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Abstract: An integrated method based on UPLC-Q-Orbitrap-HRMS and ICP-MS was developed for the
simultaneous characterization of chemical constituents and inorganic elements in brown sugar hand-crafted in the
Ailao Mountain. After water extraction and ethanol precipitation, thirty metabolites were identified by UPLC-Q-
Orbitrap-HRMS, including 10 amino acids and their derivatives, 8 sugars and derivatives, 4 organic acids, 3
aldehydes and 5 other organic compounds. ICP-MS quantified the elemental profiles of three independent batches,
revealing high levels of the macro-elements K, Mg and Ca, along with nutritionally relevant amounts of the trace
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elements Fe, Zn, Cu, Se, Co, Mn and Cr. Fingerprinting, elemental correlation analysis and health-risk assessment

were subsequently performed. Estimated daily exposure per kg body weight (Exp), hazard index (HI) and margin

of exposure (MOE) indicated that all batches conformed to the heavy-metal limits set by the Chinese

Pharmacopoeia (2025 edition), and the overall health risk from toxic elements is negligible. By integrating

comprehensive chemical profiling with precise elemental quantification, the study establishes a dual-dimension

quality evaluation system that provides robust data and technical support for constructing a quality profile of Ailao

Mountain brown sugar and for elucidating the relationship between its chemical composition and nutritional

functions.

Key words: UPLC-Q-Orbitrap-HRMS; ICP-MS; brown sugar; chemical composition identification; elemental

determination
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Figure 1 Total ion chromatogram of Ailao Mountain handmade brown sugar in positive ion mode. 1-21 correspond to those listed in Table 1
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Figure 2 Total ion chromatogram of Ailao mountain handmade brown sugar in negative ion mode. Peaks 1-17 correspond to those listed

in Table 2
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Table 1 Identification results of components in Ailao Mountain handmade brown sugar in positive ion mode

m/z Annot.
Structure t ;
No. Formula Name R Annotation deltamass Secondary fragment m/z
type /min Calc. MW
MW (ppm)
1 CH/N,0, Arginine Amino acid 0.87 174.111 68 174.111 39 -1.63 175.047 7,151.938 5
2 CHN,0, Asparagine Amino acid 0.95 132.05349 132.053 35 -1.1 133.064 9, 105.070 2, 86.096 9
3 CHNO,  y-Aminobutyric acid Amino acid 0.96 103.06333 103.063 54 2.05  104.107 3, 60.081 6, 87.044 6
4 CHNO,  Proline Amino acid 0.97  115.06333 115.063 47 124 70.065 8, 116.070 8
5 CH_ ,NO, Glucosamine Amino acid 0.97  179.07937 179.079 07 -1.67  72.0815,118.086 5
6 C,H,,0,, a-Sophorose Saccharide 1.00 342,116 21 342.115 53 -2 181.049 4, 343.101 2
7 CH, NO, Valine Amino acid 1.14  117.07898 117.079 10 1 72.081 4, 118.086 4
8 CH,NO, Pyridoxine Vitamin 1.17  169.073 89  169.073 63 -1.58  170.0809, 152.070 7, 124.075 8, 70.065 8
9 CHNO, Pyroglutamic acid Amino acid 1.20  129.04259 129.042 57 -0.15  84.081 3, 130.086 3
10 CH,NO, Tyrosine Amino acid 1.25 181.07389 181.073 70 -1.06  136.075 6, 182.081 0, 165.054 5, 164.070 5
11 CH,NO, Leucine Amino acid 1.47  131.094 63 131.094 56 -0.52  86.0969, 132.101 9
12 C,H,0, Sinapaldehyde Aldehydes 1.51  208.073 56 208.073 31 -1.22 149.059 6, 121.064 8, 177.054 4, 209.080 5
13 C,H,0, Coniferaldehyde Aldehydes 1.65 178.06299 178.062 78 -1.22 345.1054
14 CJH,NO, Phenylalanine Amino acid 2.16 165.07898 165.078 81 -1 120.080 9
15 C,H_ NO, Pantothenic acid Vitamin 235 219.11070 219.110 40 -1.18  90.0554,220.117 5,202.107 2, 184.096 8
16 CHO, Syringic acid Organic acid ~ 3.35 138.03169 138.03148 -1.55  121.076 2, 139.086 5, 109.076 3
17 CHO, 5-Hydroxymethylfurfural Aldehydes 343 126.03169 126.031 65 -0.36  127.039 1, 109.028 7, 69.034 2, 81.034 0
18 C,H,N,0, Tryptophan Amino acid 4.62  204.089 88 204.089 65 -1.13 188.070 5, 146.059 9, 118.065 3
19 C,H, 0, Neocarlinoside Glycoside 8.60 580.14282 580.142 56 -0.44  581.159 5,419.106 7
20 C,H,0,  Orientin 7,3'-dimethyl ether ~Glycoside 11.10  476.13186 476.131 40 -0.98  327.0858,477.138 6, 357.096 0, 459.128 3
21 C,H,O,  Tricin 7-neohesperidoside ~ Glycoside 12.23  638.18468 638.184 01 -1.06  331.080 8, 639.191 4, 493.133 2

