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Figure S1. The experimental setup (modeled using Geant4) at HIT with a horizontal beam irradiating
the jig (made of PMMA) and a 96-well cell culture plate with cells attached to the bottom of each well.
Proton jig is illustrated here as an example. For each ion species, there is a specific jig designed

according to its depth dose profile and the sampled locations. The thickness of each step was
determined according to the spatial location selected from the depth dose curve.
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Figure S2. The depth dose profile (in water) of the proton beam at HIT with the nominal energy of
80.04 MeV. The 12 locations used to sample the biological effect are marked with the circle.
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Figure S3. The depth dose profile (in water) of the Helium-4 ion beam at HIT with the nominal energy
of 84 MeV/u. The 12 locations used to sample the biological effect are marked with the circle.
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Figure S4. The depth dose profile (in water) of the Carbon-12 ion beam at HIT with the nominal

energy of 153.66 MeV/u. The 12 locations used to sample the biological effect are marked with the
circle.

Table S1. H1437 linear-quadratic fitting parameters from proton irradiations done at the Heidelberger
Ionenstrahl Therapiezentrum.

LETd d * RBE (05)  RBE (0.1)
Column 11 eV/um] [ke\y//pm] [ke\}/]/p.m] P aSE PSE * *
1 10 19 18 01167 0.0692 = >
2 26 36 35 01432 00187 00452 00118 106 »
3 47 56 55 00897 00302 00299 00055 101 0.94
4 7.3 85 83 00508 00390 00271 00047 099 0.98
5 8.7 10.0 9.8 0.0565 0.0051 1.02 1.09
6 111 12.7 124 00140 00622 00372 00076 110 116
7 13.7 15.6 150 00490 00802 00501 00117 134 137
8 154 17.5 168 00791 01150 00616 00173 167 167
9 16.9 19.1 183 01166 01754 00840 00304 212 2.10
10 183 206 197 03191 01945 00832 00374 288 255
11 202 2.7 216 04913 03649 01195 00867 414 3.60
12 214 24.1 229 05370 11680 02765 03740 w #

*refers to RBE at surviving fractions of 0.5 or 0.1 with the reference radiation of Cs-137 photons.
**value excluded due to lack of data coverage. Abbreviations: LETd, dose-averaged linear energy
transfer; ys, dose-mean lineal energy; y*, saturation-corrected dose-mean lineal energy (calculated
with the saturation parameter of yo = 150 keV/um); SE, standard error from the data fitting; RBE,
relative biological effectiveness.

Table S2. H460 linear-quadratic fitting parameters from helium ion irradiations done at the
Heidelberger Ionenstrahl Therapiezentrum.

Column  yd [keV/pum] y* a B a SE B SE
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[keV/um]

1 10.4 4.8 0.4059 0.0936 0.0657 0.0359
2 13.8 10.6 0.1726 0.3283 0.0587 0.0296
3 19.1 16.1 0.4894 0.0323
4 279 25.0 0.0611 0.4325 0.0617 0.0299
5 42.0 353 0.1304 0.4982 0.1066 0.0646
6 514 41.1 0.4082 0.5738 0.1212 0.0835
7 62.0 47.1 0.8252 0.5782 0.1344 0.1003
8 70.8 51.8 0.6178 1.3590 0.2033 0.2062
9 79.0 55.9 1.1240 1.5090 0.2480 0.2990
10 84.9 58.4 0.8437 1.9470 0.2202 0.2542
11 88.0 59.1 1.4730 0.6924 0.2080 0.2298
12 84.7 55.3 1.2670 0.0977

Abbreviation: ys, dose-mean lineal energy; y

*

, saturation-corrected dose-mean lineal energy

(calculated with the saturation parameter of yo=150 keV/um); SE, standard error from the data fitting.

Supplementary Table S3. H1437 linear-quadratic fitting parameters from helium ion irradiations

done at the Heidelberger Ionenstrahl Therapiezentrum.

