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Supplementary Figures.

3 "
10 (94.4, 188) (iii)
@ 10° e @ -
3 z (2.24, 110) < (2.24, 110)
Ay g 9
g T -
2 <] ksl
3 1 5 g
S & (0.56, 1.33) <
o 10* e R g § (0.56,1.33)
£ = T
107 3 =
200 400 600 800 10 10
time evolution, t, (ms) T, relaxation (log/s) T, relaxation (log/s)
10’ '
10° (94.4, 188) 10°
@ 10? | =
£ 1 ) (2.11, 100) < 10t @ (2.11,100)
~ 2o o
< ot ) 0.59, 0.422 =
T 20 = ( ) = (0.59, 0.422)
£ 5107 £ 107
S 10° £ ©
° X =
> © =5
¥ s g
g 10 (0.47,0.34) plr 10 (0.47, 0.34)
=
107 - 2
: 200 40'0 600 800 10 3 10 2 10—1 1‘0" 10 ] 10°
time evolution, t, (ms) T, relaxation (log/s) T, relaxation (log/s)

Supplementary Figure 1. Rapid signl acquisition and short spectra inversion time with (i) raw
echoes signal, (ii) Laplace inversion correlational map, and (iii) zoom-in details of fast relaxation
components (S-peak and T-peak). The echo time used were 200 ps, number of echoes were 4000
echoes, and Ti-incremental were 40 (logarithmic) steps and the signal averaging were (a) 4 scans,
and (b) 16 scans. The total experiment times were (a) 6 minutes, and (b) 24 minutes, respectively.
The optimal SNR obtained is approximately 1600.
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Supplementary Figure 2. Oxidative degradation of hemoglobin in ex-vivo condition. The zoom-
in details of decomposed relaxation reservoirs for fast relaxation components (S-peak and T-
peak), while the slow relaxation component (bulk water molecules, R-peak) is not shown. The
coordinate for R-peak is indicated at upper left of the spectrum. The gradual degradation of
hemoglobin correspond to the gradual increase of blood oxidation activities (met-Hb
concentration). The micro MR measurements were carried out periodically at time-point as
indicated above. Control baseline is indicated as '0 min' with hemoglobin in predominantly the
oxygenated state. The coordinate is represented as (T relaxation (in ms), T; relaxation (in ms),

A-ratio (arb)).
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Supplementary Figure 3. (a) The T1-T; correlational spectrum of blood microenvironment of
healthy normal hemoglobin (control) taken from six healthy donors (A to F), denoted as wild type
1 to wild type 6, and (b) Hb variants (G to L). The zoom-in details of decomposed relaxation
reservoirs for fast relaxation components (S-peak and T-peak), while the slow relaxation

component (bulk water molecules, R-peak]) is not shown. The coordinate for R-peak is indicated
at upper left of the spectrum. The details of the coordinate is summarized in Supplementary Table

2.
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Supplementary Figure 4. The T;-T; correlational spectrum of blood microenvironment of 32
anonymized subjets used for disease clustering and to evaluate blind test performance.
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Supplementary Figure 5. Classification of two states (disease, non-disease, Hb variants) and
disease subtyping (sub-type 1: oxidized Hb, sub-type 2: partially oxidized Hb) using (a) locally
linear embedding technique (method: local, 25 neighbors, 200 max iterations), (b) Isomap
technique (10 neighbors, 2 outputs components), (c) t-sne technique (60 perplexity, 12 early
exaggeration, 200 learning rate, max iterations, 4 outputs components).
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image Label Category Obs 1 (M) Obs 2 (J) Obs3 (M) Obs4 (Mn) Obs5(T)
1 WT1 healthy healthy healthy healthy healthy healthy
2 WT2 healthy disease healthy healthy healthy healthy
3 WT3 healthy healthy healthy healthy healthy healthy
4 WT4 healthy healthy healthy disease disease healthy
5 WT5 healthy healthy healthy healthy disease disease
6 WT6 healthy healthy disease disease disease healthy
7 Hb Var 1 disease disease disease disease disease disease
8 Hb Var 2 disease healthy healthy disease disease disease
9 Hb Var 3 disease disease disease disease disease disease
10 Hb Var 4 disease disease disease disease disease disease
11 Hb Var 5 disease disease disease disease disease disease
12 Hb Var 6 disease disease disease disease disease disease
13 Hb Var 7 disease disease disease disease disease disease
14 Hb Var 8 disease healthy healthy healthy healthy healthy
15 Hb Var 9 disease disease disease disease disease disease
16 Oxi Hb disease disease disease disease disease disease
17 Oxi Hb disease disease disease disease disease disease
18 Oxi Hb disease disease disease disease disease disease
19 Oxi Hb disease disease healthy disease disease disease
20 Oxi Hb disease disease disease disease disease disease
21 Oxi Hb disease disease disease disease disease healthy
22 Oxi Hb disease healthy healthy healthy disease healthy
23 Oxi Hb disease healthy healthy disease healthy disease
24 Oxi Hb disease disease disease disease disease disease
25 Oxi Hb disease disease disease disease disease disease
26 Oxi Hb disease disease disease disease disease disease
27 Oxi Hb disease disease disease disease disease disease
28 Oxi Hb disease disease disease disease disease disease
29 Oxi Hb disease healthy healthy disease healthy healthy
30 Oxi Hb disease healthy healthy healthy healthy healthy
31 Oxi Hb disease disease disease disease disease disease
32 Oxi Hb disease disease disease disease disease disease

