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Table S1. Atomic and edge features used in Multi-MoleScale.
	Feature
	Description

	Atom type
	 A one-hot vector of this atom, “C”, “N”, “O”, “F”, “P”, “S”, “Cl”, “Br”, “I”, “other atoms”.

	Formal charge
	Integer electronic charge. 

	Hybridization
	 A one-hot vector of “sp”, “sp2”, “sp3”.

	Hydrogen bonding
	A one-hot vector of whether this atom is a hydrogen bond donor or acceptor.

	Aromatic
	A one-hot vector of whether the atom belongs to an aromatic ring.

	Degree
	A one-hot vector of the degree (0-5) of this atom.

	Number of Hydrogens
	A one-hot vector of the number of hydrogens (0-4) that this atom connected.

	Chirality 
	A one-hot vector of the chirality, “R” or “S”. 

	Partial charge
	Calculated partial charge.

	Bond type
	A one-hot vector of the bond type, “single”, “double”, “triple”, or “aromatic”.

	Same ring
	A one-hot vector of whether the atoms in the pair are in the same ring.

	Conjugated
	A one-hot vector of whether this bond is conjugated or not.

	Stereo
	A one-hot vector of the stereo configuration of a bond.































Table S2. Details of 12 public benchmarking datasets relevant to drug discovery.
	Dataset
	Category
	Task type
	No. of tasks
	Compounds 
	Metric

	BACE
	bioactivity 
and 
biophysics
	classification 
	1
	1513
	ROC-AUC

	HIV
	bioactivity 
and 
biophysics
	classification 
	1
	41127
	ROC-AUC

	MUV
	bioactivity 
and 
biophysics
	classification 
	17
	93087
	ROC-AUC

	Tox21
	physiology 
and 
toxicity
	classification 
	12
	7831
	ROC-AUC

	BBBP
	physiology 
and 
toxicity
	classification 
	1
	2039
	ROC-AUC

	ClinTox
	physiology 
and
 toxicity
	classification 
	2
	1478
	ROC-AUC

	SIDER
	physiology 
and 
toxicity
	classification 
	27
	1427
	ROC-AUC

	FreeSolv
	physicochemical
	regression 
	1
	642
	RMSE

	ESOL
	physicochemical
	regression 
	1
	1128
	RMSE

	Lipophilicity
	physicochemical
	regression 
	1
	4200
	RMSE

	Malaria
	drug 
efficacy
	regression
	1 
	9999 
	RMSE

	CEP
	Clean Energy 
Project  
	regression
	1
	29978 
	RMSE





Table S3. Details of the 15 ADMET datasets.
	Datasets
	Type
	Tasks
	Molecules
	Metrics

	Pgp-sub
	Classification
	1 
	1185 
	ROC-AUC

	HIA
	Classification
	1 
	1160 
	ROC-AUC

	F(20%)
	Classification
	1 
	992 
	ROC-AUC

	F(30%)
	Classification
	1 
	992 
	ROC-AUC

	FDAMDD
	Classification
	1 
	1197 
	ROC-AUC

	CYP1A2-sub
	Classification
	1 
	566 
	ROC-AUC

	CYP2C19-sub
	Classification
	1 
	258 
	ROC-AUC

	CYP2C9-sub
	Classification
	1 
	811 
	ROC-AUC

	CYP2D6-sub
	Classification
	1 
	877 
	ROC-AUC

	CYP3A4-sub
	Classification
	1 
	979 
	ROC-AUC

	T12
	Classification
	1 
	1219 
	ROC-AUC

	DILI
	Classification
	1 
	467 
	ROC-AUC

	SkinSen
	Classification
	1 
	405 
	ROC-AUC

	Carcinogenicity
	Classification
	1 
	1041 
	ROC-AUC

	Respiratory
	Classification
	1 
	1588 
	ROC-AUC






Table S4. Details of the 14 cell phenotype screening datasets.
	Datasets
	Type
	Tasks
	Molecules
	Metrics

