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Figure S1. Comparison of prediction performance among Transformer and FNet architectures with different model depths. Each configuration was evaluated with one and three stacked Transformer layers to assess the effect of network depth on predictive accuracy. 
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Figure S2. Prediction accuracy (ACC) of chemical language processing models across all datasets. Results are averaged over five independent testing runs for each model. Abbreviations: CD, cardiac disorders; CFG, congenital, familial, and genetic disorders; ED, eye disorders; ELD, ear and labyrinth disorders; ENDO, endocrine disorders; GD, general disorders and administration site conditions; GI, gastrointestinal disorders; HB, hepatobiliary disorders; HLD, blood and lymphatic system disorders; INF, infections and infestations; INV, investigations; IPO, injury, poisoning, and procedural complications; ISD, immune system disorders; MN, metabolism and nutrition disorders; MSK, musculoskeletal and connective tissue disorders; NEO, neoplasms; NSD, nervous system disorders; PD, psychiatric disorders; PI, product issues; PPP, pregnancy, puerperium, and perinatal conditions; RB, reproductive system and breast disorders; RT, respiratory, thoracic, and mediastinal disorders; RUD, renal and urinary disorders; SC, social circumstances; SD, skin and subcutaneous tissue disorders; SMP, surgical and medical procedures; VD, vascular disorders.  
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Figure S3. Matthews correlation coefficient (MCC) of each chemical language processing model across all datasets. Each model was evaluated through five independent runs, and the mean MCC obtained from these runs is presented. Abbreviations: CD, cardiac disorders; CFG, congenital, familial, and genetic disorders; ED, eye disorders; ELD, ear and labyrinth disorders; ENDO, endocrine disorders; GD, general disorders and administration site conditions; GI, gastrointestinal disorders; HB, hepatobiliary disorders; HLD, blood and lymphatic system disorders; INF, infections and infestations; INV, investigations; IPO, injury, poisoning, and procedural complications; ISD, immune system disorders; MN, metabolism and nutrition disorders; MSK, musculoskeletal and connective tissue disorders; NEO, neoplasms; NSD, nervous system disorders; PD, psychiatric disorders; PI, product issues; PPP, pregnancy, puerperium, and perinatal conditions; RB, reproductive system and breast disorders; RT, respiratory, thoracic, and mediastinal disorders; RUD, renal and urinary disorders; SC, social circumstances; SD, skin and subcutaneous tissue disorders; SMP, surgical and medical procedures; VD, vascular disorders.  
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Figure S4. Distribution of top rankings across 60 datasets. For each dataset, models were ranked by MCC (averaged over five independent runs), and the number of first-place finishes was tallied for each architecture.
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Figure S5. Top ten and bottom ten multimodal fusion combinations and their corresponding performance metrics for the BACE dataset. Each row represents a unique fusion configuration, evaluated by accuracy, F-value, recall, precision, MCC, and AUC. Models are grouped according to their input descriptor types, and ○ / ● symbols denote the exclusion or inclusion of specific fingerprint types within each combination.
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Figure S6. Top ten and bottom ten multimodal fusion combinations and their corresponding performance metrics for the BBBP dataset. Each row represents a unique fusion configuration, evaluated by accuracy, F-value, recall, precision, MCC, and AUC. Models are grouped according to their input descriptor types, and ○ / ● symbols denote the exclusion or inclusion of specific fingerprint types within each combination.
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Figure S7. Comparative performance of multimodal fusion models (MFMs) versus chemical language processing models (CLPs) across 60 datasets. 
image7.tiff
MFM

ACC
1.0
® BACE /
® BBBP o
0.9 @ ClinTox ..‘@
® SIDER "
0.8 @ Toxric ’.
o °
0.7 |biy:}
°® o
0.6
0.5
1 I I I | |
0.5 0.6 0.7 0.8 0.9 1.0

CLP

MCC
1.00
® BACE
® BBBP o
0.75- : ClinTox )
SIDER
)
© Toxric J
= -
LL 0.50
=
o ® p
0.254 o
) ()
()
0.00
1 | I 1 |
0.00 0.25 0.50 0.75 1.00
CLP

