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用低场核磁共振法快速
测定明胶的凝冻强度

李思东 广东海洋大学

杨培强 上海纽迈电子科技有限公司

明胶简介

明胶是胶原蛋白的水解产物，是一种无脂肪的高蛋
白，且不含胆固醇，明胶按用途可分为以下四类：

 食用明胶

 药用明胶

 工业明胶

 照相明胶

Guangdong Ocean University,Zhanjiang,China,524088

食用明胶作为一种增稠剂，广泛使用于食品工业：
果冻、食用色素、高级软糖、冰激凌、干醋、酸
奶、冷冻食品等。在化工行业主要用作粘合、乳化
和高级化妆品等制作的原料。

明胶的凝冻强度

 明胶的凝冻强度（俗称冻力）
测试：在规定的检测条件下，
使用专业的明胶冻力检测仪，
将含明胶6.67%的胶液在专用冻
力测试瓶中溶解并冷凝一定时
间后，冻力检测仪器探头压入
胶冻表面4mm时所施加的力，g

 凝冻强度决定了明胶产品的售
价，所以快速测定明胶凝冻强
度对研究和生产都具有重要意
义。

Guangdong Ocean University,Zhanjiang,China,524088

质构仪测定明胶凝冻强度

测试

取样
溶解

凝冻

凝冻强度

质构仪

Guangdong Ocean University,Zhanjiang,China,524088

(1)明胶样品水分测定

粉末样品

绝对干胶法测定凝冻强度

动物明胶样品 鱼皮明胶样品

Guangdong Ocean University,Zhanjiang,China,524088

(2)溶解明胶样品

室温冷却
15min

65℃水浴
20min

溶胀3h

6.67%

Guangdong Ocean University,Zhanjiang,China,524088

2
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(3)明胶溶液的凝冻

(10±0.1)℃条件
冷冻16~18h

（温度要求苛刻,
冷凝时间）

Guangdong Ocean University,Zhanjiang,China,524088

(4)质构仪测试

速度:0.5mm/s

深度:4mm

触发点:25g

模式：Bloom测试

圆柱形探头直径:12.7mm

Guangdong Ocean University,Zhanjiang,China,524088

用低场核磁共振仪测定明胶的凝冻强度

低场核磁
共振仪

Guangdong Ocean University,Zhanjiang,China,524088

低场核磁共振仪测定明胶凝冻强度

取样 装管 测试

Guangdong Ocean University,Zhanjiang,China,524088

图1 凝冻强度(B)与弛豫时间(T2)的关系

Guangdong Ocean University,Zhanjiang,China,524088

明胶分子量(M)、凝冻强度(B)及弛豫时间(T2)的关系

Guangdong Ocean University,Zhanjiang,China,524088

从理论上分析，明胶的凝冻强度

高，则分子量大，弛豫时间增加，最

终凝冻强度与弛豫时间呈良好的线性

关系。

3
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低场核磁共振法的优点

准确

快速

重复性好

制样简单
样品无损

Guangdong Ocean University,Zhanjiang,China,524088

变温条件下测定时，可跟踪
溶胶到凝胶的动态变化过程

质构仪：2天

核磁仪：2分钟

李思东 教授

Tel：13702737491

E-mail：lisidong2210491@163.com

QQ：867593486

4
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南昌大学

张锦胜

南昌大学

张锦胜

自由水与束缚水的区分自由水与束缚水的区分

国外软件的计算方法国外软件的计算方法

多组分拟合多组分拟合

5
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• 对于单组分的拟合结果,显示为标准误为161
• 采用双组分拟合,标准误下降为13.4

• 采用三组分拟合时,标准误为13.11,并没有明显下降,因此,从统
计学上判断,存在过度拟合,也就是从统计学上说,2组分更有说服
力。

6
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T1测量采用对数布点对于高T1值样品
反转点前布点太密，均匀布点间隔太大，

引入误差。

T1测量采用对数布点对于高T1值样品
反转点前布点太密，均匀布点间隔太大，

引入误差。

37%M0

目前做的一些研究
pH对高甲氧基果胶NMR转折点蔗糖浓
度的影响

目前做的一些研究
pH对高甲氧基果胶NMR转折点蔗糖浓
度的影响
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研究发现研究发现
• 当蔗糖浓度低于40%时，增加蔗糖浓度或是降低pH都能显著降

低果胶体系的弛豫时间T1。当蔗糖浓度处于50%~65%时，这
种变化开始变缓，此时果胶开始由流变态向凝胶态转变。

• 果胶体系的弛豫时间T1在蔗糖浓度50%~65%之间会出现NMR
转折点，转折点蔗糖浓度即为果胶发生结构变化或由凝胶态向
流变态转变的蔗糖浓度，从微观上测得了果胶结构变化的共溶
物含量。

• pH降低，果胶体系的NMR转折点蔗糖浓度增大，这说明pH降
低，果胶结构发生改变所需的共溶物（蔗糖）含量增多。这可
能是因为pH的降低使得果胶分子结合的更加紧密，分子间距离
减小，网状结构体积减小，结构所能截留的水分含量下降，多
余的水分需要更多的共溶物进行疏水相互作用才能使得体系在
结构上发生改变。

7
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NMR生物传感器NMR生物传感器

• T1/T2生物传感器

• Gd(III)具有很高的顺磁性

• Gd(III)类微生物传感器的设计与制备 谢 谢

8
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利用核磁共振技术
检测哈密瓜品质的研究

报告人：周然 副教授

单位： 上海海洋大学食品学院

www.themegallery.com

主要内容

 核磁共振技术简介

 利用NMR技术对哈密瓜的品质进行检测

获得哈密瓜的T1、T2加权像

获得哈密瓜的正常果肉和腐败果肉的T2弛豫时
间及含水率

获得哈密瓜的T2-MAP图

核磁共振技术简介

 基本原理
 利用H 质子在梯度磁场

和射频脉冲的作用下产
生磁共振现象的原理

 在层面选定梯度起作用
的同时，施加一个有选
择性的射频脉冲激励被
成像物体

 然后通过射频线圈接收
被激发质子所发出的共
振信号，通过空间编码
技术和傅立叶转换将其
转变成图像信息

核磁共振技术简介

 具有非侵害性，可以对同一果蔬样品重复检测

 具有非破坏性优点，果蔬材料不需预处理

 对果蔬材料无放射损伤

 内部剖面图像和水，糖，油，硬度等信息

 目前在这方面的研究国内刚刚开始。

www.themegallery.com

材料和方法

实验材料

 哈密瓜、天平、含水率测定标样

实验仪器

 AniMR-150核磁共振成像分析系统，共振频率1
2.308 MHz，探头线圈直径为150mm

 实验温度32.00℃

www.themegallery.com

1、哈密瓜整体图片和横切照片

9
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www.themegallery.com

2、哈密瓜的T1加权像和T2加权像

www.themegallery.com

3、腐烂果肉部分T2值测试结果

www.themegallery.com

3、正常果肉部分T2值测试结果

www.themegallery.com

3、结论

 可以清晰的发现腐烂部分弛豫时间要比正常部分
低的多。

 所以能很好的解释为什么在T2加权像中，腐烂
部分是呈现暗色，而正常果肉部分呈现亮色，形
成鲜明的对比，可以更直观的看出哈密瓜内部结
构和特征区域的变化。

www.themegallery.com

4、含水率测定

 测量哈
密瓜各
部分含
水率所
需要的
定标
线，如
图所示
定标线
符合要
求

4、哈密瓜各部分含水率测试结果

www.themegallery.com
表1  各部分含水率

结论：含水率高的部分不一定弛豫时间就会长。

10
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www.themegallery.com

5、T2-map图

 通过改变不同的TE值来做图像的MAPPING处理
，可获得哈密瓜的T2-MAP图。

 腐烂部分
 从图中可以看出腐烂区域在T2Map像中信号很弱，与旁边正常果肉部分的区别较大

www.themegallery.com

Related Documents

 正常果肉部分
 从图中可以看出T2加权像图中亮色部分T2的平均值为733ms，信号强过腐败部分

www.themegallery.com

结论

 可以通过核磁共振技术对哈密瓜品质进行检测。
能直观的看出哈密瓜的果肉内部特征.

 哈密瓜腐烂部分和正常果肉在弛豫时间和含水率
方面都有较大的区别，可以利用这个特点对哈密
瓜的品质变化进行监测。

11
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粮油食品低场核磁共振检测技术

研究进展

报告人：邵小龙

南京财经大学食品科学与工程学院

源于1956年隶属粮食部的南京粮食学校，目前建有粮

食储运国家工程实验室（稻谷平台）、国家粮食局粮油质

量检测工程技术研究中心、中加储粮生态研究中心、江苏

省粮油品质控制及深加工技术重点实验室、中国粮食流通

管理培训中心等科研、教学平台和社会服务机构。

南京财经大学

食品科学与工程学院

1   粮油食品化学成分指标测定

传统测量谷物，油料种子的含水含油量一

般采用烘干法和索氏提取法。

低场核磁共振在粮油检测中的应用

哈恩( Hahn) 回波序列可以同时测量含水量低于15% 

的如谷物、油料种子等样品中的水分和油脂含量。

1   粮油食品化学成分指标测定

该方法也可以用于测量粮食谷物及其制品，动物

饲料，奶粉等低含水量产品的脂肪和水分。

低场核磁共振在粮油检测中的应用

国内国际标准：

《植物油料含油量测定连续波低分辨率核磁共振测定法》( GB/T 

15690—2008) 、《油籽－油和水含量的平行测定—脉冲核磁共振分光光

度法》( ISO10565—1998) 和《含油种子残渣—油水含量的同时确定脉冲

核磁共振光谱方法》(ISO 10632—2000) 。

1   粮油食品化学成分指标测定

间接测定化学成分：

反转恢复序列( IＲ) ，自由弛豫扩散( FID)和CPMG

脉冲序列：建立脂肪、水和蛋白质的预测模型。

混合弛豫信号同时测量带包装的蛋黄酱、人造奶油、

调味沙司等产品的脂肪含量。

低场核磁共振在粮油检测中的应用

1   粮油食品化学成分指标测定

与其他方法相比优缺点：

如近红外

对于较厚和颜色较深的样品( 比如棉花籽中的

油脂和蛋白含量) ，测量结果较差。

低场核磁共振在粮油检测中的应用

12
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2   粮油食品理化指标测定

低场核磁共振在粮油检测中的应用

FID 序列对样品在同一温度下进行测试计算得到SFC，该法无

需样品称重，不受温度影响，方便快捷，广泛应用于食用油脂、鲜

肉、快餐、鱼类产品等等固态脂肪含量测定。

国际标准( AOCS cd16－81，AOCS cd16b－93)

研究应用：

测量水包油乳化体系中乳液大小及分布；

预测面包硬度；

煮熟土豆硬度、黏度、颗粒感、粉质感等9 种感官指标。

粮油食品加工储藏过程研究

研究粮油食品储藏加工过程的成分和状态变化，包括：

淀粉糊化凝胶、

蛋白质变性、

油脂融化、

玻璃态转变、

发芽率、

。。。

一些应用：掺假快速检测技术研究

蜂蜜掺假、

明胶掺假

牛奶掺假、

食用油脂掺假问题：

混入动物脂肪；掺杂毛油、老油等

。。。

一些应用： 粮油食品成像研究

油菜籽成像（伪彩）

一些应用： 粮油食品成像研究

高水分稻谷干燥过程中的核磁成像图（伪彩）

一些应用： 粮油食品成像研究

成像应用问题：

低场核磁成像能得到较大尺寸样品( 如面团，淀粉

凝胶，玉米棒等) 的内部清晰结构图，然而对于小麦、稻

谷、玉米粒、大豆、芝麻等较小粒径的样品则分辨率不

足，只能显示较简单的结构轮廓。

核磁显微成像技术：理论上是可以达到纳米尺度显微成像，场强要求高。

13
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低场核磁应用于粮油行业中会遇到的问题：

一方面仪器本身技术有待提高，如优化硬件和算法、提

高核磁信号解谱速度和稳定性、提高低场成像速度和清晰

度、发展显微成像技术等等。

另一方面低场核磁共振技术目前在粮油食品中的基础应

用不够系统，有待全面深入的研究，并建立完善的核磁共振

谱数据库; 同时，粮油食品的在线检测技术有待开发。 联系方式：sxlion2@gmail.com

请大家提问。

谢谢大家 ！

14
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西北农林科技大学杜光源博士

 一、研究意义
 二、研究方法
 三、结果与分析
 四、结论与致谢

 源：制造养料、提供
营养物质的器官；

 库：消耗养料或储藏
养料的器官。

Reynolds, M.P., Nagarajan, S., Razzaque, 
M.A. & Ageeb, O.A.A. 2001. Heat 
tolerance. InM.P. Reynolds, I. Ortiz‐
Monasterio & A. McNab, eds.Application of 
physiology in wheat breeding. Mexico, DF, 
CIMMYT.

 对核磁共振设备进行必要的改造，构建小
麦的核磁共振活体检测体系

 探讨利用NMR的T2弛豫谱特征进行小麦叶
片和茎含水量及相关生理参数测定的可行
性

 结合核磁共振方法和生理生化检测方法，
揭示小麦灌浆的物质(水分和糖分)转运规律

生理测试及显
微观察

核磁检测
测试手段

T2弛豫谱

T1加权成像

T2加权成像

含水量

叶绿素含量

水溶性糖含量冠温检测荧光光学显微成像

NMI20分析仪（上海纽
迈）

Rana Munns et al, JXB 2010

人工气候箱

磁体保温箱
轭铁

永磁体
RF探头

1/2 Hoagland营养液

空气泵

灯箱

温湿度控制系统

15
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 3.1 小麦核磁共振T2弛豫谱特征

分离谱

连续谱

水分含量A: 幅度

T2: T2弛豫时间 水分子动力学特性

t (ms)

S 
(A

.U
.)

t (ms)

S 
(A

.U
.)

