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摘  要 

 

I 

摘  要 

铁在生物的生命活动中扮演着重要角色，如含铁蛋白在生物的光合作用、呼

吸作用、硝酸盐和亚硝酸盐的还原、氮的固定及 DNA 的合成等过程中都起着不

可替代的作用。但是海洋表层的生物可利用态铁浓度极低，影响甚至限制着浮游

植物的生长。在铁限制条件下，海洋中的一些细菌和真菌能够合成并分泌一种与

铁有极强螯合能力的低分子量有机配体——铁载体。铁载体被释放到细胞外后有

效地与铁结合，通过细胞膜上特定铁载体受体的识别和转运，将铁运输到微生物

细胞内，以满足生物体对铁的需求。 

由于铁载体结构复杂多样，在海洋环境中浓度低，分析相对困难。传统的前

处理方法存在着操作繁琐、重现性较差等缺点；经典的铁载体测定方法易受基底

干扰，回收率和灵敏度均较差。针对现有方法存在的不足，本研究建立了回收率

较高、重现性好、检出限较低、定性准确、操作简单的海水中氧肟酸型铁载体的

分析方法。主要内容和结果如下： 

（1）建立了铁载体的高效液相色谱（HPLC）-二极管阵列检测器（DAD）测

定方法，考察了不同类型的色谱柱、流动相组成、梯度洗脱程序等参数，以标准

物质的分离度、峰形及响应强度为标准，优化分离检测条件。结果显示，C18 液

相色谱柱对目标物的分离效果优于凝胶色谱柱。Pyoverdines-Fe（PVDs-Fe）在

0.20-8.00 µg/mL、Ferrichrome（FC）在 3.00-20.00 µg/mL、Ferrioxamine E（FO E）

在 0.20-5.00 µg/mL 范围内线性良好，仪器检出限为 PVDs-Fe 0.015 µg/mL、FC 

0.155 µg/mL、FO E 0.061 µg/mL，定量限为 PVDs-Fe 0.050 µg/mL、FC 0.517 µg/mL、

FO E 0.203 µg/mL。 

（2）优化了海水中铁载体的固相萃取（SPE）预处理参数。分别以人工海水

和天然海水为基质，建立了铁载体的 SPE 预处理方法。采用正交实验，考察了

SPE 柱型、洗脱溶剂种类和用量、样品 pH、上样体积等因素对萃取效果的影响。

选择的 SPE 条件为：ENVI-18 为萃取柱，100%甲醇为洗脱溶剂，洗脱溶剂体积

4 mL，不调节盐度和 pH，上样体积设为 1.0 L。以 1.0 L 近岸海水进行加标实验，

得到三种目标物方法的平均萃取效率为 PVDs-Fe 39.6%，FC 144%，FO E 76.1%；

相对标准偏差（RSD）（n=3）分别为 12.1%、6.50%、7.70%。 
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II 

（3）建立了海水中铁载体的高效液相色谱-串联质谱（HPLC-MS/MS）测定

方法。在 HPLC-DAD 方法的基础上，对 HPLC-MS/MS 分离条件进行优化，提

高分析速度、灵敏度、定性准确性。三种铁载体化合物标准物质 PVDs-Fe、FC、

FO E 的测定线性范围分别为 0.001-3.00 µg/mL、0.005-15.00 µg/mL、0.001-3.00 

µg/mL，相关系数 R
2
>0.99；仪器检出限分别为 0.08 ng/mL、1.76 ng/mL 和 1.36 

ng/mL；定量限分别 0.27 ng/mL、5.87 ng/mL 和 4.53 ng/mL。结合所建立的 SPE

前处理方法，进行方法回收率实验，三种目标物四次测定的 RSDs<12%，方法回

收率分别为 PVDs-Fe 12.1%-18.6%，FC 82.0%-97.7%，FO E 70.0%-98.3%。分析

取自厦门近岸海域海水中的铁载体，未检出类铁载体物质。本研究尝试利用质谱

图对铁载体目标物进行初步结构解析，为未知铁载体的结构分析提供基础。 

 

关键词：铁载体；分析；固相萃取；高效液相色谱-串联质谱；海水
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ABSTRACT 

Iron plays an important role in life activities. For example, iron-containing 

metalloenzymes are essential for many life processes, including photosynthesis, 

respiration, nitrate and nitrite reduction, nitrogen fixation and DNA synthesis. 

However, the concentration of bioavailable iron in the ocean surface is extremely low 

that limits phytoplankton growth. In some open oceans where iron is limited, marine 

microorganisms are able to produce and secrete low-molecular-weight, high affinity 

iron binding ligands named as siderophores. The siderophores can specifically 

combine iron in seawater, and be recognized and transported by the highly efficient 

transport systems. In this way the iron is transferred into microbial cells to meet the 

demand of organisms. 