MFM

AUC

1.0 )
® BACE L
® BBBP ”O.
0.9 @® ClinTox 8
® SIDER ’.
0.8 @ Toxric .‘ .~
S &
o898
0.7 lbar [
[
gle 0o
0.6 ®
0.5
I I I | |
0.6 0.7 0.8 0.9 1.0

CLP





image1.tiff
1.00 1.00
0.75- 0.75-
8 0.50+ 8 0.50
< <
0.25+ 0.25+
0.00+ 0.00+
et ( et (S
C)(\e\’é\‘ 6\0‘36 C)(\e\’é\‘ ¥

Transformer encoder layers FNet encoder layers




image2.tiff
el
o o

N3
?&@/ <o (&’6(\6

¢

o]  ~rew I O ™ © N 275482 OO — OO O 407 O NI o0 D NEENE BN ol N[O[N N &
| © o — 0] 0| > ololarTeao] o] (o]t —| = <|S[©] %[ =| K| o] ||~ < O K] = 0| sk —|| —
-5 6.3 .5.7.8. 6.6 9.9.5. | ©floof O|cofins| LB || S[ICO) 00)| O CO| Q0| (| Q0| || €O | 00| 0O B3| O B3l | | O3 | OO 3| 3| 1O
=] =] =} OO 000000000 = (=] f=]l=] =] [=]=] =] =] =] l=1=] =] =] =] f=] =] k=] i (=] o|olo|o|o|o|o
<00 D] = 0 O o O 0N 00 |¢of[®] — © < 1O 35168 O =™ Srensi=| = [~ o< <O 0
o0 00| o N ot o~p o N~ ~= ~< o O K Qo 74540882297645468 of©
e 676573 6667..66 o o f@lol| ) o D) )|~ | e ) @ o] K)ol o) &} ) S S A S| )| X )| &l o =
olo|o 000000 o|lo © oo 00 o|o|o|o|o|o|a|e o|lo
SO | N 798 36283 o|m 771 | | <= [ov]ree 0,
~| |8 313 e} o RSy ey e et DS e oo
| 67 9 : &3 2| & @l 32| 03] & &> o NS
olo|® O =\ l=] 5 [=] =] l=] =] [=][=] o|o|o
it e -|||||||||||-|||||||||||||||||||||||f|-||||||||||||||--|||||-|||||||||||||||||||||||| /B ot e Bl el L
oo © 8392 ~|off® a3l w5 =S <

| = pa{iro) o) b= FQEI2 OIS S SIS © NI
-|©| x| 6.8. 9. : 6.9. o S K] e 0| O B ~| 0| O3 0| O O3 | O

o|o 00 o|o|o Olo|o o|o|o|o =i =] f=] k=] [=] =] {=][=] oo
=] — 4395 S ool 0= © o <[ == 0] ol o ol w|wlo
o] oo <] ©| S|~ SIEISIS 765 SIS o o =~| <t ~~[ | ©| | ©Of D = | el || | O
|R]e| o N| 2| S[S[S[C] = ) o) 0] 5~ N o) & 00 5|2 3| || &) | wf &) &3 w3 &) O 3 S|~
olo|o 00000 0000000 o|lo|o =] [=][=]=] =] [=] [=][=][=] (=] [=] =] =] =] [=] [=}
<t oI~ | DTN O o I o B 3 SO BSOS SNNERERNERNERN
0| Ol | B of=rBreaf < o] 0D Qoo TN ol ol <=0l 5 ol <
.|| of o 75.5.7 [ O ©f| = ©f M~ o| Q| .7.7. 5.7.7. .8 )| | O 3| O3 @ O ) =+ | O)
o|o|o OOOO Olo|o|®|o|o o|o|o Ololo| |o|o|o OOOOOOOOOOO
NG 16965 T 9 © RS oof Oo®  wrere > o] o < [~ = o< @]

[~ ~| oS o)) — & —|8l=| B[N[x o] 0| | ) O IS| | O Lol | | ©
-|©| x| =< <. 67 6.6.797.9. 88. . .9. o 88.8.9.9.9.8.9.9. 1O
o|o|o o|o|o 00 olo|o|o|o|o|o olo|o|@ Olo|o|o =] l=il=][=]l=]l=] =] =] [=]