Table 2 Identification results of components in Ailao Mountain handmade brown sugar in negative ion mode

m/z Annot.
Structure t ’
No. Formula Name . Annotation deltamass Secondary fragment m/z
type /min Calc. MW
MW (ppm)
1 C,H,0, a-Sophorose Saccharide 0.94 174.111 39 174.111 68 0.13 173.111 3, 141.114 5
2 CH,0 Glucose Saccharide 0.96 132.053 35 132.053 49 -5.45 59.012 4, 89.023 0
3 CH, 0, Xylose Saccharide 0.99 103.063 54 103.063 33 -7.82 71.012 4,102.063 5
4  CH, 0. Raffinose Saccharide 0.99 115.063 47 115.063 33 1.12 96.958 7
5 CHO;, Malic acid Organic acid 1.03 179.079 07 179.079 37 -9.41 115.002 4, 133.013 0, 71.012 5
6 CHNO, Pyroglutamic acid Amino acid 1.17 342.115 53 342.116 21 -10.11 128.034 1, 341.115 5
7  CHO, Aconitic acid Organic acid 1.36 117.079 10 117.078 98 -5.56 85.028 1, 116.079 1
8 C,H, N0, Riboflavin (vitamin B2) Vitamin 1.44 169.073 63 169.073 89 -3.31 168.073 6, 119.033 7
9 CHO, Syringic acid Amino acid 1.60 129.042 57 129.042 59 -9.09 37.023 2,94.036 4
10 C,H,NO, Phenylalanine Amino acid 1.94 181.073 70 181.073 89 -6.66 164.070 7, 96.958 7, 72.007 6
11 CH, NO, Pantothenic acid Vitamin 231 131.094 56 131.094 63 -2.03 88.039 0, 146.081 1
12 CHO, Syringic acid methyl ester Ester 6.31 208.073 31 208.073 56 -7.31 207.073 3, 152.024 6
13 C, H,0, Sinapaldehyde Aldehydes 7.27 178.062 78 178.062 99 -2.92 161.044 5, 73.028 0
14 C,H,0, Peonidin-3-galactoside Flavonoids 9.50 165.078 81 165.078 98 -8.43 164.078 8, 147.181 1
15 C,H,O, Orientin 7,3'-dimethyl ether ~ Glycoside 11.10 219.110 40 219.110 70 0.49 218.110 4,201.101 3
16 C,H, 0O, Tricin 7-neohesperidoside Glycoside 12.23 138.031 48 138.031 69 1.37 137.031 4, 329.066 9
17 C,H,0, Sinapic acid Organic acid ~ 13.12 126.031 65 126.031 69 -1.67 66.030 4, 125.031 6
H +
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Figure 3 MS/MS spectrum (A) and fragmentation pathway (B) of 5-hydroxymethylfurfural in positive ion mode
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Figure 4 MS/MS spectrum (A) and fragmentation pathway (B) of orientin 7,3’-dimethyl ether in positive ion mode