	MDA-MB-453
	Classification
	1 
	440 
	ROC-AUC

	SK-BR-3
	Classification
	1 
	2026 
	ROC-AUC

	MDA-MB-435
	Classification
	1 
	3030 
	ROC-AUC

	T-47D
	Classification
	1 
	3135 
	ROC-AUC

	MCF-7
	Classification
	1 
	29378 
	ROC-AUC

	MDA-MB-361
	Classification
	1 
	367 
	ROC-AUC

	BT-474
	Classification
	1 
	811 
	ROC-AUC

	BT-20
	Classification
	1 
	292 
	ROC-AUC

	BT-549
	Classification
	1 
	1182 
	ROC-AUC

	HS-578T
	Classification
	1 
	469 
	ROC-AUC

	MDA-MB-231
	Classification
	1 
	11202 
	ROC-AUC

	MDA-MB-468
	Classification
	1 
	1986 
	ROC-AUC

	Bcap37
	Classification
	1 
	275 
	ROC-AUC

	HBL-100
	Classification
	1 
	316 
	ROC-AUC
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	Dataset
	dropout
	learning_rate
	batch_size
	num_heads

	Molecular Property
	
	
	
	

	BBBP
	0.3
	0.0005
	32
	8

	tox21
	0.5
	0.0005
	32
	8

	HIV
	0.15
	0.0005
	128
	8

	sider
	0.1
	0.001
	16
	4

	clintox
	0.3
	0.001
	16
	4

	bace
	0.3
	0.0005
	64
	8

	muv
	0.3
	0.001
	64
	8

	ESOL
	0.10
	0.005
	32
	8

	Lipo
	0.30
	0.0005
	32
	8

	Malaria
	0.30
	0.0001
	64
	8

	CEP
	0.10
	0.0005
	128
	8

	FreeSolv
	0.10
	0.0005
	8
	4

	ADMET
	
	
	
	

	Pgp-sub
	0.30
	0.005
	32
	8

	HIA
	0.10
	0.005
	32
	8

	F(20%)
	0.10
	0.001
	16
	4

	F(30%)
	0.30
	0.005
	16
	4

	FDAMDD
	0.10
	0.005
	32
	8

	CYP1A2-sub
	0.10
	0.0005
	16
	4

	CYP2C19-sub
	0.10
	0.005
	16
	4

	CYP2C9-sub
	0.10
	0.0005
	8
	2

	CYP2D6-sub
	0.10
	0.005
	16
	4

	CYP3A4-sub
	0.10
	0.005
	16
	4

	T12
	0.10
	0.0015
	32
	8

	DILI
	0.15
	0.005
	8
	2

	SkinSen
	0.10
	0.001
	8
	2

	Carcinogenicity
	0.30
	0.001
	32
	8

	Respiratory
	0.30
	0.001
	32
	8

	Cell Lines
	
	
	
	

	MDA-MB-453
	0.10
	0.001
	8
	2

	SK-BR-3
	0.10
	0.0005
	32
	4

	MDA-MB-435
	0.10
	0.0005
	32
	8

	T-47D
	0.10
	0.0005
	64
	8

	MCF-7
	0.10
	0.001
	256
	8

	MDA-MB-361
	0.10
	0.0005
	8
	2

	BT-474
	0.10
	0.0005
	16
	4

	BT-20
	0.10
	0.0005
	8
	2

	BT-549
	0.30
	0.0005
	16
	4

	HS-578T
	0.30
	0.0005
	8
	4

	MDA-MB-231
	0.10
	0.0005
	128
	8

	MDA-MB-468
	0.10
	0.001
	32
	8

	Bcap37
	0.10
	0.001
	8
	2

	HBL-100
	0.10
	0.001
	8
	2































Table S6. Performance on the validation dataset. 
	Dataset
	AUC
	RMSE(regression)
	ACC
	Recall
	F1