Supplementary Figure 6a. The details of the blind test; (a) human classification and (b)
performance. The terminology used were True Positive (TP), True Negative (TN), False Positive
(FP), and False Negative (FN).
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image Obs 1 (M) Obs2(J) Obs3(M) Obs4 (Mn) Obs(T)

1 TN TN TN TN TN

2 FP TN TN TN TN

3 TN TN TN TN TN

4 TN TN FP FP TN

5 TN TN TN FP FP

6 TP FP FP FP TP

7 TP TP TP TP TP

8 FN FN TP TP TP

9 TP TP TP TP TP

10 TP TP TP TP TP

11 TP TP TP TP TP

12 TP TP TP TP TP

13 TP TP TP TP TP

14 FN FN FN FN FN

15 TP TP TP TP TP

16 TP TP TP TP TP

17 TP TP TP TP TP

18 TP TP TP TP TP

19 TP FN TP TP TP

20 TP TP TP TP TP

21 TP TP TP TP FN

22 FN FN FN TP FN

23 FN FN TP FN TP

24 TP TP TP TP TP

25 TP TP TP TP TP

26 TP TP TP TP TP

27 TP TP TP TP TP

28 TP TP TP TP TP

29 FN FN FN TP FN

30 FN FN FN FN FN

31 TP TP TP TP TP

32 TP TP TP TP TP

TP 21 19 22 23 22

FP 1 1 2 3 1

TN 4 5 4 3 4

FN 6 7 4 3 5

Total 32 32 32 32 32
Sensitivity TP/ (TP + FN) 0.78 0.73 0.85 0.88 0.81
Specificity TN/ (FP + TN) 0.80 0.83 0.67 0.50 0.80
Precision TP/ (TP + FP) 0.95 0.95 0.92 0.88 0.96
F1 score 2TP / (2TP + FN + FP) 0.86 0.83 0.88 0.88 0.88
1 ACC (TP + TN) / (all) 0.78 0.75 0.81 0.81 0.81

2 Supplementary Figure 6b. The details of the blind test. The terminology used were True Positive
3 (TP), True Negative (TN), False Positive (FP), and False Negative (FN).
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k=2 AUC CA Sensitivity = Specificity = Precision F1
neural network 0.987 0.812 0.812 1 0.906 0.832
kNN 0.885 0.875 0.875 0.67 0.875 0.875
logistic regression 0.897 0.812 0.812 0.5 0.812 0.812
naive bayes 0.5 0.188 0.188 1 0.035 0.059
average  0.817 0.672 0.672 0.793 0.657 0.645

k=3 AUC CA Sensitivity =~ Specificity = Precision F1
neural network 0.958 0.844 0.875 1 0.925 0.885
kNN 0.896 0.812 0.812 0.67 0.839 0.822
logistic regression 0.963 0.906 0.906 0.83 0.914 0.909

naive bayes 0.595 0.344 0.344 1 0.854 0.33

average  0.853 0.727 0.734 0.874 0.883 0.737

k=5 AUC CA Sensitivity = Specificity = Precision F1
neural network 0.92 0.906 0.906 1 0.938 0.913
kNN 0.912 0.844 0.844 0.83 0.881 0.855
logistic regression 0.927 0.906 0.906 0.83 0.914 0.909
naive bayes 0.697 0.406 0.406 1 0.858 0.417
average 0.864 0.766 0.766 0.915 0.898 0.774

leave one-out method AUC CA Sensitivity =~ Specificity = Precision F1
neural network 0.994 0.875 0.875 1 0.925 0.885
kNN 0.936 0.875 0.875 1 0.925 0.885
logistic regression 0.917 0.906 0.906 0.83 0.914 0.909

naive bayes 0.788 0.562 0.562 1 0.869 0.6
average  0.909 0.805 0.805 0.958 0.908 0.820

