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1 Proposed Mechanism for Mitochondrial Injury

Based on literature review, we compiled and proposed a mechanism of action for the release of FMN as a conse-
quence of reperfusion after an ischemic phase.1–8

Supplementary Figure S1: Respiratory chain during normoxia

During normal physiological conditions, mitochondrial complexes I to IV create a proton gradient across the
inner mitochondrial membrane. This gradient creates a proton flux through ATP-Synthases, which catalyze the
production of energy rich ATP. At complex I, energy rich NADH is decomposed into 2H+ ions and NAD+. This
reaction releases two electrons which are transported along complex I. Electrons are transferred to ubiquinone
(Q) via FMN and FeS and form together with 2 H+ ions ubiquinol. This electron transfer initiates the movement
of H+ ions through complex I. Similarly, complex II reduces FAD as part of the citric acid cycle, thereby releasing
2 electrons. Ubiquinol transports electrons to complexes III and IV, which pump further H+ ions across the
membrane. Complex IV additionally requires oxygen to form water by combining two H+ ions and oxygen. Due
to the proton gradient, ATP-Synthase pumps protons back into the mitochondrion and synthesizes ATP, required
for most vital cellular processes.

Supplementary Figure S2: Respiratory chain during ischemia
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If cells are exposed to ischemia due to a lack of oxygen, biochemical processes adapt. Since complex I is not
dependent on oxygen, it can operate as usual. Complex II on the other hand, runs reverse. As glycolysis requires
NAD+ to create 2 ATP per glucose, the citric acid cycle runs reverse thereby releasing 3 NAD+ and oxidizing one
FADH2. This reduction requires 2 electrons which are provided by complex I. In other words, complex II features
a reverse electron transport and deactivates complexes III and IV. Because complexes III and IV transport less H+

ions, the gradient decreases and theATP-Synthase produces less ATP.Therefore, ATPs are consumedmore quickly
and 2 ADPs are broken into an AMP and an ATP to make up for the lack of synthesized ATPs. This increases the
concentration of AMPs. At the same time, succinate and NAD+ concentrations increase and accumulate while
NADH concentrations decrease within mitochondria.

Supplementary Figure S3: Respiratory chain during reperfusion

Once, an organ is connected to a perfusion system again, oxygen is provided and transported into cells. Because
of the accumulation of succinate, AMP and NAD+, cells cannot go directly into normal operation. Since the
concentration of NAD+ is much larger than the concentration of NADH, NAD+ is reduced. This requires two
electrons which are provided by complex II. As these electrons pass complex I in the other direction, H+ ions are
sucked from the inter membrane space into mitochondria. Reverse electron transport due to the accumulation of
succinate changes the redox potential of complex I thereby releasing FMN,which can pass through themembrane.
Without FMN, complex I is deactivated. ATP concentration only recovers with a time lag as accumulated AMP
have to be converted into ADP first.
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2 Graphical User Interface

(a) Welcome Screen (b) Measurement Monitor

Supplementary Figure S4: iOS Application

3 Calibration & Accuracy
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Supplementary Figure S5: Calibration curve of FMN
in Belzer MPS in steps of 0.01µg/mL

Supplementary Figure S6: Crosstalk between FMN
and NADH in Belzer MPS
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Based calibration curves, the following conversion formula could be found to calculate the FMN con-
centration based on intensity values from the spectrometer:

CFMN =
1

47726.9
(I530(t)− 2591.6)− CFMN(0)
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Supplementary Figure S7: LC-MS spectra for FMN samples in Belzer MPS for different concentrations.

260.1 379

299.2923

344.2049

402.1 740

457.1 091

569.31 08

622.0302

799.6789

+MS, 4.5±0.1min, #1032‐1 085,  ‐Peak Bkgrnd

1 00 200 300 400 500 600 700 800 900 m/z
0.00

0.25

0.50

0.75

1 .00

1 .25

1 .50

4x1 0
Intens.

u

0.000 0.005 0.010 0.015 0.020 0.025 0.030

4000

6000

8000

FMN Concentration [ g/mL]

In
te

ns
ity

 [
A

.U
.]