Table 3 Linear equation, limit of detection and limit of quantification for each element in brown sugar

Element Linear equation r Detection limit/pg-L" Limit of quantitation/pg-L"'
B Y=134.688X + 1 404.303 0.999 0.855 2.849
Na Y=3970.666X + 407 170.084 1.000 1.296 4319
Mg Y=1182.148X+ 25 086.288 0.999 0.491 1.637
Al Y =1320.196X + 6 008.560 1.000 0.481 1.603
K Y=1020.585X+ 37 088.554 1.000 0.973 3.244
Ga Y=64.325X+ 14 479.063 0.999 3.231 10.769
Sc Y=5529.681X+76.223 0.999 0.001 0.001
\% Y=20969.725X + 690.020 0.999 0.003 0.011
Cr Y'=32524.531X+ 28 109.825 0.999 0.003 0.011
Mn Y=15200.555X+ 11 264.643 0.999 0.025 0.082
Fe Y =738.939X + 28 490.057 0.999 0.913 3.045
Co Y=57800.829X +2 115.737 1.000 0.002 0.005
Ni Y=14415.772X + 12 871.082 1.000 0.025 0.085
Cu Y=40343.763X + 24 199.882 1.000 0.011 0.037
Zn Y=6103.200X + 184 230.289 1.000 0.550 1.832
Ga Y=28835.509X + 184.224 0.999 0.003 0.011
As Y=3151.074X + 1 245.841 1.000 0.024 0.081
Se Y=73.958X+3.111 1.000 0.063 0.208
Zr Y=47376.054X + 6 801.192 1.000 0.007 0.023
Mo Y=25203.893X+3 124.393 0.999 0.009 0.029
Cd Y=14841.320X+ 1 176.501 1.000 0.011 0.036 3
In Y=283961.493X +341.783 1.000 0.001 0.002
Te Y =739.399X + 3.556 1.000 0.006 0.019
Ba Y=12166.418X + 29 190.085 1.000 0.090 0.301
Pb Y =272 365.055X + 538 948.444 1.000 0.045 0.152
Bi Y=410155.804X + 8 158.001 1.000 0.001 0.002
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Table 4 Determination of elemental content of three batches =4, WESELLE B =M pirt N4 K.B.Na-Mn-
of brown sugar. A: HT20250227A; B: HT20250227B; C: LGB EREKR , Al.Mg.Fe.Ca LB 2 BN , 7n.
HT20250227C Cu.Ni~Cd.As.Pb & B NEE . H In.Ga.Te =l
Element A/mg'kg' B/mgkg' — C/mgkg’ coni\;j/rfrlggékg'l i TG R AE C HEU P 3 55 5 o

Pb 0.364 0.249 0.446 0353 24 TEHEXMSH WEOHR, BIFESSe i
As 0.479 0.405 0.489 0.458 EW&%EW%?M&M ERERFEIEMR iR
cd 0.635 0.538 0.679 0.617

Bi 0.788 0.638 0.803 0.743 EE5G . VEEEMEE ML 5CIdEeRE R
Zr 1.728 0.538 0351 0.872 IEMK, GatZETES VA EENEZFIEMX, 5Cd
In 1.716 1.436 1.819 1.657 E%E%E*H% Te 'ﬁMO\Pb CI‘ Iﬂ%
Ga 1.901 1.590 2.020 1.837

