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1 Text S1: Blank sample 

2 For both real and simulated breath samples, the blank sample was prepared by filling zero air into 

3 a homemade 40-L Nalophan (Scentroid, Canada) bag (Figure S1). Before being delivered into the 

4 reaction chamber, the humidity of zero air was adjusted to the level as same as that in the breath 

5 (i.e., relative humidity (RH) 92%–94%) by using a humidifier (Figure S1). Then the zero air was 

6 pumped into the reaction chamber at a flow rate of 1.5 L min−1 controlled by a sampling pump 

7 (FCG-5, YanCheng Galaxy Science & Technology LTD, China).

8

9 Text S2: Data analysis 

10 MS Raw data were pretreated as reported before and ions with signal intensity ≥ 2.5 × 105 a.u. 

11 were extracted for further analysis 1. For cluster analysis, those clusters were defined based on the 

12 degree of similarity. In the study, hierarchical analysis in MATLAB (R2018b) was performed to 

13 discover m/z values sharing the same intensity temporal profiles. The pdist function is used to 

14 calculate the distance between every pair of objects (i.e., m/z values in our case) in a data set. For 

15 a data set made up of m objects, there are m*(m – 1)/2 pairs in the data set. The result of this 

16 computation is commonly known as a distance or dissimilarity matrix. Once the proximity between 

17 objects in the data set has been computed, it can determine how objects in the data set should be 

18 grouped into clusters, using the linkage function. The linkage function takes the distance 

19 information generated by pdist and links pairs of objects that are close together into binary clusters 

20 (clusters made up of two objects). The linkage function then links these newly formed clusters to 

21 each other and to other objects to create bigger clusters until all the objects in the original data set 

22 are linked together in a hierarchical tree. For data mining, t-test (GraphPad Prism 7) was performed 
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23 to identify the possible products from O3 reaction with exhaled human breath containing VOCs. 

24 When the p value is < 0.0001, it is considered that there is a significant difference between the two 

25 groups of samples 2. Therefore, p < 0.0001 was adopted in this study to determine the potential 

26 products resulting from O3 reaction with breath VOCs. Finally, the element compositions of 

27 individual products were given using commercial software Xcalibur (Thermo Scientific, USA). 

28 To identify and characterize the detected aromatic compounds we used the aromaticity equivalent 

29 (XC) which is mathematical parameter calculated as follows 3–5. Therefore, XC of the organic 

30 compounds, which contain C, H, O, and N in their chemical structures, was calculated as follows:

31    (Eq-S1)
𝑋𝐶=

2𝐶+ 𝑁 ‒ 𝐻 ‒ 2𝑚𝑂 ‒ 2𝑛𝑆
𝐷𝐵𝐸 ‒ 𝑚𝑂 ‒ 𝑛𝑆

32 where m and n represent the fraction of oxygen and sulfur atoms, involved in the π-bonds of a 

33 molecular structure 3. In this study, m and n were set to 0.5, since the ESI- mode is most sensitive 

34 to compounds that contain carboxylic functional groups 4. Threshold values of XC were set as, 2.50 

35 ≤ XC < 2.71, and XC ≥ 2.71, as criteria for the presence of aromatics or multi-core aromatic 

36 compounds in the identified ions, respectively 5–7. 

37 Text S3: Calculation of normalized intensity of products. 

38 In many recent studies, peak abundance comparisons in mass spectrometry have been used to show 

39 the relative importance of different types of compounds 5,8–10. However, the ionization efficiencies 

40 of different classes of compounds can vary widely 11, so comparing peak abundances between 

41 different compounds is likely to produce uncertainty. Calculation of normalized intensity of 

42 product compounds formed during the gas-phase reaction of O3 with VOCs from exhaled breath 

43 was performed by using 2-butanone as a reference compound 12: 
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44                                                 (Eq-S2)
𝐶𝑖=

𝐼𝑛𝑡𝑖
𝐼𝑛𝑡𝐵𝑈𝑇

× 𝐶𝐵𝑈𝑇

45 where Ci is the mixing ratio (pptv or ppbv) of compound i detected during the experiments, IntBUT 

46 is the intensity of 2-butanone, Inti is the intensity of product i, and CBUT is the mixing ratio of 2-

47 butanone, i.e., 2 ppbv. 