T2 (ms)

A
 (A

.U
.)

 3.2 核磁共振T2弛豫谱幅度与水分含量

籽粒 茎

叶片 所有样品

核磁共振T2弛豫谱幅度A (A.U.)

水
分
含
量

(g
)

 3.3 水溶性糖与核磁共振T2弛豫时间

V.Aroulmoji, et al. 
Food Chemistry 
132(2012) 1644-1650

T2 (ms)

A
 (A

.U
.)

 3.4 水溶性糖与核磁共振T2弛豫时间

相
对
水
溶
性
糖
含
量

(%
)

叶片T2,mean (ms)

水
溶
性
糖
含
量

(m
g/

gF
W

)

茎T2,mean (ms)

 3.5 小麦叶片生理活性与T2弛豫谱  3.6 小麦T2弛豫谱与茎糖分贮存库
Wheat 

Cultivars Date
T2 (ms) Amplitude (A.U.)

T2,s T2,l A(T2,s) A(T2,l)

439 (Cold)
26-May 85.1±5.3 339.7±8.4 223.3±5.8 171.7±5.2

2-Jun 124.6±2.2 406.7±2.0 229.6±3.5 183.3±1.9

95H7(Warm)
26-May 120.7±4.6 369.8±7.7 102.9±1.8 183.0±3.7

2-Jun 170.4±7.3 803.5±9.2 117.7±4.3 118.3±2.7

小麦439 小麦95H7
小麦茎的荧光显微成像

P P

16
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 小麦的叶片、茎和籽粒的含水量与T2弛豫谱幅度具有极显著线性关系；

 小麦茎的水溶性糖含量有较大的品种差异，同一小麦品种的相对水溶性

糖含量与T2,mean成负相关关系；

 小麦叶片的衰老态势可通过弛豫特性来反映，从衰老初期至降解期，

T2,mean持续增大，进入衰亡期后T2,mean锐减；

 小麦冠层温度较低的小麦蒸腾活性高，叶片持绿功能期较长，茎的水溶

性糖贮存容量较大。在这三个因素的影响下，灌浆早中期的冷型小麦叶

片光合活性较高，叶片即时光合产物能够及时载出；叶片衰败后，较大

的茎水溶性糖库容的活化延续了高灌浆速率水平，有利于产量的提高。

• 本文得到国家自然科学基金项目“基于核磁共振
技术的‘接力式’灌浆小麦水分和糖分动态分
布规律及其机制研究”（31201122）的资助；

 感谢上海纽迈电子科技有限公司提供的硬件和技
术支持；

 感谢西北农林科技大学中国旱区农业研究院提供
的试验平台。特别感谢张嵩午教授对本研究的悉
心指导！
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11

王欣（博士 副教授 18918629281 ）

上海理工大学食品质量与安全研究所

油脂低场核磁共振（LF-NMR）检测方法

-------研究工作进展

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

课题支撑：
低场核磁快速检测地沟油专用仪器的研制（上
海市科委仪器专项重大攻关项目）

油脂中降解产物的低场核磁共振快速检测方法
研究（国家自然科学基金项目）

协作单位：

上海纽迈电子科技有限公司

上海市粮食科学研究所

2

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

报 告 提 纲
探索：检测的可行性

尝试：劣质油品的检测

发展：检测条件的初步优化

实战：卫生部盲样检测

反思：检测条件的再次优化

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

探索：检测的可行性

4

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

地沟油？

 泛指各类劣质油的统称
。主要包括来自餐厨废
油脂的泔水油、阴沟油
、煎炸老油三大类。

5 餐饮废油无害化处理与资源化利用新设备、新技术研讨会杭州 2013-08-28第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12 6

如何解决“地沟油问题”？

卫生部：征集“地沟油”的检测方法

简单、快
速、有效
检测的初
筛方法

仪器设备昂贵

耗时长 误差大

操作繁琐

18
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第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

特点 具体情况

快速 1-2分钟可完成数据采样与分析

无损 主要对物质中的H质子进行表征，不破坏物质原有形态

绿色 对检测物无任何污染，对检测样品无需太复杂的前处理

精确 油水定量分析可精确到0.002%

重复性高 反映H在物质中与周边环境分子间的相互作用，同一样

品反复检测差异性较小

低场核磁共振检测技术的优势

7 第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

合格食用油的低场核磁共振检测结果与分析

大豆油驰豫图谱 芝麻油弛豫图谱

花生油驰豫图谱 橄榄油驰豫图谱

茶籽油弛豫图谱 棕榈油驰豫图谱

脂肪酸的和比例不同，使得弛豫峰位置和比例不同，因此，
每种纯油品都有对应的标准弛豫图谱

8

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12 9

仅劣质油品的图谱左边均出现了明显的小比例特征峰，记为T21
可将其定义为劣质油品的特征峰，用于初步鉴别食用油品质。

T21

T2
2

T23

劣质食用油及地沟油的NMR检测特征分析

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12 10

油脂煎炸过程中低场NMR特征、与理化性质的相关性

1.4h开始出现小

峰S21

2.S21小峰随煎

炸时间逐渐变大

并左移

3.随煎炸时间整

个弛豫图谱左移

油脂煎炸过程的低场NMR检测：多组分T2驰豫图谱

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

尝试：劣质油品的检测

11 第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

市场收集的代表性真实餐饮废弃油

煎炸老油 （由上海粮科所提供）

 精炼过程中， T21峰稳定存在

 S21比例变化较小

 小峰检出率为100%，最小为0.11%，最大为6.81%。

12
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第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

真实餐饮废弃油

地沟油（由上海粮科所提供）

 精炼过程中， T21峰稳定存在

 S21比例变化较小

 小峰检出率为100%

13 第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

真实餐饮废弃油

泔水油（由上海粮科所提供）

 泔水油检出小峰32个，检出小峰率为75%，

14

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

发展：检测条件的初步优化

15 第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

前期检测中发现：

16

问题：检测条件对结果稳定性的影响？

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

油脂LF-NMR检测参数的优化

TR:重复采样等待时间

EchoCount：回波个数

τ：半回波时间

17 第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

油脂LF-NMR检测参数的优化

上海理工大学医疗器械与食品学院

2.采样方式

1.磁体温度

温 度温 度

温度：32℃；间歇采样

18
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第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

体积：2.5~3.0ml体积：2.5~3.0ml

T21小峰

体 积体 积

19 第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

实战：卫生部盲样检测

20

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12 21

卫生部第一批18个盲样低场核磁检测结果
项目 编号 样品名称 小峰 是否检出（原因）

纯油 5‐2 菜籽油 无 检出，正常油

5‐17 大豆油 无 检出，正常油

5‐15 棕榈油 无 检出，正常油

5‐8 花生油 无 检出，正常油

5‐11 玉米油 S21=0.0724（%） 玉米油存在，误判为地沟油

混合油 5‐4 调和油 S21=0.0326（%） 玉米油存在，误判为地沟油

5‐3 大豆+花生+玉米+菜籽 S21=0.137（%） 玉米油存在，误判为地沟油

5‐18 大豆+花生+玉米+棕榈 S21=0.1081（%） 玉米油存在，误判为地沟油

阳性 5‐10 大豆油+5% 无 未检出；①低于检出限，②地沟油精炼良
好

5‐9 花生油+10% S21=0.2559（%） 检出，地沟油

5‐12 花生油+50% S21=0.2353（%） 检出，地沟油

5‐7 玉米油+20% S21=0.1487（%） 检出，地沟油

5‐14 菜籽油+10% S21=0.2583（%）， 检出，地沟油

5‐5 调和油+5% S21=0 未检出①低于检出限，②地沟油精炼良好

5‐16 阳性地沟油 无 图谱明显不正常，检出，地沟油

5‐1 大豆+花生+玉米+棕榈
+10%

无 未检出，①低于检出限，②地沟油精炼良
好

5‐6 KFC滤前棕榈油 无小峰 检出，正常油

5‐13 KFC滤后棕榈油 S21=0.0988（%） 检出，油脂煎炸时间超过4h总体准确率：11/18    61%       阳性结果检出率：5/8  62.5% 第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

卫生部第三批22个盲样低场核磁检测结果
项目 编号 样品名称 小峰 是否检出（原因）

阳性 B5‐7 50%正诚+50%调和油 S21=0.2159（%） 检出，地沟油，

B5‐14 30%正诚+70%调和油 S21=0.102（%） 检出，地沟油，

B5‐15 10%正诚+90%调和油 S21=0（%） 未检出；低于检出限

B5‐1 50%千门-3+50%调和 S21=0.0641（%） 检出，地沟油，

B5‐16 30%千门-3+70%调和 S21=0.0305（%） 检出，地沟油，

B5‐18 10%千门-3+90%调和 S21=0.0293（%） 检出，地沟油，

B5‐15 千门‐4 无 未检出

B5‐22 30%千门-4+70%调和 无 未检出

B5‐4 10%千门‐4+90%调和 无 未检出

B5‐9 质检‐A10 S21=0.1922 （%） 检出，地沟油，

B5‐17 30%质检‐A10+70%调和
油

S21=0.1027（%） 检出，地沟油，

B5‐21 10%质检‐A10+90%调和
油

S21=0.0417（%）
检出，地沟油，

B5‐6 30%质检A11+70%调和油 无 未检出

B5‐20 10%质检A11+90%调和油 无 未检出

总体准确率：12/18    66%       阳性结果检出率：8/14  57% 22

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

反思：检测条件的再次优化

23 第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12 24

图1  不同油样的 T2 多组分弛豫图谱

 优化前方法的验证  检测温度

21
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第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

 检测体积

 重复采样等待时间（TR）

2000 ms 

 半回波时间(τ)

250 μs

 回波个数（EchoCount）

6000个

25 第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12

 方法的验证

优化前、后总体准确率：37.5%、75%       

26

优化前、后总体准确率：37.5%、100% 

第五届全国低场核磁共振技术与应用研讨会 上海 2013-10-12 27

谢谢！
请多提宝贵意见！
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核磁共振波谱法及其在食品脂质分析中的研究进展 

刘纯友 马美湖 靳国峰 蔡朝霞 金永国 黄茜 邱宁 

（华中农业大学食品科技学院  湖北 武汉  430070） 

  

摘要：核磁共振波谱法是快速、准确测定有机化合物分子结构的分析方法之一。

本文介绍了核磁共振波谱法的基本原理及特点，综述了核磁共振波谱法在测定食

品中脂质含量，脂质的脂肪酸组成分析，脂质分子结构的鉴定以及食用油的品质

鉴别等方面的研究进展，探讨了核磁共振波谱法在脂质分析中存在的问题，展望

了核磁共振波谱法在脂质分析中的应用前景。 

关键词：核磁共振；食品脂质；分析 

23
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大豆油煎炸过程理化指标与 LF － NMR
弛豫特性的相关性研究

史 然，王 欣* ，刘宝林，卢海燕，赵婷婷
( 上海理工大学 食品质量与安全研究所，上海 200093)

摘 要: 在对大豆油无料 /薯条煎炸过程［温度: ( 180 ± 5) ℃，持续 36 h］中的酸价( AV) 、粘度( V) 、吸光
值( A) 及总极性化合物( TPC) 含量等及低场核磁共振( LF － NMR) 弛豫特性( 峰起始时间 T21、T22、T23、相应
的峰面积比例 S21、S22、S23、单组份弛豫时间 T2W ) 变化规律研究的基础上，利用多元回归分析建立了理化指

标与其 LF － NMR检测结果的相关性模型，并进行验证。结果表明: 大豆油的酸价、TPC含量及 S21峰面积均

随煎炸时间的延长而线性增大，T21、T22峰起始时间及 T2W则随煎炸时间的延长而线性减小( r
2 ＞ 0. 90 ) ，粘

度、吸光值随煎炸时间的延长逐渐增加并符合二项式关系( r2 ＞ 0. 90) ，而 T23峰起始时间及 S22、S23与煎炸时

间之间无明显规律性变化。煎炸薯条后，油样的酸价、粘度、TPC 含量、吸光值及 S21均较无料煎炸显著增

大( P ＜ 0. 05) ，而 T21、T22峰起始时间及 T2W显著缩短。多元回归分析表明，酸价及 TPC含量与 T2W、T21，粘

度与 T2W，吸光值与 S21间均可建立良好的相关性模型( R
2 ＞ 0. 93) 。模型验证合理可靠，可通过油样的 LF －

NMR检测结果有效预测其理化指标的变化。
关键词: 大豆油; 煎炸时间; 理化特性; LF － NMR; 弛豫特性
中图分类号: O657. 3; R136. 33 文献标识码: A 文章编号: 1004 － 4957( 2013) 06 － 0653 － 08
doi: 10. 3969 / j. issn. 1004 － 4957. 2013. 06. 001

Relationship between Analytical Indicators of Soybean Oil and LF － NMR
Characteristics During Frying Process

SHI Ran，WANG Xin* ，LIU Bao-lin，LU Hai-yan，ZHAO Ting-ting
( Institute of Food Safety and Quality，University of Shanghai for Science and Technology，Shanghai 200093，China)