Supplementary Figure 7. The details of the supervised learning performance using various k-
fold cross validation sampling (e.g., k=2, k=3, and k=5), and leave-one-out methods, respectively.
The performance of the naive Bayes model was found to be unsuitable for this study, if the k-fold
sampling is small (e.g., k<5).
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1 Supplementary Table
2
immuno- Al- Time to
reference labelling disease POCT assisted results info
this work label-free hemoglobinopathies Yes Yes min 2D
Peng 7-10 label-free malaria screening Yes No min 1D
Leell label-based bacteria detection Yes No min to hour 1D
Haun12 label-based cancer (breast) Yes No min to hour 1D
Haun13 label-based cancer (intra-abdominal) Yes No min to hour 1D
Liong!4 label-based M. Tuberculosis Yes No min to hour 1D
Chung?s label-based bacteria detection Yes No min to hour 1D
Geels label-based cancer (melanoma) Yes No min to hour 1D
Leil? label-based bacteria detection Yes No min to hour 1D
Ha!8 not related no information Yes No min 2D
3
4  Supplementary Table 1. Summary of recently developed NMR-based POCT technologies which
5 uses time-domain signal (or known as relaxometry), and its” salient features. The terminology

6 used were min = minutes, hr = hour.
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relaxation time (ms) (P-value)
Bulk water, R-peak T1 (ms) T2 (ms) A ratio T1 (ms) T2 (ms)
Hb wild type (control) 562 141 3.99 0.0004 0.00004
Hb wild type (control) 582 144 4.04 P<0.0005 P<0.0005
Hb wild type (control) 584 138 4.23
Hb wild type (control) 561 140 4.01
Hb wild type (control) 564 141 4.00
Hb wild type (control) 580 140 4.14
HbE variant 631 158 3.99
HbD variant 640 165 3.88
rare Hb variant 640 165 3.88
HbE variant 602 193 3.12
HbE variant 585 167 3.50
rare Hb variant 600 180 3.33
HbD variant 606 184 3.29
HbQ 676 195 3.47
HbQ 650 192 3.39
relaxation time (ms) (P-value)
Hydration layer, S-peak Ti(ms) Tz(ms) Aratio Ti(ms) Tz(ms)
Hb wild type (control) 335 4.47 74.94 0.16 0.49
Hb wild type (control) 334 4.41 75.74 P<0.5 P<0.5
Hb wild type (control) 383 5.02 76.29
Hb wild type (control) 324 6.10 53.11
Hb wild type (control) 393 6.08 64.64
Hb wild type (control) 353 4.66 75.75
HbE variant 335 4.42 75.79
HbD variant 373 4.18 89.23
rare Hb variant 362 6.48 55.86
HbE variant 217 5.2 41.73
HbE variant 126 4.9 25.71
rare Hb variant 353 6.44 54.81
HbD variant 438 13 33.69
HbQ 317 6.1 51.97
HbQ 126 2.1 60.00

11
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relaxation time (ms) (P-value)
T2
Direct bound, T-peak T1 (ms) T2 (ms) Aratio T1 (ms) (ms)
Hb wild type (control) 188.00 1.12 167.9 0.0004 0.17
Hb wild type (control) 186.00 1.27 146.5 P<0.0005 P~0.15

Hb wild type (control) 175.00 1.76 99.4
Hb wild type (control) 190.00 1.80 105.6
Hb wild type (control) 210 1.5 140.0
Hb wild type (control) 184 0.92 200.0
HbE variant 106 1.06 100.0
HbD variant 96.3 1.20 80.3
rare Hb variant 172 1.40 122.9
HbE variant 96.3 1.02 94.4
HbE variant 59.2 0.97 61.0
rare Hb variant 107 0.66 162.1
HbD variant 133 1.5 88.7
HbQ 126 1.58 79.7
HbQ 175 0.82 213.4

Supplementary Table 2. The summary of T relaxations and T relaxations (for R-peak, S-peak
and T-peak) of the healthy normal hemoglobin (wild-tpye) as compared to other hemoglobin
variants. The (R-peaks, T-peaks) were statistically significant (P<0.05), while S-peaks were not
statistically significant from the controls (wild type). The two-tailed Student’s T-test was used to
calculate the P-value.