48 The calculation of the normalized intensity indicated the occurrence of 17 positive ions and 15 

49 negative ions at mixing ratio higher than 5 pptv, which were assigned to 24 compounds (Table 

50 S6). We emphasize the discussion on seven compounds with mixing ratio higher than 100 pptv 

51 which were observed in both cases i.e. products resulting from ozonolysis of human breath and 

52 from reaction of O3 with standard compounds (Table S6). The two most prominent products 

53 produced by the reactions of O3 with isoprene and α-terpinene were A10 or B10 (104–125 pptv) 

54 which formation is described below in the “reaction mechanism”. 

55

56



S6

Figure S1. Experimental set-up for real-time monitoring of ozone (O3) reaction with exhaled 

human breath.

57

Figure S2. Experimental set-up for real-time monitoring of O3 reaction with standard compounds 

which are typical VOCs identified in human breath.
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Figure S3. Hierarchical cluster analysis of (a) 694 ions detected in the positive ion detection mode 

and (b) 102 ions detected in the negative ion detection mode. The normalized signal intensity in 

hierarchical cluster is presented by a color-coded scale, i.e., the signal intensity increases from 

dark blue (normalized value is 0) to wine red (normalized value is 1). It should be noted that the 

periodic fluctuations of signal intensities over time in Figure S3a Cluster 4 and Figure S3b are due 

to the MS/MS analyses performed for these ions at certain time periods.
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58
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59

60 Figure S4. Intensity-time profiles (solid lines) of ions detected in positive mode and time profile 

61 (dash line) of O3 mixing ratio for human breath samples (a) YZH-Pos, (b) CX-Pos and (c) LC-Pos, 

62 relative abundance is defined as the intensity of each ion normalized to the highest intensity during 

63 the full course of reaction.
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64

65

66 Figure S5. Hierarchical cluster analysis of ions produced by the reaction of O3 and standard 

67 isoprene in (a) positive mode and (b) negative mode. The normalized signal intensity in 

68 hierarchical cluster is presented by a color-coded scale, i.e., the signal intensity increases from 

69 dark blue (normalized value is 0) to wine red (normalized value is 1).
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70

71

72 Figure S6. Hierarchical cluster analysis of ions produced by the reaction of O3 and standard α-

73 terpinene in (a) positive mode and (b) negative mode. The normalized signal intensity in 

74 hierarchical cluster is presented by a color-coded scale, i.e., the signal intensity increases from 

75 dark blue (normalized value is 0) to wine red (normalized value is 1). 

76
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77

78 Figure S7. The box plot of MVK, MACR, DHBO and the imine compounds.

79

80 Table S1. Mixing ratios and RH values of simulated breath samples prepared using two individual 

81 standard gases.

Parameters Samples Value

RH All simulated samples 92%–94%

Isoprene 730 pptvMixing ratio

α-terpinene 410 pptv

82

83

84

85
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86 Table S2. The mixing ratios of isoprene and α-terpinene in 9 subjects breath samples.

Subject Mixing ratio (ppbv)
Subject

Isoprene α-Terpinene

1 0.74 0.17

2 1.16 0.17

3 1.83 0.67

4 0.67 0.73

5 0.38 0.24

6 0.40 0.66

7 0.80 0.39

8 0.42 0.29

9 0.20 0.17

AVE 0.73 0.39

87 aResults of subjects 5–9 are from other experiments.

88

89

90 Table S3. Number of ions detected by SESI-HRMS for four subjects.

Subject Detection mode No. of ions No. of product ionsc

Posa 694 219YZH
Negb 124 3
Pos 831 44CX
Neg 112 16
Pos 851 42LC
Neg 131 24
Pos 618 62XX
Neg 102 37

91 aPos: position ion detection mode; bNeg: negative ion detection mode; cproduct ions: ions that 

92 showed an increasing trend at O3 exposure stage.
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93

94 Table S4. CHON compounds identified resulting from the reaction of O3 and exhaled breath in 

95 positive (cluster 3 in figure S3a) and negative mode (cluster 5 in figure S3b).

