contrast, the R.
palustris-S. putrefaciens co-culture in dark shows similar
persistent luminescence intensity compared with bare S.
putrefaciens (Figure 5d,e). This phenomenon suggests that
Fe redox cycling in microbial co-culture under dark environ-
ment is hindered, and the impeded Fe redox cycling is due
to the absence of Fe2+!Fe3+ conversion in phototrophic R.
palustris in dark. The luminescence performance variation
indicates that Fe redox cycling metabolism in microbial co-
culture could be effectively monitored by ZGO:Mn@Fe3+

probe. Meanwhile, the culture solution of R. palustris-S.
putrefaciens under light irradiation turned purplish red
rapidly (Figure S29), indicating that the growth rate of R.
palustris in microbial co-culture was accelerated compared
with bare R. palustris. The synergistic mutualism between S.
putrefaciens and R. palustris under light irradiation promotes
the metabolites exchange and R. palustris growth. The
number of electrons transferred to ZGO:Mn@Fe3+ probe in
R. palustris-S. putrefaciens microbial co-culture and bare S.
putrefaciens can be calculated based on the following
equation:

N¼ nFe2þ � NA (1)

where N represents electron transfer numbers, and nFe2þ
represents the mole number of Fe2+. NA is Avogadro
constant (6.02×1023). Figure 5f summarizes the electron
transfer numbers in microbial co-culture and bare S.
putrefaciens cultured at different growth stages. The calcu-
lated electron transfer number from R. palustris-S. putrefa-
ciens co-culture to ZGO:Mn@Fe3+ probe is less than that of
S. putrefaciens. The decreased electrons transfer number in
R. palustris-S. putrefaciens co-culture can be attributed to
the existence of Fe redox cycling between S. putrefaciens
and R. palustris (Figure 5g). The above results indicate that
ZGO:Mn@Fe3+ probe provides a robust analytical tool for
Fe redox cycling metabolism monitoring in microbial co-
culture.

R. palustris was reported as a microbial host for lycopene
production.[31] As illustrated in Figure 6a, lycopene is

naturally produced by the condensation of isopentenyl
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP)
through carotenoid biosynthetic pathway in R. palustris. The
R. palustris-S. putrefaciens microbial co-culture with differ-
ent bacteria ratios under light irradiation all show improved
lycopene biosynthesis efficiency compared with bare R.
palustris (Figure S30), and the improved biosynthesis effi-
ciency coincidences with accelerated Fe redox cycling
metabolism in microbial co-culture. Consequently, the
monitoring of Fe redox cycling in R. palustris-S. putrefaciens
co-culture might guide the lycopene biosynthetic process
optimization (Figure 6b). To this end, we investigated the
relationship between persistent luminescence of ZGO:
Mn@Fe3+ probe and lycopene yield in R. palustris-S.
putrefaciens co-culture under different light irradiations.
Figure 6c shows that with the increase of light irradiation,
the persistent luminescence intensity of ZGO:Mn@Fe3+

probe decreases while the lycopene yield improves (Fig-
ure 6d). The improved lycopene yield originates from the
accelerated Fe redox cycling metabolism in R. palustris-S.
putrefaciens co-culture with high dose of light irradiation.
The correlation between the persistent luminescence inten-
sity and lycopene yield demonstrated that the ZGO:
Mn@Fe3+ probe could be utilized to monitor microbial co-
culture metabolism process to guide biosynthesis efficiency
optimization.

Figure 6. Metabolism monitoring to guide biosynthesis efficiency.
a) Lycopene biosynthesis pathways in R. palustris (GPP, geranyl
pyrophosphate; FPP, farnesyl pyrophosphate; GGPP, geranylgeranyl
pyrophosphate; IspA, farnesyl pyrophosphate synthase; CtrE, a forme
of GGPP synthase; CtrB, phytoenesynthase; Ctrl, phytoene desaturase).
b) Schematic illustration of the monitoring of lycopene biosynthesis
process in microbial co-culture with ZGO:Mn@Fe3+ probe. c) Persis-
stent luminescence intensity of ZGO:Mn@Fe3+ probe in microbial co-
culture under different light irradiations. d) Lycopene biosynthesis
efficiency in microbial co-culture under different light irradiations.
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Conclusion

In summary, we developed an electron-sensing probe ZGO:
Mn@Fe3+ for real-time monitoring of Fe(III) respiration
metabolism in microorganism. The critical roles of CymA,
MtrC, OmcA, OmcB and flavin in transferring cytoplasm
electrons to extracellular acceptors during the Fe(III)
respiration metabolism were validated with the ZGO:
Mn@Fe3+ probe. The electron-sensing probe ZGO:
Mn@Fe3+ could also be utilized to track the metabolic
response of S. putrefaciens to environmental stress and
metabolic processes involved in microbial co-culture. More-
over, the electron-sensing probe ZGO:Mn@Fe3+ could be a
guide for microbial co-culture biosynthesis conditions opti-
mization. The design of electron-sensing probes by coupling
related metabolites and luminescence nanomaterials pro-
poses a general strategy for relevant metabolism processes
monitoring.
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Real-Time Monitoring of Dynamic Micro-
bial Fe(III) Respiration Metabolism with a
Living Cell-Compatible Electron-Sensing
Probe

An electron-sensing probe Zn2GeO4:
Mn@Fe3+ was developed to achieve
dynamic Fe(III) respiration metabolism
monitoring in S. putrefaciens. With ex-
cellent monitoring performance, the
Zn2GeO4:Mn@Fe3+ probe offers the
potential to track the dynamic Fe(III)
respiration metabolic response of S.
putrefaciens to environmental stress and
microbial co-culture interactions. Addi-
tionally, the Zn2GeO4:Mn@Fe3+ probe
provides guidance for biosynthesis effi-
ciency optimization.
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