*
Column  yd [keV/um] [ke\}ll /um] a B a SE B SE

1 10.4 4.8
2 13.8 10.6 0.0941 0.0044 0.0492 0.0145
3 19.1 16.1 0.1791 0.0042 0.0379 0.0084
4 27.9 25.0 0.3099 0.0013 0.0310 0.0053
5 42.0 35.3 0.3144 0.0331 0.0491 0.0108
6 514 41.1 0.4526 0.0387 0.0637 0.0168
7 62.0 47.1 0.4439 0.0967 0.0870 0.0309
8 70.8 51.8 0.8039 0.0689 0.1088 0.0473
9 79.0 55.9 1.0590 0.0612
10 84.9 58.4 0.7735 0.0396
11 88.0 59.1 0.3422 0.0698
12 84.7 55.3 0.0977 0.1649

Abbreviation: yd4, dose-mean lineal energy; y*, saturation-corrected dose-mean lineal energy

(calculated with the saturation parameter of yo=150 keV/um); SE, standard error from the data fitting.

Table S4. H460 linear-quadratic fitting parameters from carbon ion irradiations done at the

Heidelberger Ionenstrahl Therapiezentrum.

d *

Column [ke\}; ] [ke\)/’ fuun] « B a SE B SE
1 186 143 0.3717 0.2543 0.0678 0.0348
2 362 316 0.6830 0.4294 0.0774 0.0545
3 55.6 472 1.4460 0.6654 0.1559 0.1487
4 613 50.5 1.4160 0.6943 0.1462 0.1346
5 72.6 55.2 1.5820 1.0270 0.2218 0.2397
6 87.9 59.1 2.0360 0.6316 0.1728 0.1759
7 113.8 634 1.6330 0.8050 0.1770 0.1793
8 146.0 66.8 1.8210 0.3770 0.1601 0.1348
9 181.3 68.8 1.3560 0.4001 0.1312 0.0995
10 230.8 68.9 1.2580 0.1679 0.1035 0.0629
11 263.6 662 0.8320 0.0584 0.0588 0.0252
12 270.3 62.1 0.2907 0.0225

Abbreviation: yd4, dose-mean lineal energy; y

*

, saturation-corrected dose-mean lineal energy

(calculated with the saturation parameter of yo= 150 keV/um); SE, standard error from the data fitting.

Table S5. H1437 linear-quadratic fitting parameters from carbon ion irradiations done at the

Heidelberger Ionenstrahl Therapiezentrum.
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d *

Column [ke\); ] [ke",' - « B o SE B SE
1 18.6 143 0.0283 0.1284 0.0672 0.0313
2 362 316 0.3175 0.0717 0.0494 0.0168
3 55.6 472 0.6045 0.0748 0.0627 0.0253
4 613 505 0.7415 0.0027 0.0770 0.0386
5 72.6 55.2 0.8395 0.0368
6 87.9 59.1 0.9360 0.0316
7 113.8 63.4 0.8872 0.0296
8 146.0 66.8 0.8383 0.0297
9 1813 68.8 0.7325 0.0247
10 230.8 68.9 0.6621 0.0267
11 263.6 662 0.4131 0.0252
12 270.3 62.1 0.1030 0.0216 0.0529 0.0181

Abbreviation: yd4, dose-mean lineal energy; y

*

, saturation-corrected dose-mean lineal energy

(calculated with the saturation parameter of yo= 150 keV/um); SE, standard error from the data fitting.

Table S6. Physical parameters of the helium and carbon ion irradiation setups. Each column of a

standard 96-well microplate was placed such that the incident beam traveled through a different

PMMA thickness before impinging on the bottom of the plate. Monte Carlo simulations using the

Geant4 toolkit were used to determine the LETd (primary particles only) and yd and dose within each

column.
Column 1 2 3 4 5 6 7 8 9 10 11 12
Helium
PMMA
thickness, 0 3921 4251 4391 4432 4451 4472 4491 4512 4531 4551 4571
mm
LETd, 66 111 143 219 338 416 504 579 652 703 734 701
keV/um
yd, 104 138 191 279 420 514 620 708 790 849 880 847
keV/um
D(I’fji'tzel' 1.00 209 297 455 572 605 577 479 321 185 085 034
Carbon

PMMA
thickness, 0  33.80 3898 3948 3999 4035 4075 4114 4155 4215 4275 4315
mm
LETd,

202 398 631 706 843 1008 1263 157.6 1964 2429 2858 308.4
keV/um
yd, 186 362 556 613 726 879 1138 1460 1813 2308 2636 2703
keV/um
D(:Ifi'tzel' 1.00  1.64 239 260 289 318 358 394 409 353 220 133

Abbreviations: PMMA, polymethyl methacrylate; LETd, dose-averaged linear energy transfer; yd,

dose-mean lineal energy; rel., relative.
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