No. Mode DBE m/z Formula No. Mode DBE m/z Formula

1 Positive 2 58.974 CHO2N 2 Positive 1 59.036 C2H5ON
3 Positive 0.5 60.044 C2H6ON 4 Positive 0 61.053 C2H7ON
5 Positive 0 61.055 C2H7ON 6 Positive 0.5 88.075 C4H10ON
7 Positive 0.5 104.07 C4H10O2N 8 Positive 0.5 105.065 C3H9O2N2

9 Positive 1.5 114.091 C6H12ON 10 Positive 1.5 114.092 C6H12ON
11 Positive 1.5 115.088 C5H11ON2 12 Positive 4.5 115.094 C4H11N4

13 Positive 0.5 116.095 C5H12ON2 14 Positive 2 116.098 C5H12ON2

15 Positive 0.5 116.106 C6H14ON 16 Positive 1 118.086 C5H12O2N
17 Positive 0.5 119.083 C4H11O2N2 18 Positive 0 120.088 C4H12O2N2

19 Positive 0 122.068 C3H10O3N2 20 Positive 1.5 128.106 C7H14ON
21 Positive 10 133.067 CH7ON7 22 Positive 1 148.083 C5H12O3N2

23 Positive 12 207.029 C13H5O2N 24 Positive 12 207.03 C13H5O2N
25 Positive 12 207.031 C13H5O2N 26 Positive 0 222.156 C9H22O4N2

27 Positive 11 223.063 C14H9O2N 28 Positive 2.5 224.063 C4H10O6N5

29 Positive 6.5 224.066 C9H10O4N3 30 Positive 11 225.042 C13H7O3N
31 Positive 7 225.06 C6H7O3N7 32 Positive 2.5 227.175 C12H23O2N2

33 Positive 11 229.001 C11H3O5N 34 Positive 3.5 252.195 C15H26O2N
35 Positive 9.5 268.978 C7HO8N4 36 Positive 5.5 277.216 C18H29O2

37 Positive 12.5 282.049 C14H8O4N3 38 Positive 12.5 282.05 C14H8O4N3

39 Positive 8.5 283.029 C9H7O7N4 40 Positive 8.5 283.03 C9H7O7N4

41 Positive 7.5 297.082 C11H13O6N4 42 Positive 11.5 298.082 C15H12O4N3

43 Positive 15.5 298.085 C20H12O2N 44 Positive 7.5 299.061 C10H11O7N4

45 Positive 11 299.078 C16H13O5N 46 Positive 11 299.079 C16H13O5N
47 Positive 15.5 300.064 C19H10O3N 48 Positive 15.5 300.065 C19H10O3N
49 Positive 11 301.057 C15H11O6N 50 Positive 11 301.058 C15H11O6N
51 Positive 19 341.017 C17H3O4N5 52 Positive 19 341.018 C17H3O4N5

53 Positive 19 342.997 C16HO5N5 54 Positive 19 342.998 C16HO5N5

55 Positive 6.5 344.976 CHO12N10 56 Positive 18 357.049 C18H7O4N5

57 Positive 18 359.027 C17H5O5N5 58 Positive 18 359.028 C17H5O5N5

59 Positive 22 360.027 C21H4O3N4 60 Positive 22 360.028 C21H4O3N4

61 Positive 16 388.126 C20H16O3N6 62 Positive 16 388.127 C20H16O3N6
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63 Positive 16 388.128 C20H16O3N6 64 Positive 16 389.111 C20H15O4N5