Calibration 1

Calibration 2

Calibration 3

Supplementary Figure S8: LC-MS spectrum of col-
lected HOPE perfusate sample

Supplementary Figure S9: Plate reader measure-
ments that are currently in clinical use to determine
FMN concentrations

3.1 Calibration in Dialysate

50mLof dialysatewere circulatedwhile adding FMNandNADH to the circulated solution. Signals were
averaged over at least 5min andwere correlatedwith the concentration of FMNandNADH respectively.
Calibration curves were fitted analogously to calibrations done in Belzer MPS.
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Supplementary Figure S10: Calibration of FMN and NADH in dialysate

3.2 Cross-Talk with Bilirubin

Bilirubin (14370-250MG, Sigma-Aldrich) was dissolved in dimethylsulfoxide (DMSO) to create a con-
centrated stock solution. The stock solutionwas diluted in 50mL of aqueous solution andwas circulated
while measuring fluorescent spectra in a flow cell. In these experiments, the bilirubin concentrations
were substantially higher than during standard HOPE, as demonstrated by the visible yellow color of a
35 µM solution shown in Supplementary Figure S12. Despite these high concentrations, no increase in
fluorescence was visible at 530 nm while exciting the sample at 405 nm (Supplementary Figure S11).
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Supplementary Figure S11: Spectra of aqueous
bilirubin and FMN solutions

Supplementary Figure S12: Calibration with 35 µM
bilirubin solution

4 Clinical Data

4.1 Clinical FMN Measurements

The following figure shows plate reader measurements of discrete samples that were used to accept or
discard extended criteria donor grafts.
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Supplementary Figure S13: Discrete FMN measurements after 30 and 60 min of HOPE

4.2 Transplanted Organs

Organ Nr. TPL Type Donor Age fWIT Weight [g] Steatosis
1 ✓ DCD 29 28 2700 no biopsy
2 ✓ DBD 28 N.A. 2340 no biopsy
3 ✓ DCD 26 21 2200 <5% (micro/macro)
4 × DCD - - - no biopsy
5 ✓ DCD 70 18 1727 no biopsy
6 ✓ DCD 23 23 2052 <5% (micro/macro)
7 ✓ DBD 11 N.A. 854 no biopsy
8 ✓ DBD 50 N.A. 1900 no biopsy
9 × DCD - - 3200 no biopsy
10 × DCD - - 2390 no biopsy
11 × DCD - - - no biopsy
12 ✓ DCD 75 16 1215 no biopsy
13 ✓ DCD 47 33 2366 no biopsy
14 ✓ DCD 48 22 1845 no biopsy
15 × DCD - - 1712 no macro, 5% micro
16 ✓ DCD 71 39 1350 no biopsy
17 × DCD - - 1215 no biopsy
18 ✓ DBD 76 N.A. 1824 20% macro
19 ✓ DBD 80 N.A. 1800 no biopsy
20 ✓ DCD 64 22 1804 no biopsy
21 ✓ DCD 55 28 1635 5% macro
22 ✓ DCD 21 19 1350 no biopsy
23 × DCD - - 2399 no biopsy
24 ✓ DCD 83 25 1995 25% (macro/micro)
25 ✓ DCD 53 22 1304 no biopsy
26 ✓ DCD 73 15 1284 15% macro

Table 1: Liver grafts - Additional information
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4.3 Patient Death after Liver Transplantation

• Nr. 2: Patient died on the day of transplantation due to a non patent portal vein.

• Nr. 13: Patient recovered after TPL with AST < 50 and INR = 0.9 after 6 days. However, the
patient underwent exitus letalis 4 month after TPL due to pneumonia.

• Nr. 21: Patient died 8 days after transplantation with AST = 435, ALT = 360, INR = 1 and fV
= 103 due to a necrotic pancreatitis. The patient was treated with hemodialysis starting one day
after transplantation.

• Nr. 24: Patient suffered from primary non-function two days after transplantation and was
retransplanted. One day after retransplantation, the patient died due to another primary non-
function.

4.4 Evaluation of Post-Transplant Transaminase Levels

All transaminase datapoints were fitted with a simple exponential model, as shown in equation 1, where
t denotes the time after transplantation in hours,A denotes the amplitude of the exponential decay and
B denotes the rate at which transaminase levels decreased.