Te 2.000 1.701 2263 1.988 AR, 5 Mn Fe & &8 2 8 F 7K, Sc iR &

Cr 2.140 1.802 2375 2.106 AlS B2 S ZEMS, 5Nis Iﬂﬁﬁﬁ%hM
Mo 2271 2.069 2417 2253 P

Sc 2.430 1.961 2.405 2265 5 PbCrf B2 MR 5 EAHR, 5 Fe 7 BE 5S40
Co 2.659 2.153 2.588 2.466 MK, SMnEERERENMHIL, CoFES AT
Se 2.668 2.134 2.712 2.505 izm%Em%Se E%A&M EI&%EW%
v 2.648 2.203 2.809 2553 - e

Ni 3.755 3.175 3.767 3.566 Wﬁﬁkﬁ%Ih SEEASE Eﬂﬁﬁmxcr
Cu 4442 4397 4.621 4.486 — ﬁ -

Mn 27.893 34.194 23.620 28.569 B4 M Fe 8 5 50 85 UG Mn 3 5 Fe o

Al 35.546 28.552 35.078 33.059 L ATE ALY E S

Eﬂ :222; ‘9‘?322 ;‘;Zj ‘6‘2‘2‘33 25 ESRBAERREXKRITEG @A 1) A Q)
Fe 72.689 £3.967 64.728 73.795 A =R R ) Cd Cu Cr [ HUME /N T 1, TE 3
Na 290.458 275.067  402.100 322.542 =HELLRE Cd Cu Cr 52 3 I FH XU /6 55 400, {H Cd
Ca 2167529  2277.103 2216763 2 220.465 \ . . s .
Mg 2313730 2492875 1974335 2260313 ﬂmﬁﬂﬂﬁ%ﬁhmagk%%Am%ﬁﬂ&°*
K 7070.514 11202281 10642.512 9638435 HEL K A ) Cd Cu . Cr T HIME W% 5. 8L A K (3)
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Figure 5 Characteristic spectrum of inorganic elements of brown sugar. A: Low content group of brown sugar element; B: Medium

content group of brown sugar element; C: High content group of brown sugar element

Table 5 EXP, HI and MOE values of heavy metals in three batches of brown sugar. EXP: Heavy metal intake per person per day per
kilogram of body weight; HI: Hazard index of heavy metal elements; MOE: Margin of exposure. A: HT20250227A; B: HT20250227B; C:

HT20250227C
Element EXP HI MOE
A B C A B C A B C
Cd 0.0710 0.060 2 0.0759 0.854 9 0.725 4 0.914 8 / / /
Pb 0.040 7 0.0279 0.049 8 / / / 3.194 4 4.662 1 2.608 0
As 0.053 6 0.0453 0.054 6 / / / 5.5957 6.618 8 5.490 2
Cu 0.496 7 0.491 6 0.516 7 0.009 9 0.009 8 0.0103 / / /
Cr 0.2393 0.201 5 0.265 6 0.797 8 0.671 6 0.8853 / / /




- 280 - 2% % Acta Pharmaceutica Sinica 2026, 61(1): 273-282

Zr
Zr |® Bi 1
Bi ® In
In ® ®8Ga 0.8
Ga| @®®Te
Te| @ ®@®®Sc
Sc|* ®@©®® ® &Mo 0.6
Mo| ©9®0®0@&Co
Colo0000000S: 0.4
Sc|1- 0000000 8Cd -
Cil 0000000006V
V| 088 00008 6r 0.2
Ph| 000 800008As
As |- @@ [ X XX Y7 0
Ba|- @@ (XX XX I\
Ni|le @@ 000000
Cule @@ 000000 -0.2
Cr| @@ 000000000
Mn| @@ 000000000 204
Alle @0 O® 000000000 -
In |@ - o o ° ©eo 0 -0
Ble®0®o® 000000000 -0.6
Fe| 000 000000000
Na|o ® @@ 000000000 08
Mg|- ©@@®@® 000000000 e
Cl00000000000000°0
Ki@ooe -0-00c00-0 o -1

Figure 6 Correlation heatmap of 26 inorganic elements in brown
sugar. "P < 0.05, "P < 0.01 vs the null hypothesis of a zero popula-

tion correlation coefficient
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