Abstract: The development of rapid and simple test is needed in order to capably monitor the frying
oil quality and ensure the fried food safety． In this paper，the evolution of several analytical indica-
tors( e． g． acid value，viscosity，absorbance values and TPC content) and the low field Nuclear
Magnetic Resonance( LF － NMR) T2 relaxation characteristics ( the relaxation time: T21，T22，T23，

the corresponding peak area: S21，S22，S23 and the single component relaxation time: T2W ) of soy-
bean oil were studied during the frying process of no foodstuff or potato chips( 180 ± 5 ℃ for 36 h) ．
The multiple regression analysis method was used to establish the correlation model between LF －
NMR results and the analytical indicators． At last，the developed models were experimentally veri-
fied． The results indicated that the acid value，TPC content and S21 increased linearly，while T21，

T22 and T2W decreased linearly，as the frying process prolonged． And a good binomial relationship
was obtained between the viscosity or absorbance values and the frying time( r2 ＞ 0. 90) ． No obvious
relationship was found between frying time and T23，S22 or S23 ． Compared with no foodstuff frying，
the acid value，viscosity，TPC content，absorbance values and S21 during potato chip frying process
increased significantly，while T21，T22 and T2W obviously shortened ( P ＜ 0. 05) ． Multiple regression
analysis showed that both acid value and TPC content had a good relationship with T2W and T21，and

24
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viscosity had a good linear relationship with T2W，while absorbance had a good logarithmic relationship
with S21 ( r

2 ＞ 0. 93) ． These models were successfully verified and could be used to predict the varia-
tions of physical and chemical indicators by the LF － NMR characteristics of the frying oil．
Key words: soybean oil; frying duration; analytical indicator; LF － NMR; relaxation characteristic

煎炸老油是指饮食行业多次煎炸食品残剩的不可再食用的油脂。由于在长时间高温加热过程中，
油脂与空气中的氧、煎炸食物所带入水分等成分作用，发生水解、氧化、缩合等一系列复杂的化学反
应，产生一系列饱和及不饱和的醛、酮、内酯等物质，甚至变性为三致物质，从而可能对消费者的身
体健康产生负面影响［1］。由于我国饮食特色，煎炸食品食用量均相对较高。而部分煎炸食品的生产厂
家为了降低成本，其所用的煎炸油脂会长时间反复利用; 此外，有不法分子被巨额利润所诱惑，大肆

收集煎炸老油并经简单加工处理后，以极低价格卖给饮食店、油脂作坊重新使用，或掺入合格食用油
中，以假乱真。因此，加强对煎炸油脂品质的监管可有效保障煎炸食品的品质，对避免 “地沟油”流
入餐饮服务环节，切实保护消费者饮食安全具有重要意义。
常规理化指标如油脂的酸价、粘度、过氧化值、吸光值等被广泛应用于油脂品质的分析。对煎炸

油脂而言，油脂的总极性化合物含量也是衡量煎炸油脂品质的重要指标，有研究表明，油脂中的极性

成分会严重影响食品的微观结构，也在一定程度上影响食品的质构品质［2］。一般以达到 24% ～ 27%的
总极性化合物( TPC) 含量作为煎炸油脂使用终点的判断指标［3］，对油脂中 TPC 含量的检测一般可用柱
层析法进行。而以上理化指标的传统检测方法均需使用大量有机溶剂，操作繁琐且耗时较长。因此，
探索一种快速、便捷、灵敏、低成本的新型检测方法成为煎炸油脂品质监测的一个研究重点［4］。
低场核磁共振( LF － NMR) 被认为是一种非常有潜力的油脂快速检测新技术，并已成功应用于油脂固

体脂肪指数及油料种子含油率的测定［5］。最近，Franz等［6］对应用低场核磁共振技术监测多种反应过程的
研究进展进行了综述，研究表明反应过程中体系组成成分的变化可以通过其低场核磁共振弛豫特性的变

化进行监测。而 Martina等［7］的研究则表明煎炸油脂的低场核磁弛豫时间会随其所含的极性化合物含量的
增加而缩短，利用这一数学关系，可以对煎炸油的质量进行评判。王永巍等［8］应用 LF － NMR对大豆油的
无物料煎炸过程进行研究，发现油脂煎炸过程中 T2 多组分弛豫图谱中出现的特征小峰 T21的面积比例

( S21 ) 及 T2W ( 单组份弛豫时间) 与煎炸时间、酸价、粘度、吸光值和极性组分含量呈现良好的规律性，认
为该方法可以有效反映煎炸油的品质变化。然而该研究对象仅限于无料煎炸大豆油，且未对理化指标与
LF － NMR弛豫特性之间的相关性进行深入研究。而 Adolfo［9］和 Wakako［10］等的研究结果表明，煎炸油的
理化性质变化与其油脂品种及煎炸物料相关。因此，开展不同煎炸物料油脂的低场 LF － NMR弛豫特性与
其理化性质的相关性研究将有助于后期将低场核磁共振技术应用于煎炸油脂品质的检测。
在前期建立的油脂 LF － NMR检测方法的基础上，以大豆油为研究对象，分别对其在无料 /薯条煎

炸过程［( 180 ± 5) ℃，持续煎炸 36 h］中多种理化指标( 酸价、粘度、吸光值及 TPC 含量等) 及 LF －
NMR弛豫特性( T21、T22、T23峰起始时间、S21、S22、S23、T2W ) 的变化规律进行研究，进而利用多元回

归分析建立 LF － NMR检测结果与其理化指标的相关性模型，并进行了验证。研究可为 LF － NMR技术
应用于煎炸油脂品质监控提供必要的基础数据。

1 实验部分
1. 1 试剂与仪器
乙醚、石油醚、氢氧化钾、正己烷( 分析纯，上海国药集团化学试剂有限公司) ，硅胶( 60 ～ 100

目) 为色谱纯，新鲜金龙鱼大豆油( 益海嘉里食品工业有限公司) ; 速冻薯条( 上海长生食品厂) 。
09 款流线型 5. 5 L电炸炉( 广州汇利有限公司) ; PQ －001 型核磁共振分析仪，氢谱，共振频率 23

MHz( 上海纽迈电子科技有限公司，配套 T － invfit反演拟合软件和 Φ15 mm核磁共振专用测试管) ; 层
析柱( 上海市崇明建设玻璃仪器厂) ; NDJ － 1 型旋转粘度计( 东莞市精鼎仪器有限公司) ; 751 － G 分光
光度计( 200 ～ 1 000 nm，上海分析仪器厂) 。

1. 2 试验设计
1. 2. 1 煎炸油的制备 无料煎炸油: 在煎炸锅中加入 6 L大豆油，每天在油温为 ( 180 ± 5) ℃下连续

456
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煎炸 12 h，共持续 36 h; 薯条煎炸油: 在煎炸用油种类、用量及油温与无物料煎炸油制备过程相同的
条件下，每批取 60 g薯条投入煎炸锅中煎炸 3 min( Kgpotatoes /Loil = 1 ∶ 100) ［11］，每小时煎炸 4 批，每天
连续煎炸 12 h，共持续 36 h。在以上煎炸过程中，取新鲜未煎炸油样作为对照，随后每 4 h 取 150 mL
油样，冷却至室温，滤去沉淀后贮于样品瓶中，4 ℃冷藏备用进行理化指标分析及 LF － NMR检测，并
以此数据进行相关性分析。
1. 2. 2 理化指标检测 ①粘度的测定: 取 100 mL油样倒入 150 mL 烧杯中，25 ℃恒温 10 min，并用
玻璃棒搅拌均匀，立即用旋转粘度计对油样进行测定，结果取 3 次测量平均值。②吸光值的测定参考
GB /T 22500 － 2008［12］。③酸价的测定参考 GB /T 509. 37 － 2003［13］。④极性组分含量测定参考 GB /T
509. 202 － 2003［14］。
1. 2. 3 LF －NMR横向弛豫时间( T2 ) 测量及数据处理

［15］ 利用 CPMG 脉冲序列测定样品的横向弛豫
时间( T2 ) ，设备参数设置为: 重复采样等待时间 TR = 2 000 ms，半回波时间 τ = 200 μs，回波个数
EchoCount = 5 000 个，重复扫描次数 NS = 4 次，采样点数 TD = 500 050，谱宽 SW = 250 kHz。将 2. 5
mL样品移入核磁共振试管，先在 32 ℃恒温 10 min，再置于核磁探头中稳定 1 min后采样，采样完毕后
将样品重新置于 32 ℃恒温 5 min，以便进行下次采样，结果取 3 次测量平均值。
利用 T － invfit软件对 LF － NMR弛豫测量得到的自由诱导指数衰减曲线进行反演拟合，可得到油

样的多组分弛豫时间( T2 ) 数据图谱并获知样品的 T21、T22、T23峰起始时间及其相应的峰面积比例 S21、
S22、S23。当将样品看作一个整体组分分析时，可反演得到样品的单组份弛豫时间( T2W，单位: ms) 。
1. 2. 4 相关性分析 利用 SPSS软件的多元回归分析法，因变量选取酸价、TPC含量、粘度、吸光值;
自变量选取 LF － NMR 弛豫结果( T21、T22、T23峰起始时间、S21、S22、S23、T2W ) ，采用向后剔除变量

法，将不显著的自变量剔除，最终使模型中只包含显著变量且变量间构成最优组合，建立 LF － NMR检
测结果与煎炸油理化指标的相关性模型。
1. 2. 5 模型的验证 参照“1. 2. 1”的方法制备无料/薯条煎炸油，从煎炸 2 h起每 4 h取 150 mL油样，冷
却至室温，滤去沉淀后贮于样品瓶中，4 ℃冷藏备用进行理化指标分析及 LF －NMR检测，并将获得的 LF －
NMR检测数据分别代入“1. 2. 4”中建立的不同理化指标与 LF － NMR弛豫特性的相关性模型，计算获得该
理化指标的理论预测值，并与其实测值建立回归曲线，分析相关性，对模型的可靠性进行验证。
1. 3 数据分析
每组试验均进行 3 次重复，实验结果以( 平均值 ±相对偏差) 表示。应用 Origin8. 0、SPSS18. 0 软件

对数据进行处理及统计分析，以 P ＜ 0. 05( 差异显著) 作为差异显著性判断标准。

2 结果与讨论
2. 1 理化指标
2. 1. 1 酸 价 酸价反映的是油脂中自由脂肪酸的多少，是体现油脂酸败程度的重要指标之一。大
豆油在无料 /薯条 180 ℃煎炸过程中酸价随煎炸时间的变化规律如图 1A所示。由图可知，随煎炸时间
的延长，大豆油的酸价逐渐升高，且与煎炸时间呈良好线性关系( r2 分别为 0. 942 和 0. 978 ) ，但煎炸
36 h后，两组煎炸油的酸价均小于国标规定的油脂煎炸过程中的酸价标准 5 mgKOH /g。与无料煎炸过
程相比，相同的煎炸时间下，薯条煎炸油的酸价显著升高( P ＜ 0. 05 ) 。这是由于在煎炸过程中，油脂
在高温( 185 ℃左右) 下易发生水解、氧化、分解或聚合等反应，产生游离脂肪酸，进而使其酸价升高。
而引入煎炸物料( 薯条) 后，由于煎炸物料中含有水分较多，促进了油脂在煎炸条件下的分解，因而使

反应产物相对增加［16］，导致酸价显著升高。
2. 1. 2 粘 度 粘度为油样分子间摩擦力大小的标度，其大小与其碳链长度有关。大豆油在无料 /薯
条煎炸过程中粘度( 25 ℃ ) 随煎炸时间的变化规律如图 1B 所示。由图可以看出，随煎炸时间的延长，
两种煎炸条件下大豆油的粘度逐渐增大，并均呈二项式关系( r2 分别为 0. 934 和 0. 994 ) ，这是因为油
脂在高温下发生热聚合和热氧化聚合反应，生成了环状聚合物及甘油酯二聚合物等粘稠的成分。同时，
油脂在煎炸过程中还会发生部分水解及缩合反应，形成分子量较大的醚型化合物，从而使油脂的粘度

增加。此外，与无料煎炸油相比，添加薯条进行煎炸后，由于薯条中的淀粉、水分子也会与油脂分子
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在高温下发生反应，使油脂的粘度进一步增大( P ＜ 0. 05) ［17］。

2. 1. 3 吸光值 油脂色泽是油脂中各种色素的综
合体现，随着油脂品质的劣变，其色泽加深，吸

光值( A) 亦将逐渐增大。大豆油在无料 /薯条煎炸
过程中吸光值随煎炸时间的变化规律如图 2A 所
示。图 2A表明，随着煎炸时间的延长，两种煎炸
条件下大豆油的吸光值均逐渐增加，并趋于平稳。
油样吸光值与煎炸时间呈二项式关系( r2 分别为
0. 986 和 0. 983 ) 。与无料煎炸油相比，当油脂中
添加薯条进行煎炸时，大豆油吸光值增加较显著

( P ＜ 0. 05) ，这是由于食物组分与煎炸油相互作用
以及煎炸油中所含食品杂质均会加深油脂的颜色

所致［18］。
2. 1. 4 TPC含量 油脂的总极性化合物( TPC) 含
量是衡量煎炸油脂品质的重要指标。大豆油在无
料 /薯条煎炸过程中 TPC含量随煎炸时间的变化规
律如图 2B所示。由图可见，在煎炸过程中，两种
煎炸条件下大豆油的 TPC 含量均逐渐升高，且与
煎炸时间呈良好线性关系 ( r2 分别为 0. 989 和
0. 978) 。与无料煎炸油相比，添加薯条进行煎炸
36 h 后，油脂的 TPC 含量显著升高( P ＜ 0. 05 ) ，
这是由于食品物料中的成分尤其是其中包含的水