65 Positive 16 389.112 C20H15O4N5 66 Positive 10.5 415.035 C13H11O12N4

67 Positive 10.5 415.036 C13H11O12N4 68 Positive 10.5 415.037 C13H11O12N4

69 Positive 9.5 429.088 C15H17O11N4 70 Positive 19 430.086 C18H10O4N10

71 Positive 19 430.087 C18H10O4N10 72 Positive 19 430.088 C18H10O4N10

73 Positive 19 430.089 C18H10O4N10 74 Positive 9.5 431.067 C14H15O12N4

75 Positive 9.5 431.068 C14H15O12N4 76 Positive 9.5 431.069 C14H15O12N4

77 Positive 18 431.084 C21H13O6N5 78 Positive 18 431.085 C21H13O6N5

79 Positive 18 431.086 C21H13O6N5 80 Positive 18 431.088 C21H13O6N5

81 Positive 13.5 432.067 C18H14O10N3 82 Positive 13.5 432.068 C18H14O10N3

83 Positive 13.5 432.069 C18H14O10N3 84 Positive 18 433.064 C20H11O7N5

85 Positive 18 433.065 C20H11O7N5 86 Positive 18 433.066 C20H11O7N5

87 Positive 3.5 448.115 C11H22O14N5 88 Positive 3.5 448.116 C11H22O14N5

89 Positive 3.5 448.117 C11H22O14N5 90 Positive 1.5 448.349 C21H46O5N5

91 Positive 1.5 448.35 C21H46O5N5 92 Positive 1.5 448.351 C21H46O5N5

93 Positive 1.5 448.352 C21H46O5N5 94 Positive 8 449.112 C13H19O11N7

95 Positive 8 449.113 C13H19O11N7 96 Positive 8 449.114 C13H19O11N7

97 Positive 8 449.118 C13H19O11N7 98 Positive 8 449.119 C13H19O11N7

99 Positive 8 449.121 C13H19O11N7 100 Positive 8 449.122 C13H19O11N7

101 Positive 12 450.112 C17H18O9N6 102 Positive 12 450.113 C17H18O9N6

103 Positive 12 450.114 C17H18O9N6 104 Positive 12 450.115 C17H18O9N6

105 Positive 7.5 462.146 C16H24O11N5 106 Positive 11.5 463.144 C20H23O9N4

107 Positive 11.5 463.145 C20H23O9N4 108 Positive 11 463.146 C20H23O9N4

109 Positive 11 464.142 C21H24O10N2 110 Positive 10.5 464.15 C21H24O10N2

111 Positive 11 464.151 C21H24O10N2 112 Positive 2.5 465.14 C11H25O14N6

113 Positive 2.5 465.141 C11H25O14N6 114 Positive 2.5 465.143 C11H25O14N6

115 Positive 2.5 465.144 C11H25O14N6 116 Positive 2.5 465.146 C11H25O14N6

117 Positive 2.5 465.147 C11H25O14N6 118 Positive 2.5 465.149 C11H25O14N6

119 Positive 2.5 465.15 C11H25O14N6 120 Positive 19.5 466.138 C27H20O5N3

121 Positive 19.5 466.14 C27H20O5N3 122 Positive 19.5 466.141 C27H20O5N3

123 Positive 19.5 466.144 C27H20O5N3 124 Positive 15 466.146 C23H22O7N4

125 Positive 15 466.147 C23H22O7N4 126 Positive 15 466.148 C23H22O7N4

127 Positive 15 466.149 C23H22O7N4 128 Positive 11 486.258 C24H34O5N6

129 Positive 11 486.259 C24H34O5N6 130 Positive 20 489.054 C22H11O9N5

131 Positive 20 489.055 C22H11O9N5 132 Positive 20 489.056 C22H11O9N5

133 Negative 5.5 138.019 C6H4O3N 134 Negative 6.5 149.045 C6H5ON4

135 Negative 3 224.027 C5H8O8N2 136 Negative 7.5 225.025 C7H5O5N4

137 Negative 5.5 250.144 C14H20O3N 138 Negative 13.5 297.047 C11H5O3N8

139 Negative 13.5 299.026 C10H3O4N8
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96

97 Table S5. CHO compounds identified resulting from the reaction of O3 and breath in positive 

98 (cluster 3 in figure S3a) and negative mode (cluster 5 in figure S3b).

No. Mode DBE m/z Formula No. Mode DBE m/z Formula
1 Positive 0.5 59.049 C3H7O 2 Positive 0.5 59.05 C3H7O
3 Positive 0.5 59.053 C3H7O 4 Positive 0.5 59.054 C3H7O
5 Positive 0.5 61.028 C2H5O2 6 Positive 1.5 71.049 C4H7O
7 Positive 1.5 73.028 C3H5O2 8 Positive 0.5 73.064 C4H9O
9 Positive 0.5 75.044 C3H7O2 10 Positive 2.5 83.049 C5H7O
11 Positive 2.5 85.028 C4H5O2 12 Positive 1.5 85.064 C5H9O
13 Positive 1.5 87.044 C4H7O2 14 Positive 0.5 87.08 C5H11O
15 Positive 0.5 89.059 C4H9O2 16 Positive 3.5 95.049 C6H7O
17 Positive 2.5 97.064 C6H9O 18 Positive 2.5 99.043 C5H7O2