Ao <t DN D N — 0 ool oo 5 N N= D AN RE NGRS <
0| 6| o 0| O e WO =hred ) oy &) © 2 K b S oo| ool || N[ <[ o <t || [ 05| || <t || 0o Sl eafedf~
[N 6.7. 866.. Ol 7| ~© .8. : .B. o| o @[ S| 9| | O @ | 3| B3| | [ 92 N[
o|o|o 0000 0000000 O Olo|© o|o|olo|o|o|o|o|o|o Olo|o|o
ooy 0 N © 1449 D] — N bo ©] ~] o] 00| co[ 0l oo 2l N[ =] ol st =
~| | co BBl oot oares .. 4487 <] o] ol — ol ool o 96738963538 <t || [ oo
.|| (o 6.7. 7.8.0.6.6. Q|| ©] S O .7. (o ©j | o 8.8.7.8. 89.9.9. | =[O 3] O3 O3] )| O O [
o|o|o| |o|o OO o|o|o o|lo|o|o =i l=] =] [==]l=]l= =il=] =] [=]l=][=]l=] G (=] =] F=] [=) G Aed [=] =] [=] [=] K=} o|o|o|o
~elol o) e o o D]~ M 00N O N~ N 0| o[ S © =< M O PN 3ﬂ37ﬂd81ﬂﬂm4518125
10| oo I~ ~ O] K[| 0O [rterteirsiy 00 i 9698 O|SlI=IN| [ - N R S P S P s e N S S ey N v S s R <[ <o
N ~[@0] N | <l o el & <[] oo €] @ o ©f %) ] | K| 2 o) 03 67767933303389999399899396997.
o|o|o =] l=il=][=)=il=] =] === =] =) G e [=) =] =] =l =] S f=l = =) =] =) = =] =) =i =] k=) A f=] k=) =] f=] k=) l=] [=] k=] =] [=] [=] =] (=] f=] =] (=] k=1 =] f=] K
>
= >
‘o= © > >
2T P-o > ™ o S >c 0628
221410 o ~ O Qg QE W 525 E 3
wo S o 050058V 58I sl dsa I SWAULL < TR S
O pgc-c OO0 < O
OnrPWLNPalAn-n2uL>00z%5020 - 2200t 93X X2 2-qAlanels< ] cug PEIR2828g >
QoL g~ OrT2ZZaoansSQuUongaod 2 =S Xo0f8do0=naaga =S, L =556 E85S
LN ELQO0o[ WU ZOVY I T DS EXFONGF>0258522T o OO xrxucypg<ygrrel=28
000G o w FEC O 000X > X ESEZSFZz ol B ETO SR
mumumunluunlumCCCCdeN oy RPSRSSSpen_VuJS.W
TR 5= 99 zL z7T O fowe g
O0o088O °a z i E 3
> 2 z <
DR




image3.tiff
o

N ~]1\/ N N ((\G‘
X W N K\ S <@ N oW R
© N ). W K@ ) > o°
0‘3\6 %\\« Cﬁ\A 0?0 Q?)%\ Q$e\ N\\)\\\/ ?\Cﬁ ?\$\A (6’1\/ »((9(\
BACE [0.5h6 -45 10.574 J0]289 ] 0.509 | L0. 596 J@l254 -59 : o.5b8 -53 .
BBBP 0.6687 10.71h J0.555 ] 0.638 | L0. 696 | 0.711 [ 0.684 | 0.67 [0.615,
ClinTox 0.81] | 0.843 | 0.845 0.752 0.677 | | 0.852 L0. 782 | i 0 856 10.836 0.643 .
SIDER 1 [} ] Il ] ] Il | 1
CD B0l256 J8.204 [d2190 o [d.184 [0]269 Jb.076 .l.229 .I.215 W 133,
CFG b.o64 Posa o773 o Jo.02 [0.142 }0.006 Jo.048 §.093 Jo.007 :
ED 08.207 J8.164 [d.193 Jo.027 [0.138 [ d.182 b.107 Ip.104 Bb.16 W.151,

ELD B8.183 J8.168 Ib.15 J0.008 [0.167 10.178 J0.042 Wp.15 W.125 W.142
ENDO 21615410220 o [b15]d184] o W.151 .167 J0.037,