12
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Supplementary Discussion.

Rapid signal acquisition and spectral inversion time. One of the biggest challenge in
implementation of multidimensional inverse Laplace correlational spectroscopy is the
undesirable long experiment time (e.g., signal acquisition time) and long post processing time
(e.g., Laplace inversion time)12. The long signal acquisition is inherently due to the long dephasing
time (typically a few seconds for liquid NMR) and low signal to noise ratio (SNR).

In this work, however, we used red blood cells (RBCs) which has semi solid structure as our target
sample and the proton nuclei of RBCs under observation had relatively short transverse
relaxation time (less than 200 ms) shorter than free water (2.5 sec). For each acquisition, more
than 20 folds of experimental time has been shortened, and for an entire 2D NMR expriement
(with e.g., 24 acquisition), more than 400 folds of experimental time has been shortened.

In order to evaluate the quality of the raw echoes signal acquired and the Laplace inversion
correlational map, we carried out two succsesive acquistions on freshly prepared met-Hb (refer
to Methods Online), using (a) 4 scans and (b) 16 scans (Supplementary Fig. 1) as signal averaging.
The total acquistion time taken were 6 minutes and 24 minutes, for 4 and 16 scans, respectively.
The SNR would improve but at the expenses of acquisition time. The 2D correlation maps were
processed using built-in ILT algorithm (FISTA inversion3, KEA built in-function) method with
5000 iterations, and smoothing parameter of 1 were used to produce a 200 x 200 steps
correlational map. The inversion typically completed in less than 1 minute using a desktop
computer (Intel Core Pentium i3 CPU @ 3.2GHz, 1.74Gb RAM).

We observed that the bulk water molecules main peaks and two other short relaxation peaks
(sub-ms) were reproduced in both cases. Furthermore, the bulk water molecules peaks
coordinate were (T2=94.4ms, T1=188ms) retained (Supplementary Fig. 1A (ii) - 1B (ii)). As for
short relaxation peaks (sub-ms), there were minor shift (Supplementary Fig. 1A (iii) - 1B (iii)), as
the experiments were performed sequentially. The minor shift is to be expected as the cells'
biologic evolved over time, in particularly in the case of hemoglobin oxidation. Essentially,
important feature were clearly retained in these two successive acquisition. The RBCs sample
used in this work has much shorter dephasing time (less than 200ms), and with the 4 signal
averaging scans (Supplementary Fig. 1a), sufficiently high SNR was recorded in less than 6
minutes of total experiment time. The Laplace inversion time completes in less than 2 minutes.

In conclusion, it is demonstrated that the combined signal acquisition and Laplace inversion time
shortened to minutes, thus paving way for the possibility of rapid molecular phenotyping at
point-of-care setting. In addition, with the recent availability of ultrafast signal acquisition
methods24 and efficient inversion algortihm5, real-time characterization and monitoring may be
feasibles¢.

Oxidative degradation of hemoglobin. The whole blood were exposed to mild oxidant of 0.01
mM of sodium nitrite were exposed for 10 minutes and the reaction were quenched by washing
the sample three times with PBS, resuspend in PBS, and spun down (6000g, 1 min) using a
microcapillary tubes meant for NMR measurements. The 2D correlational spectrum were taken
sequentially a over period of 3.3 hours to observe the hemoglobin degradation process
(Supplementary Fig. 2). The fast relaxation components (T-peak) dropped to (T:=1.14ms,
T1=62.5ms) from its' original state (T;=1.27ms, T1=186ms), indicating that a significant amount

13
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of oxidation had taken place over a period of one hour. A small sub-population of the red blood
cells continued to be oxidized, causing the formation of Ti-relaxation stretching (2 hrs), which
accumulated continuously (3.3 hrs). A subpopulation of the hemoglobin, which were most likely
due to the aged red blood cells with depleted anti-oxidant capacity, continued to be locked in the
oxidized state, forming the signature T: relaxation stretching ending at peak (T:=1.2ms,
T1=1.2ms) 3.3 hrs. It is worth noting that the process of oxidation and reduction is a dynamic
process, and this process is mediated by the presence of anti oxidant (e.g., gluthathione) which
act as buffer for recovery process. This is an unique and personalized features which can be
exploited for personalized medicine (e.g., drug screening).

14
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