19 Positive 2.5 99.044 C5H7O2 20 Positive 1.5 99.08 C6H11O
21 Positive 1.5 101.059 C5H9O2 22 Positive 5.5 105.036 C7H5O
23 Positive 4.5 107.049 C7H7O 24 Positive 3.5 109.064 C7H9O
25 Positive 2.5 111.08 C7H11O 26 Positive 2.5 113.059 C6H9O2

27 Positive 1.5 113.096 C7H13O 28 Positive 1.5 115.075 C6H11O2

29 Positive 0.5 115.111 C7H15O 30 Positive 0.5 117.09 C6H13O2

31 Positive 4.5 121.064 C8H9O 32 Positive 4.5 123.043 C7H7O2

33 Positive 3.5 123.079 C8H11O 34 Positive 3.5 123.08 C8H11O
35 Positive 3.5 125.059 C7H9O2 36 Positive 2.5 125.096 C8H13O
37 Positive 2.5 127.075 C7H11O2 38 Positive 0.5 127.111 C8H15O
39 Positive 1.5 129.09 C7H13O2 40 Positive 5.5 133.064 C9H9O
41 Positive 4.5 137.059 C8H9O2 42 Positive 3.5 137.096 C9H13O
43 Positive 3.5 139.075 C8H11O2 44 Positive 2.5 141.09 C8H13O2

45 Positive 1.5 141.127 C9H17O 46 Positive 1.5 143.106 C8H15O2

47 Positive 0.5 145.122 C8H17O2 48 Positive 1.5 147.064 C6H11O4

49 Positive 5.5 147.08 C10H11O 50 Positive 1.5 149.044 C5H9O5

51 Positive 4.5 149.096 C10H13O 52 Positive 3.5 151.111 C10H15O
53 Positive 3.5 153.09 C9H13O2 54 Positive 2.5 153.127 C10H17O
55 Positive 2.5 155.106 C9H15O2 56 Positive 1.5 157.122 C9H17O2

57 Positive 6.5 163.038 C9H7O3 58 Positive 4.5 163.111 C11H15O
59 Positive 4.5 165.09 C10H13O2 60 Positive 0.5 167.055 C5H11O6

61 Positive 3.5 167.106 C10H15O2 62 Positive 0.5 169.034 C4H9O7

63 Positive 2.5 169.122 C10H17O2 64 Positive 3.5 193.158 C13H21O
65 Positive 3.5 207.174 C14H23O 66 Positive 4.5 219.174 C15H23O
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67 Positive 4.5 221.153 C14H21O2 68 Positive 3.5 221.189 C15H25O
69 Positive 4.5 235.169 C15H23O2 70 Positive 3.5 237.184 C15H25O2

71 Positive 3.5 281.049 C9H13O10 72 Positive 3.5 281.05 C9H13O10

73 Positive 3.5 361.024 C9H13O15 74 Positive 3.5 361.025 C9H13O15

75 Positive 3.5 361.026 C9H13O15 76 Positive 5.5 447.345 C28H47O4

77 Positive 5.5 447.346 C28H47O4 78 Positive 1 486.267 C21H42O12

79 Negative 1.5 59.013 C2H3O2 80 Negative 2.5 69.034 C4H5O
81 Negative 2.5 71.013 C3H3O2 82 Negative 1.5 71.05 C4H7O
83 Negative 2.5 72.993 C2HO3 84 Negative 2.5 72.993 C2HO3