分会加速油脂的水解、分解和聚合反应而生成各
种极性较大的化合物，从而促进煎炸油极性化合

物含量的增加［19］。

2. 2 LF － NMR弛豫特性
2. 2. 1 多组分弛豫图谱( T2 ) 大豆油在无料 /薯
条煎炸过程中 LF － NMR检测得到的多组分弛豫图谱( T2 ) 如图 3 所示。参照文献 ［8］对 T2 图谱的命

名方法，将各峰按出现顺序分别命名为 T21峰、T22峰及 T23峰，对应的峰面积比例表示为 S21、S22及 S23。
由图 3A、B可以看出，经无料 /薯条煎炸后，大豆油的多组分弛豫图谱( T2 ) 变化规律相似，煎炸

初期的大豆油 T2 图谱均由 T22、T23两个主峰构成，随着煎炸时间的延长，在其图谱 18 ms左右有 T21小

峰出现，且图谱有逐渐左移趋势，峰面积比例 S21逐渐增大，S22、S23比例也略有变化。大豆油在无料
煎炸 4 h后开始出现 T21小峰，而加入薯条煎炸 2 h后便出现 T21小峰，为了进一步分析煎炸过程中 LF －
NMR信号的变化规律，将 T21、T22、T23峰起始时间随煎炸时间的变化情况列于图 4。
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由图 4A、B可以看出，在无料 /薯条煎炸条件，大豆油 T21、T22峰起始时间均随煎炸时间的延长而

缩短，且呈良好线性关系( r2 ＞ 0. 90) ，与无料煎炸过程相比，引入薯条煎炸使得 T21、T22峰起始时间的

缩短速度加快。而图 4C中 T23峰起始时间则随煎炸时间无明显规律性变化。这一变化可能与油脂在高
温煎炸过程中发生水解、热聚合及热氧化聚合等复杂化学反应而生成脂质氧化物和过氧化物等产物相
关，与油脂中的甘油三酯成分相比，煎炸过程中形成的氧化产物聚合度相对增大，而 LF － NMR检测得
到的 T2 弛豫时间能够反映自旋核子种类及其物理化学环境的变化。当氧化产物形成并积累到一定程度
后，在 T2 谱图上出现了 T21特征峰，且随反应产物聚合度的增加，其分子中氢质子所受束缚力增大，

导致弛豫过程缩短，从而表现为 T2 值缩小
［20］。且随着煎炸时间的延长，油脂中所形成氧化物质聚合

度亦逐渐增大，从而导致油样 T2 弛豫分布逐渐左移，而以 T21、T22峰起始时间的减小最为显著。进一
步研究了油脂在煎炸过程中各峰面积比例( S21、S22、S23 ) 随煎炸时间的变化 ( 如图 5 所示) 。结果表
明，随煎炸时间的延长，无料 /薯条煎炸条件油样的 S21逐渐增大，S22呈增大趋势，而 S23呈减小趋势。
其中，S21与煎炸时间呈良好线性关系( r

2 ＞ 0. 90) ，与无料煎炸过程相比，引入薯条煎炸使得 S21的增加

速度加快，说明煎炸物料的引入加剧了煎炸油脂的化学反应程度。这是由于，T21特征峰反映的是在煎

炸过程中区别于甘油三酯成分的一类氧化产物的形成及积累过程，随着煎炸时间的延长，具有类似 T21

值的化合物含量增加，从而使其 LF － NMR的信号响应增加，导致 T2 图谱中相应峰面积( S21 ) 增加。
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2. 2. 2 单组份弛豫时间( T2W ) 将不同煎炸时

间的油样看作一个整体组分进行反演，可得到

大豆油煎炸过程中的单组份弛豫图谱。结果表
明，随煎炸时间延长，薯条煎炸油的单组份弛

豫时间( T2W ) 逐渐减小。图 6 为无料 /薯条煎炸
条件下大豆油的 T2W值随煎炸时间的变化关系。
由图可见，在无料 /薯条煎炸条件，大豆油 T2W

值均随煎炸时间的延长而显著缩短，且二者之

间呈良好线性关系( r2 ＞ 0. 90 ) ; 此外，与无料
煎炸过程相比，引入薯条煎炸使得 T2W值缩短

速度加快。这是由于，油样的组成成分在高温
煎炸过程中发生的水解、热聚合及热氧化聚合
等复杂化学反应作用下发生了改变，从而使得

LF － NMR检测得到的反映样品整体特征的 T2W弛豫特性也发生了改变
［9］。

2. 3 油脂煎炸过程中理化指标与 LF － NMR弛豫特性的相关性模型的建立及验证
从以上分析可看出，油脂的理化指标及其 LF － NMR的多个检测指标均随煎炸时间呈规律性变化，为

进一步研究油脂煎炸过程中理化指标与 LF － NMR弛豫特性是否存在一定的相关性，利用多元回归分析法
建立了 LF － NMR检测结果与煎炸油理化指标的相关模型。通过采用向后剔除变量法，将不显著的自变量
剔除，最终使模型中只包含显著变量且变量间构成最优组合。所建立的酸价、粘度、吸光值及 TPC含量
与 LF － NMR检测结果( T21、T22、T23峰起始时间、S21、S22、S23、T2W ) 间的相关性模型如表 1所示。

表 1 LF － NMR检测结果与各项理化指标的回归模型
Table 1 Correlation models between LF － NMR results and the analytical indicators

Dependent variable
( 因变量)

Independent variable
( 自变量)

Regression equation*

( 回归方程)
r2

Level of significance
( 显著水平)

Acid value( 酸价，AV) T2W，T21
AV1 = 5. 536 + 0. 038T21 － 0. 045T2W 0. 965 0. 000
AV2 = 3. 477 － 0. 028T21 － 0. 019T2W 0. 962 0. 000

Viscosity( 粘度，V) T2W
V1 = 391. 84 － 4. 134T2W + 0. 0121( T2W )

2 0. 939 0. 000
V2 = 826. 79 － 10. 71T2W + 0. 0368( T2W )

2 0. 992 0. 000

Absorbance( 吸光值，A) S21
A1 = 2. 97 － 3. 60S21 － 0. 544 ( S21 ) 2 0. 952 0. 000
A2 = 2. 93 － 1. 82S21 － 0. 149 ( S21 ) 2 0. 978 0. 000

Total polar compounds
( 总极性物质含量，TPC)

T2W、T21
TPC1 = 92. 392 － 0. 250T21 － 0. 601T2W 0. 993 0. 000
TPC2 = 116. 955 + 0. 490T21 － 0. 895T2W 0. 987 0. 000

* 1. oil samples without foodstuff; 2. oil samples with potato chips

由表 1 可知，TPC含量、酸价与 T2W、T21间均存在良好的相关性，r
2 可达 0. 96 以上; 油脂粘度与

T2W、吸光值与 S21呈二项式关系( r
2 = 0. 939 ～ 0. 992 ) 。此外，对模型进行验证试验，将验证油样的

LF － NMR检测数据分别代入表 1 所建立的相关性模型中，计算获得该理化指标的理论预测值，其与实
测值的相符性分析结果见图 7。由图 7 可见，各理化指标的理论预测值与实测值之间有较高的相符性，
r2 可达 0. 938 ～ 0. 996，说明在试验范围内，表 1 中建立的回归方程具有较好的预测效果，通过油样的
LF － NMR弛豫特性( 如 T2W、T21、S21等) 可有效反映油样理化指标的变化规律。

3 结 论
本文以常用的大豆油为研究对象，对其无料 /薯条煎炸过程中多种常规理化指标( 酸价、粘度、吸

光值及 TPC含量等) 及其 LF － NMR 弛豫特性的变化规律进行了研究。研究结果表明: 随煎炸时间延
长，大豆油的酸价、TPC 含量及 S21峰面积均线性增大，T21、T22峰起始时间及 T2W线性减小( r

2 ＞
0. 90) ，粘度、吸光值的升高规律则符合二项式关系( r2 ＞ 0. 90) ，T23峰起始时间及 S22、S23与煎炸时间

之间无明显规律性变化。煎炸薯条可使油样的酸价、粘度、TPC含量、吸光值及 S21均较无料煎炸时显

著增大( P ＜ 0. 05) ，而 T21、T22峰起始时间及 T2W显著缩短。多元回归分析表明，酸价及 TPC 含量与
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T2W、T21，粘度与 T2W，吸光值与 S21间均可建立良好的相关性模型( r
2 ＞ 0. 93) 。模型验证合理可靠，说

明可通过油样的 LF － NMR弛豫特性检测结果有效预测其理化指标的变化。本研究可为将 LF － NMR技
术有效应用于煎炸油脂品质快速有效监控提供必要的基础数据。
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低场核磁共振技术检测煎炸油品质

王永巍 1，王 欣 1 ,*，刘宝林 1，史 然 1，杨培强 2

(1.上海理工大学食品质量与安全研究所，上海      200093；2.上海纽迈电子科技有限公司，上海      200333)

摘   要：应用低场核磁共振技术对无对象煎炸大豆油油样进行检测，通过对多组分 T2弛豫图谱以及峰面积比例 S21

和单组份弛豫时间 T 2w分析，煎炸 4h后图谱中 10ms左右出现明显特征小峰，且 S 21和 T2w与煎炸时间、酸价、黏

度、吸光度和极性组分含量呈现良好的规律性，相关系数在 0.941～0.997之间，说明可以利用低场核磁共振检测

的 S 21和 T 2W有效反映煎炸油的品质变化。但与过氧化值之间无明显规律性。结果可为后期煎炸油的低场核磁共振

技术快速检测提供基础。

关键词：低场核磁共振；煎炸油；快速检测；T 2 弛豫图谱

Application of Low-Field Nuclear Magnetic Resonance (LF-NMR) to Analyze Frying Oil Quality

WANG Yong-wei1，WANG Xin1,*，LIU Bao-lin1，SHI Ran1，YANG Pei-qiang2

(1. Institute of Food Quality and Safty, University of Shanghai for Science and Technology, Shanghai      200093, China；

2. Shanghai Niumag Corporation, Shanghai       200333, China)

Abstract ：Low-field nuclear magnetic resonance (LF-NMR) was used to analyze soybean oil without objects in it during frying.

Multi-component T2 relaxation spectra, peak area ratio S21 and single component relaxation time T2w were determined. An obvious

characteristic peak appeared at 10 ms in the multi-component T2 relaxation spectrum after 4 h of frying. S21 and T2w were correlated

with frying time, acid value, viscosity, absorbance and polar component content with a correlation coefficient between 0.941 and

0.997. Thus, S21 and T2w could effectively reflect the quality of frying oil. However, they had no obvious correlation with peroxide

value. These results will be very helpful for the application of LF-NMR to rapidly detect frying oil quality.

Key words：low-field nuclear magnetic resonance (LF-NMR)；frying oil；rapid detection；T2 relaxation spectrum
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深度油炸能快速熟制食品并赋予其香脆的风味，煎

炸食品一直深受大众喜欢，在世界各地的消费量每年都

呈现显著的递增趋势。煎炸食品的质量与煎炸油的质量

紧密相关[ 1 ]。油脂在煎炸过程，发生聚合、氧化、分

解和水解反应，色泽逐渐变深，黏度增大而且气味劣

化，产生大量对人体有害的物质[ 2 ]。对于食品生产厂

家，油脂的长时间多次利用会大大降低成本，因此近

年来煎炸废油非法回收利用现象频频见诸于全国各地媒

体，对油脂质量的监督管理成为监管部门的重中之重。

传统的油脂检测方法有感官评价、物理化学指标的

评价(如吸光度、黏度、酸价、过氧化值等)、极性组

分总含量的测定等。但是这些指标的检测需要大量的时

间和化学试剂，很难在线快速对油脂品质变化程度做出

评价[3]。新型检测方法如化学感官系统电子鼻和近红外

傅里叶变换仪可以快速检测油样，但其与常规指标的相

关系数并不高，且价格昂贵[ 4]。因此，寻找一种快速、

便捷、灵敏、低成本的新型检测方法成为油脂行业的

一个新的研究方向[ 4 ]。低场核磁共振分析仪设备体积

小，检测样品快速、无损、实时、无需任何化学试

剂，且价格低廉(市场价约为上述仪器的 1 /3 )。目前，

低场核磁共振技术主要对检测对象的纵向弛豫时间(T1)、

横向弛豫时间(T2)、扩散系数以及 CPMG(carr-purcell-

meiboom-gill)回波数据进行分析，在油脂检测中应用广

泛，Rudi等[5]利用时域 NMR技术对样品进行复合弛豫

分析，在同一时间测定纵向和横向弛豫时间 T1和 T2，使

得生产过程中的油水含量可同时被测定；Miquel等[6]利
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用 NMR研究榛子油在巧克力中的移动情况，并获得其