GD B.oos Jp.oss o677 o [0.0457]01 J0.004.129 B.128 J0.02 ;
Gl B8.183 J8232d207 ] o [0.106]d.202 Jo.023 .171 Bp.17 B®.23 |
HB P032 J8243 [0J304 18.188 [ 0235 [0]302 Jb.116 B 243 B8.290 M.212, .
HLD P6.26 o2 [0l293 [0.154 [d.185 [ 0]294 Jp.057 J@l255 J0l253 J@ 219,
INF B.122 156 J0.181 ] 0 [0.128 [0.167 Jo.009 J§.169 B.155 B.137,
INV B0.165 .115 10.132 ] 0 [D.049[0.127 Ib.o77 Ib.18 229 Ib.108,
IPO Bb.111 3.109 10.143 Jo0.034 [D.058 [0.133 J0.07 Fb.16 Jb.104 Jp.075,
ISD B.104 ®.139 0.1 Jo.02 [D.082]10.119 Jp.096 J8.167 Jo.11 Fb.083,
MN B.135 054 00.121 0 o [0.098]0.115 .136 I.134 I.129 Jb.083 ,

MSK Bo.14 §9.135 [0.127 Jo.001 [p.063 [ d.184 Jp.0908 J§.162 J§.168 Ip.117
NEO B8.181 Bb.22 10.177 Jo.003 [0.112 [d.212 Jo.019 J8.176 Jl254 Ip.117 ,
NSD .135 0.151 [0.168 ] 0 [0.099[d.206 18.153 9.149 Jo.14 I.158,

TOXI‘iC 1 ] 1] Il Il n 1] ] n |
Carcinogenicity ~ [0§302 J@l258 [01252 1b.17 [0.193 [0J301 9.133 JM@268 Wl255 W.167 |
Cardiotoxicity-1  [0:p85 10433 [0.436 J0.145 [ 0J308 | 0.49 Jo.018 J0&01 JOk2 JI269,
Cardiotoxicity-5  [0.418 10.429 [0.435 J0.202 [ 0]291 | 0.475 §0.03 [0419 JOok1 J0822,
Cardiotoxicity-10 108355 J0IB27 10.356 10.213 [0]245 [0.852 ] 0 W@297 J0k34 W255 :
Cardiotoxicity-30  [0]251 J81282 J0J292 J0.09 [b.096]0/249] 0o .22 W254 P.104, .
Clinical toxicity -36 2019 J0.877 J0.003]0J287 [ 0.407 Jo.13 .-384 .-78 W 234,

PD §8.183 J8.151 1d.207 Jo.016 [0.13 [d.198 Jp.059 I.168 .155 W.177 ,
Pl ] o JooosBoo02] o J] o Jo.ooo] o }o.004}0.00930.003,
PPP Bb.058 Jo.036 }0.007] 0 Jo.004 [0.127 }0.0058.111 Jo.021 }0.006,
RB 00235 J8.192 [01253 18.197 [ 0.172 ] 0.26 J8.183 8226 J8.25 J§.183 :
RT B.152 Jb.102 18.176 J0.00310.12 10.196 §o0.041 Jb.081 J@.179 J0.048 , .
RUD Bb.107 bos1fhors] o [0124]0.134] 0o Jb.0os2 J.148 P.126, .
SC b.101 134 o088y o [boroallo1 §J o Joos B.104Jo.01
SD Bo.11 12710179 o [o0l241]d.196 J0l256 J8.176 b.109 §@ 224 ,
SMP Bb.093 P.054 .o62 o [o.031]7b.089 Jo.007%p.052 b.o73] 0
VD ..227 ..'171 .I.189 I 0 ;p.om .l253 llo.o15 ;!.196 il..161 llo.o7 .
1

