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Table S1: Comet assay conditions.
	Phase
	Buffer composition
	Conditions

	Cell lysis
	0.1 M EDTA, 2.5 M NaOH, 0.01 M Tris, 1% Triton X-100
	 pH 10, 4 °C, 60 min

	Unwinding
	300 mM NaOH, 1 mM EDTA
	pH 13, 4 °C, 20 min

	Electrophoresis
	300 mM NaOH, 1 mM EDTA
	25 V and 300 mA (0.5–1 V/cm),
4 °C, 20 min

	Neutralization
	0.4 M Tris 
	pH 7.5, 4 °C, 15 min



All acquired datasets from the comet assay are available at Zenodo (10.5281/zenodo.17896231).

Table S2: Taqman Gene Expression Assays used for the toxicogenomic analysis.
	Assay ID
	Gene abbr.
	Gene name
	Gene function group

	Hs99999905_m1
	GAPDH
	glyceraldehyde-3-phosphate dehydrogenase
	housekeeping

	Hs02800695_m1 
	HPRT1
	hypoxanthine phosphoribosyltransferase 1
	housekeeping

	Hs00153349_m1
	TP53
	tumor protein p53
	DNA damage response

	Hs00234753_m1
	MDM2
	MDM2 proto-oncogene
	DNA damage response

	Hs00169255_m1
	GADD45A
	growth arrest and DNA-damage-inducible, alpha
	DNA damage response

	Hs00355782_m1
	CDKN1A
	cyclin-dependent kinase inhibitor 1A
	DNA damage response

	Hs00213454_m1
	OGG1
	8-oxoguanine DNA glycosylase
	DNA damage response

	Hs00357891_s1
	JUNB
	JunB proto-oncogene
	DNA damage response

	Hs04986394_s1
	BCL2
	B-cell leukemia/lymphoma 2
	Apoptosis

	Hs00180269_m1
	BAXA
	bcl2-associated X protein, a
	Apoptosis

	Hs00166575_m1
	SOD1
	superoxide dismutase 1, soluble
	Oxidative stress response

	Hs00937387_m1
	CAT
	catalase
	Oxidative stress response

	Hs01028922_g1
	GPX1
	gluthation peroxidase 1
	Oxidative stress response

	 Hs00155249_m1
	GCLC
	glutamate-cysteine ligase
	Oxidative stress response

	Hs00167317_m1
	GSR
	gluthatuon reductase
	Oxidative stress response






[bookmark: _Hlk204073041]Table S3: The fold change of the expression of selected genes involved in DNA damage response, apoptosis, and oxidative stress response after 24 hours of exposure to the tested MNPs.[footnoteRef:1] [1:  All values presented in Table S3 are fold-change values normalized to VC, where VC = 1.] 



	
	
	
	FeNPs
	ZnNPs
	MnNPs
	

	Gene
	Sample
	NC
	5 µg/mL
	25 µg/mL
	50 µg/mL
	5 µg/mL
	15 µg/mL
	25 µg/mL
	5 µg/mL
	15 µg/mL
	25 µg/mL
	PC

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	TP53
	Mean
	1,001
	1,009
	0,843
	0,948
	1,110
	1,056
	1,117
	0,903
	0,871
	0,908
	0,945
	

	
	SD
	0,139
	0,027
	0,034
	0,218
	0,033
	0,021
	0,016
	0,099
	0,064
	0,156
	0,073
	

	
	p
	0,999
	0,985
	0,735
	0,911
	0,831
	0,914
	0,822
	0,834
	0,781
	0,843
	0,906
	

	MDM2
	Mean
	0,966
	0,962
	0,924
	1,048
	0,928
	0,933
	0,920
	0,927
	0,907
	0,893
	3,733
	

	
	SD
	0,018
	0,115
	0,144
	0,218
	0,003
	0,130
	0,081
	0,090
	0,078
	0,086
	0,242
	

	
	p
	0,941
	0,935
	0,869
	0,918
	0,889
	0,885
	0,864
	0,875
	0,841
	0,817
	<0,0001
	

	GADD45A
	Mean
	1,040
	1,186
	1,160
	1,736
	1,115
	1,443
	1,253
	1,302
	1,101
	1,129
	4,412
	

	
	SD
	0,258
	0,080
	0,102
	0,882
	0,172
	0,524
	0,214
	0,263
	0,105
	0,149
	0,987
	

	
	p
	0,932
	0,689
	0,729
	0,113
	0,825
	0,340
	0,585
	0,560
	0,846
	0,804
	<0,0001
	

	CDKN1A
	Mean
	1,062
	1,150
	0,972
	1,146
	1,103
	1,009
	1,006
	1,047
	1,100
	1,094
	28,643
	