扩散常数；Martina等[7]建立了NMR驰豫时间与深度煎

炸油的极性组分总量建立关系，发现 NMR驰豫时间能

较好的反应极性组分含量；王乐等[8]利用脉冲式NMR方

法测定油脂中 SFC含量，以鉴别食用植物油掺伪餐饮业

废油脂；周凝等[9]应用 LF-NMR的 T2弛豫反演图谱研究

米糠毛油掺伪食用油，发现米糠毛油在 T2弛豫图谱 10ms

左右出现特征峰，且该峰面积比(S21)随着毛油掺伪量增

加而线性递增。文献调研表明，目前国内外关于低场

NMR技术在深度煎炸油品质快速检测方面的研究报道很

少，因此利用核磁共振技术对深度煎炸油进行快速检测

研究具有重要意义。

本研究拟利用低场核磁共振技术(low-field nuclear

magnetic resonance，LF-NMR)对无煎炸对象的大豆油油

样进行检测，对其横向驰豫时间多组分与单组分反演数

据进行分析，在对煎炸过程中低场 NMR检测结果变化

规律探讨的基础上，进一步分析低场核磁共振检测结果

与油样的酸价、黏度、吸光度、极性组分含量以及过

氧化值等指标的关联性，为低场核磁共振技术应用于煎

炸废油检测提供基础数据。

1 材料与方法

1.1 材料与试剂

金龙鱼大豆油    益海嘉里食品工业有限公司。

乙醚、石油醚、三溴甲烷、冰乙酸、硫代硫酸

钠、氢氧化钾、正己烷等(均为分析纯)    上海国药集团

化学试剂有限公司。

1.2 仪器与设备

09款流线型5.5L电炸炉    广州汇利有限公司；NMI-

20型核磁共振分析仪(氢谱、共振频率 21.959MHz、磁

体强度 0.52T，配套 T-invfit反演拟合软件和 15mm核磁

共振专用测试管)  上海纽迈电子科技有限公司；层析柱

(定制)    上海市崇明建设玻璃仪器厂；NDJ-1型旋转黏

度计    东莞市精鼎仪器有限公司；751-G(200～1000nm)

分光光度计    上海分析仪器厂。

1.3 方法

1.3.1 大豆油煎炸实验

将 5L大豆油倒入电炸炉，控温在(180± 2)℃进行

无料空炸，每隔 2h取样 150mL置于样品瓶中，密封存

放于－ 20℃的冰箱冷冻室中待测。

1.3.2 NMR横向弛豫时间(T2)测量

利用 C P M G 脉冲序列测定样品的横向弛豫时间

(T2)。将 4mL样品移入直径 15mm的核磁共振专用试管，

置于样品槽进行测定，测量温度为(32± 0.1)℃。设备

参数设置如下：采样点数(T D )  5 00 17 0，谱宽( SW )

250kHz，采样重复时间(TR)1500ms，重复扫描次数(NS)

4，回波时间(τ)200μs，回波个数(EchoCount)5000。

1.3.3 煎炸油常规指标检测

黏度：取 150mL油样倒入 250mL烧杯中，将其置

于 25℃恒温水浴锅中，用 NDJ-1型旋转黏度计对油样

进行测定；吸光度：参考 GB/T 22500— 2008《动植

物油脂》紫外吸光度的测定 [ 1 0 ]；酸价的测定：参考

GB/T 509.37— 2003《国标食用植物油卫生分析标准》，

指示剂法[11]；极性组分含量测定：参考GB/T 509.202—

2003《食用植物油煎炸过程中的极性组分(PC)测定》[12]；

过氧化值的测定：参考GB/T 509.37— 2003《国标食用

植物油卫生分析标准》，指示剂法 [ 1 1 ]。

1.4 数据的处理

NMR弛豫测量得到的图为自由诱导指数衰减曲线，

其数学模型为：A(t)＝∑ A0 iexp(－——)，式中：A(t)为

衰减到时间 t时的幅值大小；A0 i为第 i个组分平衡时的

幅值大小；T 2 i为第 i个组分的横向弛豫时间[1 3]。利用

T-invfit软件对 i个组分进行反演拟合，可得到油样的多

组分弛豫时间 T 2及数据图谱。本软件使用综合迭代算

法，结果为离散型与连续型相结合的 T 2谱。反演结果

为生成弛豫图、各个弛豫过程的弛豫幅值、其对应的

时间常数及其面积分数。当将 i个组分当作一个整体组

分时，可反演出油样的单组份弛豫时间 T 2 w。

实验所得数据应用Origin 8.0软件进行图形绘制并进

行线性、指数、二项式等进行曲线拟合。

2 结果与分析

2.1 NMR检测数据分析

2.1.1 多组分 T2驰豫图谱及数据分析

在相同参数条件下，对 30个掺伪油样品进行低场

NMR检测获得大豆油空炸 60h的多组分 T2对比驰豫图

谱，为了便于观察，以每隔 8h取一个油样的图谱为例

说明，如图 1 所示。

t
T2i

图 1 大豆煎炸油多组分弛豫图谱

Fig.1   Multi-component T2 relaxation spectra of soybean oil
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由图 1可见，第 1个峰为 T21峰，第 2个峰为 T22峰，

第 3个峰为 T 23峰。空炸大豆油的弛豫图谱图形大致相

同，其中 0h和 2h时油样的弛豫图谱主要有 T22和 T23两

个主峰，未见 T21峰，从 4h开始油样图谱在 10ms左右

有 T 21小峰出现，且波谱有明显的左移趋势；随着煎炸

时间的延长，其峰面积比例 S21逐渐增大。对峰面积比

例 S21随煎炸时间的变化进行了数据拟合，结果如图 2所

示。S21与煎炸时间呈现良好的线性关系，y＝－ 0.911＋

0.117x(R2＝ 0.971，P＜ 0.0001)。说明可以利用 S21有效

反映煎炸油随煎炸时间的品质变化。

2.1.2 单组份驰豫时间 T2w数据分析

将油样看作仅由一类物质组成的整体，进行单组分

反演，得到大豆油煎炸过程中的总弛豫时间 T 2w，为了

便于观察，每隔 8h取一个油样的单组份弛豫数据，图

谱如图 3 所示。

由图 3 可知，大豆油经煎炸后，其单组份驰豫时

间 T2w随煎炸时间延长呈现线性减小趋势，由油样的 T2w

的变化能简单推断出大豆油是否使用过以及其使用时间

的长短。对单组份驰豫时间 T 2w随煎炸时间的变化进行

了数据拟合，结果如图 4所示。T 2w与煎炸时间呈现良

好的线性关系，y＝ 113.392－ 1.192x(R2＝ 0.997，P＜

0.0001)。说明也可以利用 T2w有效反映煎炸油随煎炸时

间的品质变化。

2.2 大豆油各检测指标与 LF-NMR数据之间的相关性

分析

2.2.1 酸价与 LF-NMR数据间的相关性

酸价是油脂评价的重要指标之一，可用来衡量油脂

中游离脂肪酸的含量。大豆油煎炸过程中酸价的变化与

S21和 T 2w的关系如图 5所示。

图 2 大豆煎炸油峰面积比例 S21与煎炸时间的相关性

Fig.2   Correlation between S21 and frying time
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图 3 大豆煎炸油的单组份弛豫图谱

Fig.3   Single component relaxation spectra of soybean oil
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图 4 大豆煎炸油单组份弛豫时间与煎炸时间的相关性

Fig.4   Correlation between single component relaxation time and

frying oil
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由图 5a可知，S21随着酸价的增大而逐渐增大，且

酸价与 S21之间的变化符合公式 y＝ 0.286＋ 1.053x－

0.044x2 (R2＝ 0.962，P＜0.0001)，而由图5b可知，T2w随

着酸价的增大呈现指数减小，拟合公式为y＝ 60.05e－ x/2.78＋

45.89(R2＝ 0.943，P＜ 0.0001)。说明可以利用 S21或 T2w

有效反映大豆煎炸油随煎炸时间的酸价变化规律。这可

能是因为随煎炸时间延长而逐渐增大，游离脂肪酸增

多，油样组织结构的不均匀性增加而造成油样内部磁场

不均匀，以致使弛豫时间减小[ 1 4 ]。

图 5 酸价与大豆煎炸油 S21(a)和 T2w(b)的相关性

Fig.5   Correlation between acid value and S21 (a) or T2w (b)
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2.2.2 黏度与 LF-NMR数据间的相关性

黏度是评价油脂煎炸过程中品质变化的重要指标，

随着煎炸时间的延长，油脂发生热聚合和氧化聚合反

应，使聚合物含量增增加。而聚合物为大分子物质，

其黏度大于油脂，煎炸油黏度自然也随之增大，如图

6所示，煎炸过程中油脂的黏度与 S 21有良好的线性关

系即：y ＝－ 2.54731＋ 0.06629x(R 2＝ 0.948，P＜

0.0001)，而与T2w呈现良好的二项式关系，拟合公式为y＝

176.743－1.853x＋ 0.006x2(R2＝ 0.977，P＜ 0.0001)，说

明可以利用 S21或 T2w有效反映大豆煎炸油随煎炸时间的

黏度变化规律。油脂在高温下黏度增大，分子发生聚

合，分子团变大，氢质子受到束缚的机会增大，自由

度减小，以致多组分 T 2弛豫图谱左移，单组份弛豫时

间 T 2 w缩短。

2.2.3 吸光度与 LF-NMR数据间的相关性

利用油脂在特征波长下的吸光度，可以表示油脂的

色泽情况[1 5]。图 7a 为油脂煎炸过程中色泽变化与 LF-

NMR测得的 S21之间的变化规律。随着煎炸时间的延长

吸光度逐渐增大，油样色泽逐渐加深。二者之间符合

公式：y＝ 108.455＋ 5.494x－ 1.702x2(R2＝ 0.942，P＜

0.0001)。图 7b则表明，随着吸光度增大，T 2w呈现指

数减小趋势，符合公式 y ＝ 0.008ex/1.163＋ 0.095，(R2＝

0.941，P＜ 0.0001)。说明可以利用 S 2 1或 T 2w有效反

映大豆煎炸油随煎炸时间的吸光度变化规律。有报道

称[3]，油脂在煎炸过程中，产生的色素类物质和杂质是

影响吸光度变化的主要原因。

2.2.4 极性组分(PC)含量与 LF-NMR数据间的相关性

PC含量可作为衡量油脂品质的一个优良指标[16-18]。

随着煎炸时间延长，PC含量增大，PC含量与 NMR检

测数据间的关系如图 8 所示。

图 6 黏度与大豆煎炸油 S21(a)和 T2w(b)的相关性

Fig.6   Correlation between viscosity and S21 (a) or T2w (b)
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图 7  吸光度与大豆煎炸油 S21(a)和 T2w(b)的相关性

Fig.7   Correlation between absorbance and S21 (a) or T2w (b)
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图 8 PC含量与大豆煎炸油 S21(a)和 T2w(b)的相关性

Fig.8   Correlation between polar component content and S21 (a) or T2w (b)
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结果表明，随着极性化合物含量的增加，S 21峰面

积比例线性增大(y＝－ 1.347＋ 0.174x，R2＝ 0.958)，而

单组份弛豫时间T2w呈良好的线性减小关系(y＝ 118.065－

1.786x，R2＝ 0.990)。说明也可以利用 S21或 T2w有效反

映大豆煎炸油随煎炸时间的 PC 含量变化规律。正常大

豆油中极性组分含量很少，在煎炸过程中，油脂氧

化、聚合、分解、水解等反应产生了大量极性化合

物，这也可能是导致 S 21变化的原因之一。PC 的增加

使油样不均匀性增大，从而使内部分子间的磁场不均

匀，T2w变小。PC含量的增加也是使 T2w弛豫时间变小

原因之一。

2.2.5 过氧化值与 LF-NMR数据间的相关性

3 结  论

低场核磁共振技术是一种非常有潜力的油脂快速检

测新技术。对大豆煎炸油的低场核磁共振检测结果表

明，煎炸 4h后 T 2弛豫图谱中 10ms左右出现明显特征

小峰，且 S 2 1 和 T 2 w 与煎炸时间、酸价、黏度、吸

光度和极性组分含量呈现良好的规律性，相关系数

在 0.941～0.997之间，说明可以利用低场核磁共振检测

的 S21和 T2w有效反映煎炸油的品质变化。但与过氧化值

之间无明显规律性。本结果可为后期煎炸油的快速检测

技术提供基本的研究基础。
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过氧化值是非常重要的指标，人体摄入过量的过氧

化脂质，会引起细胞的衰老、动脉粥样硬化以及癌变。

有报道称，过氧化值在油脂煎炸中变化但无规律[19]，本

实验中过氧化值在煎炸过程中同样呈现无规律性。将LF-

NMR测得的 S21与 T2w和过氧化值进行关联分析，由图 9

可知，S21和 T2w与过氧化值相关性极低，说明 LF-NMR

测得数据 S21和 T2w不能推测出过氧化值的变化情况。

图 9 过氧化值与大豆煎炸油 S21(a)和 T2w(b)的相关性

Fig.9   Correlation between peroxide value and S21 (a) or T2w (b)
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羟自由基导致肉类肌原纤维蛋白氧化和凝胶性降低
 

李 银，李 侠，张春晖
※
，孙红梅，董宪兵 

（中国农业科学院农产品加工研究所/农业部农产品加工综合性重点实验室，北京 100193） 
 

摘  要：为研究羟自由基（·OH）氧化体系中肌原纤维蛋白（myofibrillar protein，MP）氧化及其凝胶特性的变化，

试验分析了羟自由基氧化体系中不同 H2O2 浓度对蛋白氧化程度及 MP 凝胶白度、持水力、质构特性（texture profiles 
analysis，TPA）与弹性模量等特征指标的影响。结果表明：随 H2O2浓度的增加，MP 中羰基值上升，蛋白氧化程

度加剧，凝胶白度、保水性、硬度、咀嚼性及弹性模量则与 H2O2浓度呈显著负相关。与对照组相比，当 H2O2浓

度增加至 20 mmol/L 时，羰基含量增加至 2.82 nmol/mg 蛋白（p＜0.05），凝胶白度、持水性及硬度则分别下降了

2.83%、14.65%及 52.77%（p＜0.05）。扫描电镜（scanning electron micrograph，SEM）观察表明，MP 氧化导致凝

胶微观结构破坏，形成空隙较大且分布不均的网络；低场核磁共振分析（nuclear magnetic resonance，NMR）结果

显示，随 H2O2 浓度的增加，MP 凝胶中的一部分不易流动水“态变”为自由水，凝胶持水力降低。综上所述，·OH
氧化体系中肌原纤维蛋白氧化会影响其凝胶形成，破坏蛋白凝胶结构，降低凝胶功能，这为肉类生产加工过程中