AST (t) = A1 · exp(B1 · t) ALT (t) = A2 · exp(B2 · t) (1)

To calculate the time it takes until AST values drop below 3000 U/L, we used the same exponential fit
and equation 2.

t3000 =
ln(3000/A1)

B1

(2)

4.5 Evaluation of fV Synthesis after Transplantation

Measured fV values were interpolated with a second order polynomial fit to compare values at the same
time point.

fV (t) = A1 · t2 + A2 · t+ A3 (3)
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4.6 Post-Transplant Data over Time
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Supplementary Figure S14: AST data of all trans-
planted patients

Supplementary Figure S15: ALT data of all trans-
planted patients

0 50 100 150 200 250
0

50

100

150

200

250

fV All data

Time after TPL [h]

fV

Supplementary Figure S16: fV data of all transplanted patients

5 Normothermic Perfusion of Partial Liver for Real-Time Creatinine
Measurement

A 606 g right hemi-liver was perfused at 37 ◦C with 3L of whole blood with a haematocrit of 30% for
7 days (Supplementary Figure S19) . The liver was connected to a partially oxygenated portal vein
via a 36 French cannula where a flow of 1 L/min was maintained at a pressure of 10 mmHg. The artery
was connected with a 10 French cannula where a pulsatile flow (80/50 mmHg) was applied. The liver
cleared lactate and produced bile with peak blood AST (2287 U/L) and ALT (1490 U/L) after 46 hours
of perfusion. A custom perfusion loop was used (Supplementary Figure S17) and creatinine was
measured in a Luer-to-Luer connector (Supplementary Figure S18) .
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Supplementary Figure S17: Scheme of the perfusion loop for long term normothermic perfusion of a partial
human liver

Supplementary Figure S18: Luer-to-Luer connector
to measure creatinine in waste dialysate, once with
clamp-on probe and once without

Supplementary Figure S19: Right hemi-liver during
normothermic perfusion (vessels from left to right:
bile ducts, hepatic artery, portal vein)

Experiments were approved by local authorities (Cantonal Ethics Committee Zurich KEK no. 2017-
00412 and 2017-01292).
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6 Normothermic Perfusion of Discarded Grafts
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Supplementary Figure S20: Data of normothermic perfused discarded grafts

Huwyler et al., Adv.Sci. 2023 11 of 13

http://www.doi.org/10.1002/advs.202301537


During the course of this study, two of the discarded grafts (Nr.13 andNr. 23) were perfused on our cus-
tom normothermic perfusion system. Both grafts were discarded due to elevated FMN concentrations,
measured with a plate reader. Real-time FMN data is shown in Supplementary Figure S20. Further-
more, AST, ALT, ALP, GGT and blood bilirubin concentrations are shown over the course of subse-
quent normothermic perfusion. Consistent increase of AST, ALT, ALP and GGT represents increasing
liver inflammation while accumulation of perfusate bilirubin shows the inability of the liver to excrete
bilirubin with bile. Taken together, we did not observe normal metabolic activity of these perfused
grafts and interpret this as a signature of primary non-function during the normothermic perfusion,
indicating poor graft quality and supporting the decision to have discarded the grafts.

7 FMN Measurement During Normothermic Perfusion

A 370 g resected liver was harvested from a female patient who suffered from an echinoccocus infection.
Segments II, III, IVa and IVb were removed with cysts in segments III and IVb. Hemihepatectomy was
performed in Zurich. It was subsequently cold-flushed and transported to our perfusion facility on ice.
There it was connected to a normothermic perfusion system as described in9–11. 2.5 L of blood were
circulated at a temperature of 37 ◦C.The liver was perfused for approximately 9 days. Online biomarker
measurements were started with perfusion and stopped at the end of the experiment. Measurements
were performed in waste dialysate by connecting a flow cell (Medica, M90392) to the waste dialysate
tube. Measurements were conducted analogously to HOPE measurements. A separate calibration was
performed to account for optical differences between Belzer MPS and dialysate. The flow rate of the
waste dialysate was on average 250mL/h. While our experiment shows a proof of concept for measure-
ments of FMN in waste dialysate, further measurements need to be validated with LC-MS and blood
concentrations need to be compared to dialysate concentrations in detail.
Experiments were approved by local authorities (cantonal ethics commission KEK 2017–01292).
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Supplementary Figure S21: FMN measurement during first 48 h of normothermic perfusion
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