	
	SD
	0,285
	0,165
	0,157
	0,367
	0,288
	0,311
	0,126
	0,128
	0,179
	0,252
	5,845
	

	
	p
	0,893
	0,747
	0,952
	0,753
	0,824
	0,985
	0,989
	0,919
	0,830
	0,840
	<0,0001
	

	OGG1
	Mean
	1,015
	1,099
	0,950
	1,324
	0,991
	0,907
	0,908
	0,992
	1,082
	1,124
	0,885
	

	
	SD
	0,079
	0,263
	0,030
	0,643
	0,180
	0,254
	0,133
	0,113
	0,201
	0,009
	0,103
	

	
	p
	0,977
	0,831
	0,915
	0,485
	0,984
	0,842
	0,843
	0,986
	0,860
	0,788
	0,804
	

	JUNB
	Mean
	0,904
	1,096
	0,797
	0,902
	1,025
	0,907
	0,898
	0,933
	0,809
	0,782
	2,964
	

	
	SD
	0,076
	0,194
	0,242
	0,060
	0,092
	0,196
	0,243
	0,347
	0,199
	0,136
	0,646
	

	
	p
	0,853
	0,836
	0,662
	0,849
	0,961
	0,858
	0,843
	0,885
	0,680
	0,638
	<0,0001
	

	BCL2
	Mean
	1,100
	1,073
	1,039
	1,659
	1,207
	1,353
	1,319
	0,826
	0,846
	0,892
	2,368
	

	
	SD
	0,000
	0,151
	0,141
	0,146
	0,390
	0,410
	0,275
	0,279
	0,197
	0,187
	1,026
	

	
	p
	0,878
	0,875
	0,940
	0,204
	0,690
	0,496
	0,491
	0,707
	0,740
	0,817
	0,009
	

	BAX
	Mean
	1,097
	1,031
	0,984
	1,163
	1,015
	1,050
	0,943
	0,980
	0,949
	0,979
	2,007
	

	
	SD
	0,123
	0,172
	0,122
	0,288
	0,007
	0,290
	0,155
	0,175
	0,148
	0,132
	0,209
	

	
	p
	0,833
	0,948
	0,973
	0,725
	0,977
	0,913
	0,902
	0,966
	0,913
	0,964
	0,031
	

	SOD1
	Mean
	0,991
	0,999
	1,005
	1,071
	1,050
	1,040
	1,022
	0,906
	0,894
	0,903
	0,846
	

	
	SD
	0,058
	0,132
	0,147
	0,154
	0,020
	0,122
	0,091
	0,090
	0,108
	0,081
	0,043
	

	
	p
	0,985
	0,999
	0,991
	0,878
	0,923
	0,932
	0,962
	0,839
	0,818
	0,835
	0,740
	

	CAT
	Mean
	0,919
	0,948
	0,918
	1,091
	0,659
	0,946
	0,966
	0,979
	1,001
	1,034
	0,664
	

	
	SD
	0,103
	0,071
	0,087
	0,245
	0,571
	0,070
	0,048
	0,123
	0,180
	0,257
	0,129
	

	
	p
	0,861
	0,911
	0,859
	0,844
	0,462
	0,908
	0,942
	0,964
	0,999
	0,942
	0,469
	

	GPX1
	Mean
	1,050
	1,091
	1,075
	1,967
	1,119
	0,906
	1,021
	0,928
	0,787
	0,762
	4,942
	

	
	SD
	0,170
	0,369
	0,161
	0,692
	0,108
	0,051
	0,260
	0,415
	0,295
	0,303
	1,870
	

	
	p
	0,913
	0,844
	0,884
	0,063
	0,818
	0,856
	0,964
	0,876
	0,646
	0,608
	<0,0001
	

	GCLC
	Mean
	0,983
	0,972
	0,936
	1,085
	0,873
	0,907
	0,887
	0,919
	0,999
	1,024
	0,712
	

	
	SD
	0,147
	0,080
	0,054
	0,181
	0,086
	0,126
	0,024
	0,096
	0,165
	0,054
	0,056
	

	
	p
	0,971
	0,952
	0,902
	0,870
	0,807
	0,841
	0,808
	0,862
	0,999
	0,959
	0,534
	

	GSR
	Mean
	0,985
	0,919
	0,835
	0,879
	0,976
	0,899
	0,880
	0,838
	0,775
	0,796
	0,563
	