蛋白氧化控制提供理论参考。 
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0  引  言   

畜禽宰后加工与贮藏过程中脂肪氧化、金属离

子及内源氧化剂等引起的氧化反应会对肉与肉制品

中的蛋白质造成氧化损伤[1]。蛋白氧化会导致其结构

与功能的显著变化，如发生交联聚合、降解及氨基

酸侧链的改变等[2-3]。这些氧化效应会造成肉品色泽、

口感劣变，保水、保油性降低，影响了肉品的可接

受性，缩短了产品的货架期 [4]。肌原纤维蛋白

（myofibrillar protein，MP）是肌肉中最重要的一类功

能性蛋白，主要包括肌球蛋白、肌动蛋白、肌动球

蛋白、原肌球蛋白和肌钙蛋白等，在热诱导作用下

这类蛋白可以形成三维网络结构，能赋予肉制品尤

其是凝胶类产品良好的感官、质构及保水、保油性[5]。
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肌肉蛋白的凝胶特性作为肉与肉制品加工中最重要

的功能特性之一，近年来关于肌原纤维蛋白凝胶特

性影响因素研究多集中在 pH 值、离子强度及不同的

添加剂等方面[6-9]，关于肌原纤维蛋白氧化对其凝胶

特性的影响研究虽在国外有一些相关报道，但影响

机制尚不完全清楚，而国内关于此方面的研究并不

多，结合低场核磁共振技术（ low-field，nuclear 
magnetic resonance，NMR）分析氧化对蛋白水合力

影响及对凝胶中水分从不易流动水向自由水的“态

变”研究也较少。本文通过测定凝胶保水性、白度、

硬度、贮藏模量（G′）等凝胶特征指标，并借助扫

描电镜及低场核磁共振技术分析氧化对凝胶微观结

构及其水分组成与分布的影响，多角度分析羟自由

基（·OH）氧化体系中·OH 介导的肌原纤维蛋白氧化

及对其凝胶特性的影响效应，探讨·OH 介导的蛋白

氧化及对蛋白凝胶特性的影响机制。 
本 研 究 借 助 铁 - 抗 坏 血 酸 - 过 氧 化 氢

（Fe3+-Vc-H2O2）之间的化学反应，构建羟基自由基

氧化模型体系。通过分析模型体系条件下 H2O2 浓

度对肌原纤维蛋白凝胶特性的影响，探讨肉与肉制

品贮藏加工过程中蛋白氧化效应，以期为肉类生产

加工过程中蛋白氧化控制提供理论参考。 
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1  试验材料与方法 

1.1  试验材料与试剂 

试验用肉为北京五肉联有限公司提供的，宰后

0 ～ 4 ℃成熟 24 h 的猪肉冷却肉的背最长肌

（Longissmus），去除可见脂肪组织及结缔组织后用

于提取肌原纤维蛋白。 
试验所用试剂：乙二醇-双-（2-氨基乙醚）四

乙酸（ethylene glycol bis(2-aminoethyl) tetraacetic 
acid，EGTA）购于美国 sigma 公司；牛血清清蛋白

（albumin from bovine serum，BSA）购于北京拜尔

迪生物技术有限公司；其他试剂均购于国药集团化

学试剂有限公司，均为分析纯。 
1.2  主要仪器 

CR22GII 高速冷冻离心机（日本 Hitachi 公司）；

T6 紫外分光光度计（北京普析通用有限公司）；电

子天平（赛多利斯科学仪器（北京）有限公司）；

TXF200-S12 可编程恒温循环水浴锅（英国 Grant
公司）；TA-XT2i 质构分析仪（英国 Stable Micro 
System 公司）；Physica MCR 301 流变仪（奥地利

Anton Paar 有限公司）；CR-400 色差仪（柯尼卡美

能达（日本）公司）；Eiko IB﹒5 型离子溅射喷金

仪（日本 Hitachi 公司）；H-7500 型扫描电镜（日

本 Hitachi 公司）；NM-2011 低场核磁共振仪（上

海纽迈电子科技有限公司）。 
1.3  试验方法 

1.3.1  肌原纤维蛋白的提取 

参考Xiong等[10]的方法从猪背最长肌中分离提

取肌原纤维蛋白，将切碎的肉块与 4 倍体积的分离

缓冲液（0.1 mol/L NaCl，10 mmol/L Na3PO4，

2 mmol/L MgCl2，l mmol/L EGTA，pH 值 7.0）混

合匀浆后离心（4℃，2 000×g，15 min），所得沉

淀再重复洗涤，离心 2 次。随后再按上述操作用 4
倍体积 0.1 mol/L NaCl 溶液洗涤，离心 2 次，并在

最后 1 次离心前用 2 层纱布过滤，再用 0.1 mol/L 
HCl 溶液将其 pH 值调至 6.0，最后得到的蛋白膏用

于构建羟基自由基氧化模型体系。蛋白质浓度用双

缩脲法测定，采用牛血清蛋白作为标准蛋白。 
1.3.2  FeCl3/Vc/H2O2（铁/抗坏血酸/过氧化氢）氧

化体系构建 

参考 Xiong[11]等的方法构建以下氧化体系：反

应历程为 Vc+Fe3+→Fe2+，Fe2++H2O2→⋅OH，FeCl3

浓度为 0.01 mmol/L，Vc 浓度为 0.1 mmol/L，H2O2

浓度分别为 0.5、1、5、10、20 mmol/L。肌原纤维

蛋白分散于上述氧化体系中（最终质量浓度为

40 mg/mL），在 4℃条件下氧化 24 h 后用 1 mmol/L
乙二胺四乙酸（ethylene diamine tetraacetic acid，

EDTA）EDTA）终止。以上的氧化反应均在

15 mmol/L 哌 嗪 -N,N’- 双 （ 2- 乙 磺 酸 ）

（piperazine-1,4-bisethanesulfonic acid，PIPES）为缓

冲溶液（pH 值 6.0，离子强度 0.6 mol/L）中进行。

空白对照为新鲜猪背最长肌中提取出来后，未加氧

化剂直接于 4℃放置 24 h 的肌原纤维蛋白（在本试

验中将 H2O2浓度定义为 0）。 
1.3.3  羰基值测定 

参考 Levine[12]等测定羰基的方法，在 1.5 mL
的离心管中，加入 0.1 mL 的蛋白溶液与 0.5 mL 2,4-
二硝基苯肼的 2 mol/L HCl 溶液，在 25℃下反应

40 min，空白样品中不含 2,4-二硝基苯肼的 2 mol/L 
HCl。然后加入 0.5 mL 质量分数为 20%的三氯乙酸

（trichloroacetic acid, TCA），震荡后离心（11 000×g，
5 min）弃上清，蛋白沉淀用 1 mL 的乙醇-乙酸乙酯

溶液（体积比为 1:1）洗涤 3 次，挥发完溶剂后将

蛋白质悬浮于 1 mL 6 mol/L 盐酸胍溶液中，在 37
℃条件下水浴保温 30 min。以空白为对照 370 nm
下测吸光值，蛋白质羰基衍生物的含量（nmol/mg·蛋
白）使用摩尔吸光系数为 22 000 L/(mol·cm)计算。 
1.3.4  蛋白热诱导凝胶制备 

将氧化后的肌原纤维蛋白用含有 0.6 mol/L 
NaCl ， 15 mmol/L 哌 嗪 -1,4- 二 乙 磺 酸

（piperazine-1,4-bisethanesulfonic acid，PIPES）的缓

冲液（pH 值 6.0）将其质量浓度调至 30 mg/mL 后，

分别称取 5.0 g 的蛋白反应液于直径约 25 mm，高

度约 55 mm 的带盖玻璃瓶中，在程序升温水浴锅中

以 1℃/min 线性升温速率从 20℃加热至 75℃，并于

75℃保温 20 min 后，立即取出冷水浴后，于 4℃冰

箱中放置 24 h 后，制得高度大约为 12 mm 左右凝

胶体，用于测定其白度、保水性、质构、微观结构

及低场核磁水分“态变”分析。 
1.3.5  凝胶保水性测定 

参考 Kocher 等[13]的离心法测定凝胶保水性

（water holding capacity，WHC），将制备好的蛋白

凝胶准确称其质量后，于 4℃下 6 000×g 离心

15 min，记录离心前后离心管的质量以及空管质量。

WHC（%）计算如下 

1

2

(%) 100%m mWHC
m m

−
= ×

−
 

式中，m1 为离心出液体后离心管与凝胶的质量，g；
m2 为离心前离心管与凝胶的质量，g；m 为空管质

量，g。 
1.3.6  凝胶白度测定 

参考陆剑锋等[14]的方法测定蛋白凝胶的白度

值（whiteness，W）。用色差仪测定蛋白凝胶的色

差值，其中亮度值 L*；红度值 a*（正值表示偏红，

38



�������	
��
�������——���

农业工程学报                                          2013 年   

 

288 

负值表示偏绿）；黄度值 b*（正值表示偏黄，负值

表示偏蓝）。测前用标准白板（L*=25.60，a*=-0.30，
b*=0.27）校正色差计。凝胶白度值计算如下 

2 2 2100 (100 *) * *W L a b= − − + +  

1.3.7  凝胶质构测定 

测量前将凝胶从 4℃冰箱取出，室温下放置

30 min 后，参考高建华等[15]的方法并做稍加修改进

行质构剖面分析（texture profile analysis，TPA），

测量参数设定：探头 P/0.5R，侧前下降速率为

1.0 mm/s，测试速度 0.5 mm/s，测后速度 1.0 mm/s，
压缩比 50%，最小感应力 0.05 N，数据的采集频率

为每秒采集 50 个数据点用质构仪自带软件的

TPAFRAC.MAC 过程进行分析。 
1.3.8  凝胶流变学特性测定 

参考 Li 等[16]的方法并略微修改，氧化后的肌

原纤维蛋白用 PIPES 缓冲液（pH 值 6.0）将其质量

浓度调至 30 mg/mL 后进行测量。测量参数为：使

用直径 25 mm 的平板夹具，以 1℃/min 的升温速率

从 20℃加热至 75℃，振荡频率为 1 Hz，狭缝为

1 mm。在平板夹具上好保护盖后，滴加硅油，防止

样品水分蒸发影响测定结果。 
1.3.9  扫描电镜观察凝胶微观结构测定（scanning 
electron micrograph, SEM） 

凝胶微观结构测定参考 Palka 等[17]的方法并

稍加修改。取空白对照组、5 及 20 mmol/L H2O2

组 的 凝 胶 样 品 ， 用 手 术 刀 切 成 约

3 mm×3 mm×5 mm 的小条，用体积分数为 3%的

戊二醛浸泡过夜固定，再用 0.1 mol/L pH 值 7.2
的磷酸缓冲液洗涤 3 次；然后质量分数 1%锇酸固

定 2 h，再用体积分数 30%、50%、70%、90%、

95%及 100%乙醇进行脱水，每次 10 min 直至除

去样品中的水分为止，再用 100%乙醇重复脱水 3
次，保证样品绝对无水；再经乙酸异戊酯置换后

经 CO2 临界点干燥，真空离子溅射喷金仪喷金后

进行微观结构观察。 
1.3.10  凝胶水分分布与组成测定（low-field 

NMR） 

参考吴烨等 [18]的方法采用低场 NMR 弛豫

测定空白对照组、5 mmol/L H2O2 及 20 mmol/L 

H2O2 组凝胶样品水分分布及组成，测定条件：

质子共振频率为 22.6 MHz，测量温度为 32℃。

将大约 1.0 g 样品放入 15 mm 核磁管中，随后

立即放入 NM-2011 核磁共振成像仪中进行分

析。采用 Carr-Purcell-Meiboom-Gill（CPMG）

序列测定样品弛豫时间 T2 值。测量参数为：τ-
值（90°脉冲与 180°脉冲之间的时间）为 100 μs，

重复扫描 16 次，重复间隔时间为 3 000 ms 得

到 15000 个回波，所得 CPMG 指数衰减曲线采

用仪器自带的 MultiExp Inv Analysis 软件进行

反演，得到 T2 值。 
1.3.11  数据分析 

本试验中除电镜试验外，所有样品均至少设置

3 个重复。用 SAS 9.2（statistic analysis system, SAS）
对结果进行方差分析，使用最小显著差异法（LSD）

进行显著性分析（P＜0.05）。并用 SAS 9.2 进行各

指标之间的相关性分析。 

2  结果与分析 

2.1  H2O2 浓度对肌原纤维蛋白中羰基含量的影响 
蛋白质中羰基的产生可作为蛋白氧化的重要

指标之一，羰基主要由氨基酸侧链（通常为易受自

由基攻击的带有 NH 或者 NH2 的氨基酸残基）及肽

键的氧化断裂产生[19]。羰基含量越高表明蛋白质氧

化程度越高[5,20]。图 1 为羟自由基（·OH）氧化体系

中 H2O2 浓度对肌原纤维蛋白羰基含量的影响，由

图可知，随着 H2O2 浓度的增加，蛋白质羰基含量

也呈现上升趋势，空白对照组肌原纤维蛋白羰基含

量为 1.17 nmol/mg 蛋白，当 H2O2 浓度达到

20 mmol/L 时，羰基含量增加至 2.82 nmol/mg（P＜
0.05）。羰基含量的增加可能是由于羟自由基（·OH）

对氨基酸侧链或肽链的氧化攻击造成[21]。在此氧化

体系中，H2O2 浓度越高，·OH 浓度越高，导致羰基

含量不断增加，从而较为直观地反映出蛋白的氧化

程度。 

 
图 1  H2O2浓度对羰基含量的影响 

Fig.1  Concentration effect of H2O2 on carbonyl content 
 

2.2  蛋白氧化对凝胶白度、质构及保水性的影响 
蛋白凝胶的白度反应了蛋白质的变性程度，

白度值越低，表明蛋白氧化变性程度越严重[22]。

Xia等[23]研究报道蛋白凝胶白度值的下降可能是

由于氧化产物与蛋白质的氨基酸侧链发生的非

酶褐变引起的。表 1 结果显示，随着 H2O2 浓度

的增加，蛋白凝胶的白度值显著下降，氧化程度

加剧，与对照组的肌原纤维蛋白相比，H2O2 浓

39
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度为 20 mmol/L 时，蛋白凝胶白度值降低了