	Molecular Property
	
	
	
	
	

	BBBP
	0.961
	
	0.916
	0.944
	0.929

	tox21
	0.872
	
	0.971
	0.480
	0.642

	HIV
	0.852
	
	0.968
	0.546
	0.698

	sider
	0.681
	
	0.635
	0.794
	0.705

	clintox
	0.936
	
	0.919
	0.978
	0.947

	bace
	0.878
	
	0.804
	0.786
	0.794

	muv
	0.811
	
	
	
	

	ESOL
	
	0.625
	
	
	

	Lipo
	
	0.726
	
	
	

	Malaria
	
	1.072
	
	
	

	CEP
	
	1.231
	
	
	

	FreeSolv
	
	1.026
	
	
	

	ADMET
	
	
	
	
	

	Pgp-sub
	0.926
	
	0.863
	0.869
	0.865

	HIA
	0.910
	
	0.931
	0.978
	0.953

	F(20%)
	0.855
	
	0.818
	0.858
	0.837

	F(30%)
	0.823
	
	0.757
	0.840
	0.796

	FDAMDD
	0.823
	
	0.760
	0.620
	0.682

	CYP1A2-sub
	0.838
	
	0.757
	0.736
	0.746

	CYP2C19-sub
	0.850
	
	0.791
	0.600
	0.682

	CYP2C9-sub
	0.722
	
	0.617
	0.478
	0.538

	CYP2D6-sub
	0.879
	
	0.846
	0.865
	0.855

	CYP3A4-sub
	0.835
	
	0.761
	0.738
	0.749

	T12
	0.724
	
	0.610
	0.560
	0.583

	DILI
	0.878
	
	0.769
	0.764
	0.766

	SkinSen
	0.879
	
	0.824
	0.880
	0.851

	Carcinogenicity
	0.726
	
	0.690
	0.595
	0.638

	Respiratory
	0.729
	
	0.668
	0.618
	0.642

	Cell Lines
	
	
	
	
	

	MDA-MB-453
	0.886
	
	0.781
	0.752
	0.766

	SK-BR-3
	0.861
	
	0.798
	0.891
	0.841

	MDA-MB-435
	0.810
	
	0.788
	0.911
	0.845

	T-47D
	0.775
	
	0.738
	0.759
	0.748

	MCF-7
	0.819
	
	0.740
	0.773
	0.756

	MDA-MB-361
	0.953
	
	0.908
	0.930
	0.918

	BT-474
	0.922
	
	0.839
	0.983
	0.905

	BT-20
	0.872
	
	0.758
	0.750
	0.753

	BT-549
	0.796
	
	0.728
	0.953
	0.825

	HS-578T
	0.870
	
	0.829
	0.969
	0.893

	MDA-MB-231
	0.797
	
	0.747
	0.823
	0.783

	MDA-MB-468
	0.847
	
	0.809
	0.882
	0.843

	Bcap37
	0.901
	
	0.814
	0.777
	0.795

	HBL-100
	0.865
	
	0.850
	0.879
	0.864



Table S7. Performance on the test dataset.
	Dataset
	AUC/MSE
	Precision
	ACC
	Recall
	F1
	PRAUC

	Molecular Property
	
	
	
	
	
	

	BBBP
	0.956±0.004
	0.945±0.024
	0.920±0.014
	0.956±0.009
	0.949±0.010
	0.991±0.002

	tox21
	0.844±0.039
	0.877±0.039
	0.936±0.044
	0.389±0.243
	0.464±0.207
	0.534±0.129

	HIV
	0.865±0.009
	0.828±0.009
	0.969±0.001
	0.275±0.067
	0.382±0.067
	0.480±0.019

	sider
	0.663±0.063
	0.733±0.128
	0.802±0.105
	0.836±0.201
	0.767±0.219
	0.699±0.253

	clintox
	0.913±0.005
	0.972±0.005
	0.935±0.008
	0.955±0.006
	0.963±0.004
	0.959±0.021

	bace
	0.880±0.005
	0.828±0.039
	0.836±0.023
	0.828±0.032
	0.828±0.015
	0.887±0.012

	muv
	0.837±0.104
	
	0.997±0.001
	
	
	0.228±0.278

	ESOL
	0.621±0.016
	
	
	