	
	SD
	0,018
	0,129
	0,120
	0,114
	0,052
	0,042
	0,012
	0,090
	0,117
	0,115
	0,013
	

	
	p
	0,975
	0,862
	0,722
	0,794
	0,963
	0,827
	0,795
	0,727
	0,627
	0,660
	0,346
	


	
	
	
	FeNPs
	ZnNPs
	MnNPs
	

	Gene
	Sample
	NC
	5 µg/mL
	15 µg/mL
	25 µg/mL
	5 µg/mL
	25 µg/mL
	50 µg/mL
	5 µg/mL
	15 µg/mL
	25 µg/mL
	PC

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	TP53
	Mean
	0,931
	1,028
	1,072
	1,031
	1,005
	1,000
	1,325
	1,022
	1,219
	1,057
	1,917
	

	
	SD
	0,088
	0,048
	0,056
	0,076
	0,109
	0,066
	0,122
	0,219
	0,333
	0,161
	0,151
	

	
	p
	0,868
	0,947
	0,864
	0,941
	0,991
	1,000
	0,485
	0,957
	0,600
	0,892
	0,028
	

	MDM2
	Mean
	0,860
	1,023
	1,114
	0,983
	1,010
	0,876
	1,357
	0,952
	1,108
	1,198
	2,665
	

	
	SD
	0,187
	0,199
	0,143
	0,034
	0,022
	0,169
	0,057
	0,050
	0,186
	0,022
	0,203
	

	
	p
	0,738
	0,956
	0,784
	0,967
	0,983
	0,766
	0,444
	0,909
	0,795
	0,671
	<0,0001
	

	GADD45A
	Mean
	0,951
	1,291
	1,417
	1,079
	1,305
	1,061
	1,807
	1,062
	1,508
	1,327
	4,320
	

	
	SD
	0,192
	0,223
	0,324
	0,110
	0,322
	0,458
	0,713
	0,140
	0,344
	0,016
	1,397
	

	
	p
	0,906
	0,486
	0,317
	0,851
	0,465
	0,883
	0,084
	0,882
	0,277
	0,483
	<0,0001
	

	CDKN1A
	Mean
	0,980
	1,276
	1,335
	1,188
	1,059
	1,083
	1,326
	1,146
	1,401
	1,259
	24,264
	

	
	SD
	0,118
	0,017
	0,215
	0,083
	0,014
	0,199
	0,015
	0,223
	0,267
	0,059
	3,344
	

	
	p
	0,962
	0,554
	0,472
	0,688
	0,887
	0,859
	0,484
	0,726
	0,337
	0,535
	<0,0001
	

	OGG1
	Mean
	0,978
	1,106
	1,115
	1,069
	0,985
	0,981
	1,099
	0,990
	1,308
	1,004
	1,910
	

	
	SD
	0,027
	0,073
	0,176
	0,055
	0,137
	0,162
	0,262
	0,078
	0,453
	0,105
	0,119
	

	
	p
	0,958
	0,800
	0,784
	0,868
	0,971
	0,964
	0,813
	0,981
	0,460
	0,992
	0,030
	

	JUNB
	Mean
	0,951
	1,122
	1,345
	0,951
	1,126
	1,045
	1,578
	0,971
	1,350
	1,057
	3,709
	

	
	SD
	0,088
	0,293
	0,671
	0,082
	0,396
	0,638
	0,842
	0,158
	0,348
	0,163
	1,093
	

	
	p
	0,907
	0,771
	0,408
	0,906
	0,763
	0,914
	0,167
	0,944
	0,453
	0,892
	<0,0001
	

	BCL2
	Mean
	0,758
	1,187
	1,106
	1,164
	1,182
	2,621
	4,838
	1,159
	2,250
	1,965
	5,694
	

	
	SD
	0,130
	0,256
	0,559
	0,341
	0,842
	2,266
	2,043
	0,088
	0,513
	0,209
	2,690
	

	
	p
	0,562
	0,689
	0,821
	0,694
	0,662
	0,001
	<0,0001
	0,702
	0,008
	0,039
	<0,0001
	

	BAX
	Mean
	0,887
	1,075
	1,139
	1,031
	1,016
	0,933
	1,315
	0,963
	1,520
	1,065
	3,658
	