2.83%（P＜0.05），这表明 H2O2 浓度越高，蛋

白质氧化变性越严重。 

表 1  H2O2浓度对肌原纤维蛋白凝胶白度、保水性及质构特性的影响 
Table 1  Effect of H2O2 concentration on whiteness, water holding capacity and texture of gel 

H2O2 浓度
Concentration of 
H2O2/(mmol L-1) 

白度 
Whiteness 

硬度 
Hardness/g 

黏聚性 
Gumminess 

弹性 
Springiness 

咀嚼性 
Chewiness/g 

保水性 
Water holding 

capacity/% 
0 89.89±0.16a 226.16±9.22a 0.59±0.02a 0.73±0.02a 96.92±4.55a 64.17±0.93a 

0.5 89.03±0.07ab 191.00±14.9b 0.55±0.01a 0.67±0.04b 65.32±4.19b 62.78±0.85ab 

1.0 88.41±0.84bc 152.35±12.58c 0.54±0.03a 0.68±0.02ab 55.78±2.24b 62.49±1.19b 

5.0 87.84±1.37bc 137.43±7.88cd 0.42±0.03b 0.66±0.03bc 40.79±5.31c 58.17±0.59c 

10.0 87.81±1.13bc 116.03±6.3de 0.41±0.05b 0.58±0.05d 27.89±6.36cd 54.72±0.38d 

20.0 87.35±0.22c 106.89±23.29e 0.39±0.10b 0.60±0.03cd 25.07±9.87d 54.77±1.18d 

注：同一列的不同字母表示差异显著（P＜0.05），下同 
Note: Different letters in the same column indicate significant differences (P＜0.05). The same as below. 

 
硬度是蛋白凝胶最重要的功能特性之一，凝胶

的弹性、黏聚性及咀嚼性也影响着凝胶的功能特性
[24]。由表 1 的结果可知，凝胶的质构特性指标（硬

度、黏聚性、弹性及咀嚼性）都随 H2O2浓度的增加

而下降。其中，凝胶的硬度从 226.16 g（空白对照）

降低至 106.89 g（H2O2 浓度 20 mmol/L），降低了

52.7%（P＜0.05），崔旭海等的研究也得出了类似的

结论[25]。氧化可能会导致蛋白质溶解度下降，减少参

与成胶的蛋白量，从而降低凝胶强度[26]，同时氧化程

度越高凝胶保水性越低，也会导致凝胶强度下降。 
与凝胶质构特性结果相似，蛋白凝胶的保水性

也随 H2O2 浓度的增加而显著下降（表 1）。与空白

对照相比，当 H2O2 浓度增加到 20 mmol/L 时，蛋

白凝胶保水性从 64.17%下降至 54.77%，下降了

14.65%（P＜0.05）。蛋白凝胶中的水分主要是通

过蛋白水合作用和毛细管作用束缚在凝胶网络中

的，氧化会使蛋白质结构遭到破坏，使凝胶中形成

很多空隙，导致蛋白质的水合作用和毛细管作用下

降，随着凝胶网络中空隙的增多，凝胶的保水力也

显著降低[27]。 
2.3  蛋白氧化对凝胶流变学特性的影响 

为研究蛋白氧化对其凝胶形成能力的影响，本

试验测定了氧化后肌原纤维蛋白的流变学特性（图

2）。G′称为弹性模量，它是描述固体材料抵抗形

变能力的物理量，能够反映蛋白质的弹性品质，以

及蛋白凝胶的转变温度[23,25]。G′越大说明凝胶弹性

越强，肌原纤维蛋白的 G′大体上在起初的升温阶段

有一段平稳期（温度低于 45℃）；随着温度的升高，

G′上升至最大值，随后急剧下降（50℃附近有最大

峰，该温度为肌球蛋白的变性温度[28]）；最后 G′
随着温度升高稳步上升，直至加热终点（75℃），

这与 Liu 等[5]研究肌原纤维蛋白流变学特性曲线相

一致。45～55℃转变峰的出现主要是由于在该温度

范围内，蛋白结构打开，蛋白质相互作用增强，蛋

白开始加速聚集形成凝胶[29]。随着 H2O2 浓度的增

加，肌原纤维蛋白 G′（45～55℃）的峰值明显下降

（图 2），这表明氧化显著影响了肌原纤维蛋白凝胶

弹性，随着蛋白氧化程度的加剧，凝胶弹性模量显

著下降，这与本试验对质构的相关结果相吻合。 

 
图 2  H2O2浓度对肌原纤维蛋白凝胶弹性模量的影响 

Fig.2  Effect of H2O2 concentration on G′ of gel 
 

2.4  蛋白氧化对凝胶微观结构的影响 

由图 3 扫描电镜图可知，不同氧化程度的肌原

纤维蛋白凝胶微观结构存在明显差异。空白对照组

蛋白形成的凝胶网状结构致密、形状规则、空隙较

小、且分布均匀（图 3a）；而氧化组肌原纤维蛋白

则形成结构粗糙，空隙较大，且分布不均匀的凝胶

网络（图 3b、3c）；氧化剂浓度对最终凝胶的微观

结构有很大的影响，不同氧化程度 MP 凝胶微观结

构存在明显的差异，与 5 mmol/L 的较低 H2O2 浓度

组相比（图 3b），20 mmol/L 高 H2O2浓度组凝胶微

观结构的网孔更多且孔径更大，大面积的孔壁发生

断裂，网络结构破坏严重，蛋白胶束的聚集增加，

且更不均匀（图 3c）。这可能是由于随着 H2O2浓度

的增大，肌原纤维蛋白溶解度下降，从而导致热诱
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导凝胶形成过程中蛋白过度交联，阻止活性功能基

团的有序结合，最终阻碍有序凝胶网络的形成[26]，

进而也会降低凝胶的弹性（图 2），空隙的加大也

会显著影响凝胶的保水性及质构特性（表 1）。 

 
a. 0                           b. 5.0 mmol/L H2O2                  c.20.0 mmol/L H2O2 

图 3  肌原纤维蛋白凝胶结构扫描电镜图（放大倍数 500×） 
Fig.3  Scanning electron microscope of myofibrillar protein gel (magnification 500×) 

 
2.5  蛋白氧化对凝胶水分分布及组成的影响 

从低场核磁 NMR T2 图谱可以看出（图 4），

肌原纤维蛋白凝胶 T2在 1～10 000 ms的弛豫时间

内分布有 3 个峰，这与 Goetz[30]用 NMR 研究乳清

蛋白与卵蛋白及吴烨 [18]研究兔肌球蛋白热凝胶

的结果一致。T2 值对应的 3 个峰分别对应凝胶中

3 种状态的水：结合水 T21，不易流动水 T22 及自

由水 T23，各峰与横坐标面积百分比即为各组分水

所占百分含量，分别记为 P21，P22，P23。从各峰

面积积分的结果可知，H2O2 浓度对结合水含量

P21 影响不大（P＞0.05）；不易流动水含量 P22

随 H2O2 浓度增加而下降，与空白对照组 P22

（ 94.03% ）相比， H2O2 浓度为 5 mmol/L 及

20 mmol/L 时，P22 分别下降了 2.87%（p＜0.05）、

5.89%（p＜0.05）；自由水含量 P23 随 H2O2 浓度

增加而增加，从空白对照组的 1.37%增加至

5 mmol/L 时的 4.25%（p＜0.05）和 20 mmol/L 时

的 7.56%（p＜0.05）。这表明，随着 H2O2 浓度的

增大，凝胶中的一部分不易流动水 “态变”为自

由水，而自由水是凝胶中结合最不紧密的水，也

是离心最易损失的水，因此，H2O2 浓度越大，自

由水含量越高，凝胶保水性越低，这与本试验关

于凝胶保水性的研究结果相一致。 

 
注：T21、T22、T23分别指凝胶中结合水，不易流动水及自由水的弛豫时间。 
Note: T21, T22, T23 represent relaxation time of bound water, immobile water 
and free water of gel. 
图 4  H2O2浓度对肌原纤维蛋白凝胶 T2弛豫时间的影响 

Fig.4  Effect of H2O2 concentration on T2 of myofibrillar 
protein gel 

 
2.6  相关性分析 

相关性分析结果显示，H2O2 浓度与肌原纤维蛋

白中羰基含量显著正相关（r=0.832，p＜0.05），

与凝胶的保水性（ r=0.884， p＜0.05）及硬度

（r=0.819，P＜0.05）显著负相关；羰基含量与保水

性显著负相关（r=0.906，p＜0.05），与白度（r=0.969，
p＜0.01），硬度（r=0.996，p＜0.01），及咀嚼性

（r=0.970，p＜0.01）极显著负相关。这表明 H2O2

浓度越高，蛋白氧化程度越严重，凝胶的白度、保

水性、硬度及咀嚼性越差（表 2）。 

表 2  各指标相关性分析 
Table 2  Correlation analysis between indexes of gel 

 H2O2 浓度 
Concentration of H2O2 

羰基含量
Carbonyl content

白度
Whiteness 

保水性 
Water holding capacity 

硬度 
Hardness 

咀嚼性 
Chewiness 

H2O2 浓度 
Concentration of H2O2 

1.000 0.832* -0.781 -0.884* -0.819* -0.783 

羰基含量  Carbonyl content  1.000 -0.969** -0.906* -0.996** -0.970** 

白度  Whiteness   1.000 0.889* 0.956** -0.979** 

保水性  Water holding capacity    1.000 0.906* 0.920** 

硬度  Hardness     1.000 0.975** 

咀嚼性  Chewiness      1.000 
注：*表示 p＜0.05 水平差异显著；**表示 p＜0.01 水平差异显著。 
Note: *represents significantly different at p＜0.05; ** represents significantly different at p＜0.01. 
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3  结  论 

在羟自由基模型体系中，H2O2 浓度（0～
20.0 mmol/L）越大，肌原纤维蛋白氧化越严重，所

形成凝胶的白度、硬度、弹性、黏聚性、咀嚼性及

保水性越低；氧化会影响凝胶的形成能力及凝胶的

微观结构，导致疏松多孔且不规则凝胶网络的形

成；同时羟自由基介导的蛋白氧化也会造成凝胶中

一部分结合紧密的不易流动水“态变”为自由流动

水，从而降低凝胶的保水力。 
综上所述，在羟自由基氧化体系中，H2O2对蛋白

质的氧化存在着明显的浓度效应，进而显著影响凝胶

特性。在肉与肉制品的加工与贮藏过程中，应尽量控

制肌肉蛋白氧化，避免其对肉品品质造成的影响。 
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Oxidation and decrease of gelling properties for meat myofibrillar 
protein induced by hydroxyl radical  

 
Li Yin, Li Xia, Zhang Chunhui※, Sun Hongmei, Dong Xianbing 

(Comprehensive Key Laboratory of Agro-Products Processing, Ministry of Agriculture, Institute of Agro-Products Processing Science 
and Technology, Chinese Academy of Agricultural Sciences, Beijing 100193, China) 

 
Abstract: Oxidation and changes of gelling properties of myofibrillar protein (MP) induced by the hydroxyl 
radical (·OH) were studied in this paper. Pork myofibrillar protein was suspended in 15 mmol/L piperazine-N, 
N-bis(2-ethane sulfonic acid) (PIPES) buffer (pH 6.0), and 0.6 mol/L NaCl, and incubated at 4℃ for 24 h with 
ferric ion (Fe3+) and ascorbic acid (Vc) at six concentrations of hydrogen peroxide (0, 0.5, 1.0, 5.0, 10.0, 20.0 
mmol/L H2O2). The indexes including protein carbonyl content and whiteness, water-holding capacity (WHC), 
and texture profile analysis (TPA) of MP gel were measured. The ability of MP to form a fine gel network was 
described in terms of shear storage modulus (G′), and it was analyzed by small strain oscillatory rheological 
testing. The microstructure of MP gel was observed by scanning electric microscopy (SEM). The transverse 
relaxation time (T2) and water distribution of MP gel were analyzed by low-field nuclear magnetic resonance 
(low-field NMR). Correlation analysis between indexes of MP gel was also performed to establish possible 
linkages between concentration of H2O2 and different parameters of MP gel in this study. The results showed that 
carbonyl content steadily increased with H2O2 concentration, increased from 1.17 nmol/mg protein (non-oxidized 
MP) to 2.82 nmol/mg protein (20.0 mmol/L H2O2). With increasing H2O2 concentration, the whiteness and WHC 
of MP gel decreased significantly (p<0.05) (89.89, 64.17% respectively for non-oxidized MP gel, 87.35, 54.77% 
respectively for 20.0 mmol/L H2O2). The texture (hardness, springiness, cohesiveness and chewiness) and shear 
storage modulus (G′) also attenuated with increasing H2O2 concentration. The SEM results demonstrated that 
oxidation of protein could significantly affect the microstructure of MP gel. The non-oxidized MP gel exhibited a 
compact and homogeneous fine network microstructure, whereas the oxidation process produced empty spaces 
and changed the compact and fine gel structure to a coarser network, and the effect increased with higher H2O2 
concentration. The low-field NMR relaxation measurement results indicated that the oxidation degree of protein 
had no effect on the bound water (T21) of MP gel but had significant effects on immobile water (T22) and free 
water (T23) of MP gel. T22 water content (P22) decreased with increasing H2O2 concentration (94.03% for 
non-oxidized MP gel, 91.16% for 5 mmol/L H2O2, 88.14% for 20 mmol/L H2O2). T23 water content (P23) 
increased with H2O2 concentration (1.37% for non-oxidized MP gel, 4.25% for 5 mmol/L H2O2, 7.56% for 
20 mmol/L H2O2). Taken together, these results demonstrate that with increasing H2O2 concentration, some part of 
the immobile water of MP gel shifts to free water, and the free water would become the potential centrifuge drip 
loss. Correlation analysis results showed that concentration of H2O2 was highly negatively correlated with 
whiteness, WHC, hardness and chewiness (p<0.05). Based on the synthetic evaluation on the testing results of the 
MP gel, it can be concluded that the ·OH will result in oxidation of MP, and have detrimental effects on the gelling 
property of porcine MP. Therefore, it is imperative to inhibit the oxidation of MP during storage and processing of 
meat to avoid losing the functional properties of porcine MP. 
Key words: proteins, nuclear magnetic resonance (NMR), meats, hydroxyl radical (·OH) oxidizing system, 
myofibrillar protein (MP), microstructure 
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A PCR based magnetic assembled sensor for
ultrasensitive DNA detection†

Wei Ma,z Honghong Yin,z Liguang Xu, Libing Wang, Hua Kuang* and
Chuanlai Xu

An ultrasensitive method for DNA detection based on magnetic

assembly induced by polymerase chain reaction (PCR) was developed.