	
	

	Lipo
	0.730±0.006
	
	
	
	
	

	Malaria
	1.038±0.062
	
	
	
	
	

	CEP
	1.386±0.024
	
	
	
	
	

	FreeSolv
	1.022±0.054
	
	
	
	
	

	Cell Lines
	
	
	
	
	
	

	MDA-MB-453
	0.881±0.027
	0.905±0.074
	0.827±0.062
	0.770±0.120
	0.824±0.069
	0.939±0.022

	SK-BR-3
	0.849±0.013
	0.857±0.016
	0.823±0.008
	0.913±0.008
	0.887±0.008
	0.950±0.004

	MDA-MB-435
	0.848±0.004
	0.856±0.022
	0.814±0.023
	0.911±0.020
	0.886±0.019
	0.933±0.006

	T-47D
	0.818±0.007
	0.833±0.020
	0.770±0.024
	0.843±0.036
	0.839±0.020
	0.910±0.008

	MCF-7
	0.797±0.003
	0.768±0.006
	0.738±0.003
	0.758±0.010
	0.838±0.006
	0.764±0.010

	MDA-MB-361
	0.962±0.014
	0.859±0.091
	0.852±0.054
	0.918±0.029
	0.883±0.047
	0.983±0.006

	BT-474
	0.921± 0.024
	0.895±0.033
	0.841±0.037
	0.940±0.034
	0.916±0.023
	0.983±0.005

	BT-20
	0.875±0.022
	0.807±0.130
	0.760±0.058
	0.811±0.088
	0.796±0.034
	0.956±0.005

	BT-549
	0.783±0.024
	0.837±0.042
	0.798±0.019
	0.889±0.074
	0.860±0.020
	0.911±0.020

	HS-578T
	0.825±0.028
	0.870±0.026
	0.825±0.029
	0.898±0.055
	0.882±0.026
	0.959±0.016

	MDA-MB-231
	0.822±0.007
	0.801±0.013
	0.759±0.011
	0.830±0.021
	0.815±0.008
	0.882±0.006

	MDA-MB-468
	0.864±0.021
	0.897±0.023
	0.863±0.029
	0.926±0.041
	0.910±0.024
	0.962±0.010

	Bcap37
	0.860±0.016
	0.696±0.169
	0.785±0.055
	0.842±0.160
	0.727±0.061
	0.882±0.013

	HBL-100
	0.883±0.015
	0.830±0.069
	0.818±0.051
	0.911±0.056
	0.866±0.032
	0.955±0.015



Appendix A1. Computational Complexity
To characterize computational costs, we provide formal cost estimates and practical parameter instantiations for each model component.
1) Graph branch: a 3‑layer lightweight GNN is used to limit over‑smoothing while reducing compute. For a molecule with N atoms and E bonds, the GNN complexity is O(L × (N + E)) with L = 3, i.e., O(3 × (N + E)), which scales linearly with molecular size.
2) Sequence branch: a truncated 6‑layer BERT (max SMILES length T = 100, hidden dimension H = 128) is adopted. The per‑layer complexity of the Transformer block is O(T^2 × H); with T = 100 and H = 128 this cost is bounded and practically manageable on modern GPUs.
3) Pre‑training / fine‑tuning strategy: both backbones are pre‑trained once (graph contrastive learning (GCL) on ≈1.04M ChEMBL compounds for the graph branch; BERT pre‑training for the sequence branch). For downstream tasks only the co‑attention module and the final classifier are fine‑tuned, avoiding repeated backbone training and substantially lowering cumulative training cost across tasks.