The siderophores are difficult to analyze due to their complicated structures and 

low concentrations in seawater. Traditional treatment methods suffer shortages of 

complex operation and poor reproducibility, while the detection methods widely used 

for siderohpres have matrix effects, resulting in poor recoveries and sensitivity. To 

compensate of existing analytical methods, the present study aimed to develop 

methods for determination of three representative hydroxamate siderophores in 

seawater, which possessed the features of higher recoveries, good reproducibility, 

high sensitivity and accuracy. The contents and results of the study are summarized as 

the follows: 

(1) An instrumental analysis for siderophores was established, using high 

performance liquid chromatography (HPLC) equipped with diode array detector 

(DAD). The LC parameters, including separation columns, composition of the mobile 

phases, gradient elution program, were optimized based on the resolution, peak 

symmetry and signal intensity. The results showed that C18 reversed phase column 

was better for retention and separation of the siderophores than gel columns. The 

standards had good linearity within the concentrations of 0.20-8.00 µg/mL for 

Pyoverdines-Fe (PVDs-Fe), 3.00-20.00 µg/mL for Ferrichrome (FC), 0.20-5.00 
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µg/mL for Ferrioxamine E (FO E). The instrumental detection limits and limits of 

quantification for PVDs-Fe, FC, FO E, were 0.015 µg/mL, 0.155 µg/mL, 0.061 

µg/mL; 0.050 µg/mL, 0.517 µg/mL, 0.203 µg/mL, respectively. 

(2) A solid-phase extraction (SPE) pretreatment method for the siderophores in 

seawater was investigated in detail. The method was developed with matrixes of 

synthetic seawater and natural seawater. In present study the parameters affecting SPE 

were investigated, which included the selection of SPE cartridges, concentration of 

methanol in the eluting solution, volume of the eluting solution, volume of the 

seawater sample, sample salinity, and sample pH. An orthogonal experiment was 

designed for optimization of SPE parameters. From the results, parameters for 

extraction were selected as: ENVI-18 cartridge for SPE, 4 mL 100% methanol for 

elution, sample volume of 1.0 L, and the sample could be extracted without adjusting 

salinity and pH. The method was applied to analyze 1.0 L seawater collected from 

Xiamen coast, and the average extraction efficiencies were 39.6%, 144%, 76.1% for 

PVDs-Fe, FC, FO E. The relative standard deviations (RSDs) (n=4) of the extraction 

efficiencies for PVDs-Fe, FC and FO E were 12.1%, 6.50%, 7.70%. 

(3) An analytical method for siderophores in seawater was established, using 

high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). 

Based on the HPLC-DAD method, LC parameters were further optimized for 

HPLC-MS/MS. The analytical speed, sensitivity and qualitation were enhanced. The 

linearities were good (R
2
>0.99) for PVDs-Fe, FC, FO E at the concentrations of 

0.001-3.00 µg/mL, 0.005-15.00 µg/mL, 0.001-3.00 µg/mL, respectively. The 

instrumental detection limits and limits of quantification for the three analytes were 

0.08, 1.76, 1.36 ng/mL; 0.27, 5.87, 4.53 ng/mL, respectively. Combined the SPE 

pretreatment method, recoveries were 12.1%-18.6% for PVDs-Fe, 82.0%-97.7% for 

FC, 70.0%-98.3% for FO E, while the RSDs (n=4) were lower than 12%. A seawater 

sample collected from Xiamen coast was analyzed with the proposed method for 

siderophores, and no target siderophores could be detected. In the study, MS
2
 analysis 

of PVDs-Fe, FC, FO E was carried out, providing the reference information for 

analysis of unknown siderophores. 
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1 

第一章 绪论 

铁（Fe）是动物、植物、微生物生长的必要微量营养元素。铁对生物的重要

性还归因于其良好的氧化还原性质、配位能力及激活氧的能力，这些性质使铁参

与生命活动的电子传递等新陈代谢过程[1]。20 世纪 80 年代末，随着大洋高营养

盐低叶绿素（High Nutrient and Low Chlorophyll，HNLC）海区的发现，铁限制

海洋初级生产力的观点也被提出并证实，海洋中的铁及其生物可利用性开始受到

广泛的关注[2-5]。铁在地壳中的丰度排名第四，但海水中铁的浓度却不高。在海

水表层氧化性和近中性 pH 条件下，铁以溶度积低达 10
-38[6-8]的 Fe(III)的氧化物

的形式存在，也易形成沉淀或吸附于颗粒物上，导致海水表层溶解态铁（<0.4 µm

或 <0.2 µm）的浓度极低，仅为 0.02-1 nmol/L
[7]。 

20 世纪 80 年代起，科学家在对自然环境中有机络合态铁的配体进行研究时

发现，有一类有机配体与微生物、藻类的生物量有很高的关联性[9-11]，其在铁胁

迫条件下由海洋中的一些细菌和真菌分泌并释放，具有极强的 Fe(III)螯合能力。

此物质即是铁载体。 

在 HNLC 海区，铁载体对于生物可利用铁具有重要贡献，也是海区生物量

的重要影响因子，因而铁载体的研究得到越来越多的重视。科学家在铁载体研究

的相关领域开辟了多个方向，而分析方法是铁载体研究中不可忽视的技术支撑，

准确获取定性定量分析数据是相关研究的关键。 

 

1.1 铁对海洋生物生长的意义 

对大多数海洋生物来说，铁的缺乏并不是因为环境中总铁含量很低，而是由

于生物可利用铁的缺乏。铁在海水中的形态极大地影响铁的溶解度[12]、氧化还

原活性[13]和生物可利用性[14-16]，进而影响海区的初级生产力、物种组成和浮游

群落的营养结构。 

HNLC 海区拥有丰富的营养元素如氮、磷、硅等，但叶绿素含量却不高，即

生物量较低。研究同时发现，这些海区的溶解态铁含量很低。在大洋中，大约有

30%的区域处于 HNLC 状态，包括赤道太平洋、副热带太平洋、南大洋等[17]。

针对这些区域的低铁情况，研究者进行了中尺度的铁加富实验[18-20]。研究发现铁
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