85 Negative 1.5 73.029 C3H5O2 86 Negative 1.5 75.008 C2H3O3

87 Negative 3.5 81.034 C5H5O 88 Negative 2.5 83.05 C5H7O
89 Negative 2.5 85.029 C4H5O2 90 Negative 2.5 87.008 C3H3O3

91 Negative 1.5 87.045 C4H7O2 92 Negative 2.5 99.045 C5H7O2

93 Negative 2.5 101.024 C4H5O3 94 Negative 1.5 103.04 C4H7O3

95 Negative 4.5 109.029 C6H5O2 96 Negative 3.5 113.024 C5H5O3

97 Negative 2.5 115.04 C5H7O3 98 Negative 1.5 117.055 C5H9O3

99 Negative 4.5 125.024 C6H5O3 100 Negative 3.5 127.04 C6H7O3

101 Negative 2.5 129.055 C6H9O3 102 Negative 2.5 143.071 C7H11O3

103 Negative 4.5 151.076 C9H11O2 104 Negative 3.5 155.071 C8H11O3

105 Negative 2.5 157.086 C8H13O3 106 Negative 2.5 157.087 C8H13O3

107 Negative 1.5 159.102 C8H15O3 108 Negative 4.5 167.071 C9H11O3

109 Negative 3.5 169.087 C9H13O3 110 Negative 2.5 171.102 C9H15O3

111 Negative 5.5 179.071 C10H11O3 112 Negative 2.5 185.082 C8H13O3

113 Negative 8.5 201.055 C12H9O3 114 Negative 5 236.141 C14H20O3

99
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100 Table S6. Compounds identified resulting from the reaction of O3 and individual gas standards.

No. STD Compound formula Ion mode Elemental 
composition m/z ∆mmu

Mixing 
ratio 

(pptv)a

1 A10 C5H8O2 [M+H]+ C5H9O2 101.059 −0.036 121 

2 Product 1 C3H2O3 [M−H]− C3HO3 84.990 −2.427 1479 

3 3-Methylfuran C5H6O [M+H]+ C5H7O 83.049 −0.061 26 

4 A10 C5H8O2 [M+H]+(13C) C4
13CH9O2 102.063 −0.041 6 

[M+H]+ C9H15O2 155.106 −0.056 8 5 Product 2 C9H14O2

[M+H−H2O]+ C9H13O 137.096 0.028 12 

6 Product 3 C10H14O2 [M+H]+ C10H15O2 167.106 0.024 11 

[M+H]+ C15H24O 220.182 −0.097 40 7 Product 4 C15H23O

[M+H]+(13C) C14
13CH24O 221.185 −0.072 6 

8 Product 5 C2H4O3 [M−H]− C2H3O3 75.008 0.013 77 

9

Isoprene

Product 6 C4H2O4 [M−H]− C4HO4 112.985 −2.412 41 
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10 Product 7 C5H8O3 [M−H]− C5H7O3 115.040 −0.007 9 

11 Product 8 C6H10O3 [M−H]− C6H9O3 129.055 0.053 34 

12 Product 9 C2H2O6N3 [M−H]− C2HO6N3 162.982 −4.643 41 

13 B10 C5H8O2 [M+H]+ C5H9O2 101.059 −0.026 124 

14 Product 10 CH2O3 [M−H]− CHO3 60.993 0.023 543 

15 Product 11 CH3O4 [M−H]− CH2O4 77.991 −4.476 1206 

16 Product 12 CH2O4 [M−H]− CHO4 76.988 0.038 2178 

[M−H]− CH2O3 61.996 −4.722 709 17 Product 13 CH3O3

[M+H−H2O]+ C5H7O 83.049 −0.061 27 

18 Product 14 C7H8O2 [M+H]+ C7H9O2 125.059 0.054 7 

19 Product 15 C10H16O3 [M+H−H2O]+ C10H15O2 167.106 0.034 22 

[M+H]+ C15H24O 220.182 −0.087 38 20

α-Terpinene

Product 16 C15H23O

[M+H]+(13C) C14
13CH24O 221.185 −0.072 6 
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[M−H]− CO3 59.985 0.008 19 21 Product 17 CHO3

[M−H]−(13C) 13CO3 60.988 0.133 14 

22 Product 18 H2O4N [M−H]− HO4N 78.992 1.174 36 

23 Product 19 C16H32O2 [M−H]− C16H31O2 255.232 −0.124 13 
101 aThe mixing ratio of each product compound was calculated as follows: Ci, breath−Ci, blank, where Ci, breath is the mixing ratio of 
102 compound i in breath and Ci, blank is the mixing ratio of compound i in the blank sample
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