	
	SD
	0,035
	0,103
	0,242
	0,087
	0,185
	0,328
	0,523
	0,089
	0,543
	0,122
	0,396
	

	
	p
	0,786
	0,857
	0,738
	0,940
	0,969
	0,872
	0,450
	0,930
	0,213
	0,875
	<0,0001
	

	SOD1
	Mean
	0,948
	1,038
	1,033
	0,989
	1,046
	0,950
	1,047
	0,944
	1,059
	0,990
	1,673
	

	
	SD
	0,030
	0,055
	0,120
	0,051
	0,131
	0,197
	0,012
	0,088
	0,186
	0,071
	0,053
	

	
	p
	0,901
	0,928
	0,936
	0,980
	0,912
	0,905
	0,920
	0,893
	0,899
	0,982
	0,108
	

	CAT
	Mean
	0,987
	0,929
	0,956
	0,972
	0,898
	0,896
	0,982
	0,914
	0,869
	0,940
	1,682
	

	
	SD
	0,023
	0,028
	0,034
	0,080
	0,076
	0,146
	0,223
	0,046
	0,077
	0,046
	0,100
	

	
	p
	0,975
	0,864
	0,916
	0,946
	0,806
	0,803
	0,966
	0,836
	0,778
	0,885
	0,103
	

	GPX1
	Mean
	0,858
	1,249
	1,036
	0,976
	1,256
	1,091
	0,999
	0,830
	1,227
	0,918
	6,781
	

	
	SD
	0,149
	0,225
	0,098
	0,248
	0,649
	0,635
	0,108
	0,145
	0,380
	0,165
	1,812
	

	
	p
	0,733
	0,551
	0,938
	0,953
	0,540
	0,827
	0,999
	0,683
	0,627
	0,843
	<0,0001
	

	GCLC
	Mean
	0,918
	0,998
	1,033
	1,035
	1,032
	1,036
	1,168
	1,114
	1,156
	1,169
	1,286
	

	
	SD
	0,069
	0,097
	0,165
	0,068
	0,025
	0,131
	0,160
	0,049
	0,174
	0,080
	0,192
	

	
	p
	0,845
	0,995
	0,937
	0,934
	0,940
	0,931
	0,688
	0,784
	0,708
	0,685
	0,540
	

	GSR
	Mean
	0,958
	1,036
	1,027
	1,041
	0,962
	0,992
	1,087
	0,944
	1,119
	0,981
	1,256
	

	
	SD
	0,041
	0,066
	0,136
	0,020
	0,137
	0,134
	0,253
	0,003
	0,187
	0,089
	0,026
	

	
	p
	0,921
	0,931
	0,949
	0,921
	0,928
	0,984
	0,834
	0,893
	0,776
	0,963
	0,540
	


Table S4: The fold change of the expression of selected genes involved in DNA damage response, apoptosis, and oxidative stress response after 96 hours of exposure to the tested MNPs.[footnoteRef:2] [2:  All values presented in Table S4 are fold-change values normalized to VC, where VC = 1.] 




Reaction conditions for toxicogenomic analysis
Table S5: Reverse transcription reaction conditions
	Phase
	Temperature
	Time

	Phase 1
	25°C
	10 min

	Phase 2
	37⁰C
	120 min

	Phase 3
	85⁰C
	5 min

	Phase 4
	4⁰C
	hold



Table S6: Preamplification reaction conditions
	Phase
	Temperature
	Time
	Cycle number

	Pre-denaturation
	95⁰C
	60 s
	1

	Denaturation
	95⁰C
	15 s
	14

	Aligning
	60⁰C
	2 min
	

	Elongation
	72⁰C
	1 min
	

	Conservation
	72⁰C
	5 min
	1



Table S7: Fluidigm qPCR reaction conditions
	Phase
	Temperature
	Time
	Cycle number

	Pre-denaturation
	50⁰C
	2 min
	1

	UNG/hot start
	95⁰C
	10 min
	1

	Denaturation
	95⁰C
	15 s
	40

	Aligning
	60⁰C
	1 min
	



All acquired datasets from the comet assay are available at Zenodo (10.5281/zenodo.17896231).



[image: A comparison of a diagram of a solar system

AI-generated content may be incorrect.]
Figure S1: Representative images of undamaged and damaged DNA acquired in the Comet AssayRepresentative images acquired in the Comet Assay. (A) Undamaged DNA showing an intact nucleoid with no visible comet tail. (B) Highly damaged DNA displaying a pronounced comet tail, indicative of extensive strand breaks. 




[image: ]
Figure S2: Quality of isolated RNA; gel electrophoresis. P1 – parallel one, P2 – parallel two, P3 – parallel three.
image1.tif
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