CYP1A2 714 10.695 ] 0.693 | 0.57 [ 0.632]0.704 [ 0.641 ] 10.698 :Ez.
CYP2C9 :@35 10.555 [0.594 [0.447 [ 0.476 .E{? 205591 :-5 :Es 10.497 ,
CYP2C19 [0.606 [ 0.591 [0.612 [ 0.45 [ 0.487 [ 0.596 [0.503 [ 0.593 [ 0.611 [0.5P1 ,
CYP2D6 [0.5111 J0.461 [0.473 J8.185 [ 0.B57 | 0.503 J0R46 10482 | 05 JOB44 ,
CYP3A4 [0.633]0.622 [ 0.624 [ 0.418 | 0.497 | 0.644 [0.453 ] 0.614 [ 0.637 [0.486 ,
Developmental Toxicity |.073 §0.026 J-0. .Io 11 J0.042}0.014§p.088 : -0.073] 0
Reproductive Toxicity |-0.04 J-0.093}0. 1 o Jp.oe6)-0058]-0079] o
NR-AhR [ 0b [0457[047578.186 L 0133 | 0.47 J0WB89 10465 :-51 025
NR-AR [0.573 [0.5B7 { 0.596 {0.456 { 0.5/18 ] 0.5117 [0.456 {0.551 (0.598 [ 046 ,
NR-AR-LBD [0.601 £0.621 {0,581 L0.517 [0.444 [0.573 10,511 10.406 £0.549 10511 .
NR-aromatase [0:Bk65 [0l134 [0J311 fb.05810.174 [0]309 ] o [J@l281 J8l267 J@.211 .
NR-ER 0032 J8l295 [01289 Jo.006 [0]282 0,319 §p.065 JBI295 BNz 11 @222, .
NR-ER-LBD [0:385 J0.397 [ 0.404 J}0.001] 0327 ] 0.388 Jb.081 [0.451 [ 0]39 @231,
NR-PPAR-gamma J0I266 Jl0.24 10.26 J0.004]0.0390]261] 0 W244 254 §0.036,
SR-ARE [0:871 J0d321 [0.863 [b.115 [ 0]1255 [ 0.867 Jo.048 JOI33 foB42 Ib.119,
SR-ATAD5 101291 B8 239 [0]288 J0.003[D.067 J0/258 ] 0 @233 J0I295 Jo.043 :
SR-HSE [0l271 J8l263 -).3 $0.006]0.157 [ 0]277 Jo.016 J@l259 J0I313 §p.055, .
SR-MMP [0.551 J0.517 310]273 [ 0324 [ 0.548 J9323 10.5P6 [0.5p4 J0I306 .
SR-p53 [0l263 J0l279 .. Ho.035[0.116 0825 0 W247 8286 §0.037, .
Hepatotoxicity L0387 JOk315 -358 -.29 10J286 {0.875 Jl261 J0IBs2 J0Bs2 JAI294
Eye Corrosion | 0.891]] 0.886]] 0.873 1 0.83] 1 0.906]{ 0.839 | 0.902], 0.887 :
Eye Irritation [0.84 70.833 [0.710 [0.781 [ 0.826 1 0.796 [0.839 [0.821 [0.762 !
Ames Mutagenicity [0.578 | 0.87 {0.565 [0.872 | 0.421 | 0.559 [0.489 [ 0.588 [0.584 J0.893
Respiratory Toxicity [0.484 [0.498 [ 0.52 J0|258 {0J313 ] 0.487 JM.198 [0.536 J0.5p2 J0I314





image4.tiff
5 10

Model  Multi_Text_CNN [J] Text_CNN CNN-RNN | RCNN
- | BILSTM B RNN-CNN [ DPCNN Transformer




image5.tiff
Q Q €
e ¥ O xec® . \
B R Y A SR S Y S P T TN S ¢
1 1 | 1 1 | 1 1 1 1 1 1 1 |
1 n 1] n 1] n
Top 1 1] Tl 1] Tl 1]
1 n 1] n 1] n
1 o o e o e o o e | 08211 0811 08311 0.794 i 0643 1| 0.881
1 1 1 1 1
2 e e o o e e o e | 08151 0789 1 0798 i 0.791 | 0.628 1| 0.895
1 1 1 1 1
3 6 o e e e o e o | 08111 077 | 0759 || 081| 1 0621 | 0.89
1 1 1 1 1
4 o e o o e o e e | 0811 0778\ 078| | 0793 | 0621 | 0.887
1 1 1 1 1
5 o o e o e e o e | 08021 0792 | 0.8391 0761 1| 0.617 | 0.893
1 1 1 1 1
65 o o o o o o o o | 0799 i 0794 1 08631 0.74%5 | 0.617 1| 0.883
1 1 1 1 1
7 o e e e o o e o | 0793 0802 i 09061 0724 | 0615 | 0.897
1 1 1 1 1
8 o o e e e e e o | 08051 07931 0821 0774 | 0.615 1| 0.889
1 1 1 1 1
9 o o o o e e o o | 0805 0788 1 0793 i 0.795 | 0.615 1| 0.884
1 1 1 1 1
10 © o e e e o e e | 08031 0804 1| 08571 0761 1| 0.614 1 0.886
1 1 1 1 1
1 1 1 n
Bottom I I Y I
1 1 1] n
26 o o o o o o o e : | 0.641 :l).225: 0.836
1 1 1 1
247 o e o o o o o o : | 0.68M :I3.221 | 0817
1 1 1 1
248 © e o o o e o e : | 0.606 :Io.217: 0.84
1 1 1 1
249 o o o o o e o o : :-35 :Io.202: 0.835
1 1 1 1
S o0 s e e e © o @ : :-26 :Io.175: 0.819
1 1 1 1
251 o ° o o o o o ° : -97 :IO 168: 0.803
1 1 1
252 o o o o) o ° o ° : : . | 0.84
1 1 1
%3 0o o o o o e o o : ..332 :Io.1o3: 0.804
1 1 1
254 o ° o o o ° o o : IO.193 :I 0.076: 0.823
1 1 1
255 o ° o o o o o o : IO.184 :l 0 : 0.721
1 1 1





image6.tiff
(,?
<< <° ¥ o
xQ X CP. @ ¢ \
?\6(\\(\ P\?‘lo @6\0 ?;’:&?Q(QQ \(\?\Q? @P‘O Q \)\00 o \)\0? PsOG ¢ A ?\ec;’é ?(G @OO 00
1 1 | 1 1 | 1 1 1 1 1 1 1 1 |
1 n 1] n 1] n
Top | ] I ] I ]
1 n 1] n 1] n
1 e e o e o e o o/ 0919 0948 || 0.948 || 0.947 || 0.774 1| 0.942
1 1 1 1 1
2 o e e e o e e e | 0923/l 0951 0946 i 0.955 jl 0.773 i 0.955
1 1 1 1 1
3 o e e e o o e o | 0916 0945 0944 |\ 0947 || 0.768 1| 0.953
1 1 1 1 1
4 e o o e o o o o | 0914 0943l 0942 il 0.944 [ 0.768 i 0.946
1 1 1 1 1
5 o e o o o e o o | 09171 0947 [l 0963 bl 0931 || 0.768 | 0.95
1 1 1 1 1
6 o o o o o o e o | 0914l 0943 093 || 0.956 |l 0.768 i 0.953
1 1 1 1 1
7 e o o e o e o e | 0918l 0948 |l 097 hl 0927 || 0763 | 0.954
1 1 1 1 1
8 e e o e o o e o | 0918 0948l 0946 hl 095 W 0763 | 0.948
1 1 1 1 1
9 o e o e o e e o | 0916/ 0946 hl 0955 il 0.936 || 0.763 1| 0.937
1 1 1 1 1
10 o« o o o o o e o {0916 0946 | 0.961 §| 0.932 i 0.762 i 0.942
1 1 1 1 1
1 n 1 n 1 n
Bottom I 1 I 1 I I
1 n 1] n 1] n
246 ¢ o o e e e o o | 08811 09221 0939 i 0.908 [l 0.664 1 0914
1 1 1 1 1
247 o e o o e e o e | 08851 0927 0926 093 [ 0663 1| 0.901
1 1 1 1 1
248 o e e e e o e e | 0885/ 0927 0944 [ 0.912 [ 0662 1| 0.896
1 1 1 1 1
249 o o e e e o o o | 0878/ 092 |i 09261 0914 066 1 0.901
1 1 1 1 1
250 ¢ e o o e o e o | 08831 0925/ 0922 0929 066 1| 0.901
1 1 1 1 1
251 ¢ o o e e o e e | 08841 0925 0938 0.915 [ 0659 1| 0.898
1 1 1 1 1
%2 o o o o e o e o | 08731 0916/ 0.928 i 0.906 || 0.656 i 0.907
1 1 1 1 1
253 e o o o e o e e | 08751 09191 0931 { 091 [ 0.652 i 0.908
1 1 1 1 1
254 o o e e e o o o | 08731 0916/ 0922 0913 [ 0652 1| 0.892
1 1 1 1 1
255 o o e e e e o e | 08741 09181 0922 |1 0.915 || 0.648 | 0.9
1 1 1 1 1