The sensor showed a low limit of detection (LOD) of 4.26 aM with a

wide range of target DNA from 0.01 fM to 10000 fM.

Highly sensitive and selective sequence-specific DNA detection has
become increasingly important in a wide range of applications, and is
mainly used for clinical diagnostics,1 detection of pathogenic diseases
and the detection of genetically modified organisms (GMOs).2–5

Furthermore, there is also enormous potential for this technique to
be used in new drug research and development, gene therapy, food
safety testing and detecting environmental contamination.6–10 There-
fore, a simple and ultrasensitive detection method for extremely low
concentrations of nucleic acids seems to be essential to meet the
above increasing demands.

Numerous methods for the analysis and quantification of specific
DNA sequences in a large number of organisms have been developed.
Quantitative PCR is a powerful conventional tool for the detection of
trace amounts of DNA due to its excellent amplification and quanti-
tative properties, while the post-analysis of PCR products using gel
electrophoresis is time-consuming.11–16 Meanwhile, nonspecific PCR
products are very easily generated in SYBRGreen real-time PCR due to
the non-selective combination of dyes and double-stranded DNA,
which has an influence on the accurate quantification. In recent
years, various DNA biosensors based on oligonucleotide functiona-
lized nanoparticles have continued to attract considerable research
attention, because of the specific properties of nanomaterials, includ-
ing optical, electrochemical, thermometric, piezoelectric, magnetic,
fluorescent or micromechanical, all of which can be magnified and
used as detection signals for qualitative and quantitative analysis.17–26

PCR, as a useful tool with the excellent exponential amplification
power, could be combined with nanoparticles. The assembled nano-
particle superstructures induced by PCR could re-generate special

properties.27–29 PCR-based gold nanoparticle assembly also provides a
novel technique for signal magnification, which could be used in the
field of sensitive DNA detection with 0.1 fM sensitivity.30,31

As an important nanomaterial, well-established MNPs have been
widely studied in nanotechnology. MNPs have the properties of high
magnetization, super paramagnetism, a wide range of magnetic
anisotropy and can easily be functionalized andmodified with other
molecules due to the presence of various groups on their surface.32,33

Thus, the multifunctional MNPs have many applications in biology
and biomedicine, including bioseparation, detection, drug delivery
and in magnetic resonance imaging (MRI).34–39 MRI is a powerful
technique for the analysis of the location and type of nucleus in
some substances, and the internal images of objects can be drawn.
Nowadays, this technique is being widely used in clinical diagnosis
and biodetection. In particular, super paramagnetic nanoparticles
have been utilized for the detection of harmful elements and other
substances as contrast agents in MRI and fabricated NMR sensors,
which have made significant contributions to food safety, environ-
mental protection and many other fields.40–44

In this communication, we report a new strategy for the ultra-
sensitive detection of target DNA based on the magnetic relaxation
switch produced by the aggregation of MNPs. Following the hybridi-
zation of DNA-labeled monodisperse nanoparticles, it is difficult to
achieve an ultrasensitive detection level without further signal ampli-
fication. In order to improve the sensitivity of the method, PCR was
introduced to assist in the assembly of MNPs and amplify the degree
of assembly due to the exponential amplification of target DNA
(Scheme 1). The primer-modified nanoparticles were hybridized with
a DNA template in the same system imitating the reaction procedures
of a conventional PCR. Under different concentrations of target DNA,
MNPs displayed different aggregation states. When target DNA was
increased exponentially, the aggregation of MNPs increased. There-
fore, the transverse relaxation time (T2) of the surrounding water
protons in the solution was different. The greater the degree of
aggregation of the MNPs, the longer the T2 relaxation time. Further-
more, the signal intensity of MRI varied accordingly.

The magnetic nanoparticles used in our assay were
Fe3O4 nanoparticles bearing carboxyl groups with a mean dia-
meter of 8–10 nm, which were purchased from Gao’s group.45
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Their dispersibility in solution was excellent, as shown in Fig. 1(A).
The original concentration of MNPs was 1.3 mg mL�1, while the
actual amount was diluted 20 times in PBS solution containing
0.01 M sodium phosphate and 137 mM NaCl. In order to activate
the carboxyl group-modifiedMNPs and enhance the combination of
carboxyl groups of MNPs and amino groups of DNA, 0.2 mg EDC
and 0.2 mg NHS were added to 1 mL of the above MNP solution
diluted with PBS. After reacting for approximately 15 min, the
amino-modified upstream and downstream primers at a final
concentration of 4 mM, respectively, were introduced and incubated
with MNPs at room temperature with a slow shake. After six hours,
excess primers were removed by ultrafiltration (3000 MW cutoff
membrane; Millipore) for 3 min at 10000 r min�1. Ultrafiltration
was performed five times with ultrapure water to ensure that the
unbound primers were entirely removed. The residual MNPs were
re-suspended in ultrapure water and then stored at 4 1C until use.

After ultrafiltration, the zeta potential of primer-modifiedMNPs was
measured to ensure the successful combination of MNPs and DNA
fragments. The original MNPs carried negative charge owing to the
presence of carboxyl groups. When DNA possessing negative charge
was anchored on the MNPs, the total negative charge of the complex
increased on the surface of MNPs with the surrounding DNA. By
comparing the variation in zeta potential of MNPs before and
after conjugation with DNA, a 2 mV enhancement from �2.68 mV
to �4.96 mV was observed. Meanwhile, the size of MNPs after DNA
conjugation showed an obvious shift as observed from measuring the
size change (ESI,† Fig. S1). This confirmed that DNA was successfully
conjugated with MNPs through carboxyl groups and amino groups.

The whole process of MNP assembly was carried out in PCR tubes
according to the procedures of a conventional PCR. The PCR mixture
was reacted in a final volume of 50 mL. The selected target DNA was
from a specific DNA fragment of genetically modified corn MON 810.

To ensure close assembly of MNPs, oligonucleotides with 41 nucleo-
tides in length were selected as target DNA. The specificity was
confirmed by standard nucleotide BLAST on NCBI. Before PCR on
the surface of MNPs was carried out, conventional PCR was conducted
to identify the optimal PCR cycling parameters. Under the following
conditions: an initial denaturation of 2 min at 94 1C, followed by
30 cycles at 94 1C for 30 s, 60 1C for 30 s, 72 1C for 1 min, and a final
extension of 7 min at 72 1C, the PCR products showed a single target
band on agarose gel electrophoresis in the third lane (ESI,† Fig. S2).
Due to the use of amino-modified primers, the band was located at a
position above the 50 bp marker. As a result, the above PCR cycling
parameters were employed in the assembly of MNPs.

Under optimized conditions and different concentrations of
target DNA, the aggregation states of MNPs varied. At the same
time, the degree of MNP assembly displayed an increasing trend
under a certain DNA concentration during the process of MNP
PCR.With an increase in PCR cycles, the aggregation of MNPs was
greater. In Fig. 1, typical transmission electron microscopy (TEM)
images of MNP assembly for 0, 5, 10, 20, 30 cycle numbers show
the change in each assembled structure under 10000 fM of target
DNA. Primer-modified monodisperse MNPs gradually aggregated
due to amplification of the DNA template.

To estimate the alteration in diameter of the assembled MNPs,
the sizes of the formed MNPs under different concentrations of
target DNAweremeasured using dynamic light scattering (DLS). The
typical size distributions of the MNP aggregates are shown in Fig. S3
(ESI†). Following the addition of different concentrations of target
DNA to the PCR system, the size of MNPs gradually increased with
increasing target DNA 30 cycles later. The change in MNP size
distributions shown by DLS strongly indicated that the assembly of
MNPs took place through PCR and the degree of MNP aggregation
was diverse corresponding to the concentrations of target DNA.

Fig. 2(A) shows the MR images of the final PCR products at
different concentrations of target DNA. It is clear that the brightness
of the MR image gradually increased from top to bottom. This color
change can be explained by the assembly ofMNPswith the aid of PCR
amplification which induced a change in T2 relaxation time. Higher
concentrations of DNA led to the formation of more MNP aggregates,
which resulted in an increase in T2 relaxation time. Therefore, the
negative control without target DNA was dark blue and the sample

Scheme 1 The scheme of the method for DNA detection based on MNP
assembly induced by PCR.

Fig. 1 Representative TEM images of MNP assembly for different cycle numbers
under 10000 fM of target DNA: (a) 0 cycle, (a) 5 cycles, (a) 10 cycles, (a) 20 cycles,
(a) 30 cycles.

Fig. 2 The T2 value image (a) and MR image (b). (A) The detection of target
DNA: from top to bottom, the concentrations of target DNA were 0 fM, 0.01 fM,
0.1 fM, 1 fM, 10 fM, 100 fM, 1000 fM, 10 000 fM. (B) The detection of nonspecific
DNA: from top to bottom, the concentrations of nonspecific DNA were 0 fM,
0.01 fM, 0.1 fM, 1 fM, 10 fM, 100 fM, 1000 fM, 10 000 fM.
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with the highest concentration of target DNA was bright red in color.
The DNA concentration range varied from 0 to 10000 fM.

For the quantification of original DNA concentrations, these
were calculated according to the T2 values of different concen-
trations of target DNA. The standard curve of these determina-
tions was obtained by the T2 values of target DNA which ranged
from 0.01 fM to 10 000 fM. As a result, a low limit of detection of
4.26 aM was obtained in this target DNA range of 0.01 fM to
10 000 fM with an excellent correlation R2 = 0.9905 (Fig. 3).

A specificity test was performed using another type of nonspecific
DNA fragment as a template. The detected T2 valueswere not obviously
different from those of the negative control without the DNA template,
and the color of the MR image is shown in Fig. 2(B). This was due to
the fact that the primers did not recognize and hybridize with the
nonspecific DNA, therefore the DNA template was not amplified and
the primer-modified MNPs were not assembled under any of the DNA
concentrations. Thus, this method indicated that the test had perfect
specificity for detecting specific DNA fragments.

The reproducibility and reliability of this sensor were evaluated by
determining the recovery ratio of target DNA in the detection system
with lDNA. lDNA has a large and complex DNA sequence, and the
specificity of the used target DNA in this assay was compared with
lDNA from standard nucleotide BLAST on NCBI, which showed a
perfect result without repeated fragments. Therefore, lDNA could be
used to imitate a complicated environment to assess the accuracy of
this method. The target DNA was added to 10 pM of lDNA at
concentrations ranging from 0.01 fM to 10000 fM. The results, which
are shown inTable S1 (ESI†), indicated that the recoverywas satisfactory
in the range of 96.8–106%. Thus, matrix interference was negligible for
the detection of target DNA, which demonstrated the capacity of this
sensor in the analysis of real samples.

Using MRI as a detection signal, an ultrasensitive magnetic
relaxation switch sensor was developed to detect and quantify target
DNA. With the aid of PCR on the surface of MNPs, MNPs were
assembled and aggregation was different when DNA concentrations
were changed. Due to exponential amplification of the DNA template,
the sensitivity of this method was significantly improved. This sensor
is simple, highly sensitive, specific and has an extremely low LOD of
4.26 aM. In addition, a high-throughput detection level can also be
realized using a nuclear magnetic resonance spectrometer.

This work is financially supported by the National Natural
Science Foundation of China (21071066, 20835006, 91027038,
21101079, 21175034).
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Fig. 3 The standard curve of the determination of target DNA.
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Abstract Pleasant flavor and nutritional benefits of vegeta-
ble oils lead to an increase in their consumption amount. In
addition, due to being apparently similar to commercially
qualified vegetable oils (QVOs), used frying oil (UFO) is
added into it to seek high profit by the unscrupulous traders.
Thus, the authenticity assurance of commercial oil and fat
products remains a challenge to scientists both in terms of its
health and commercial perspectives. This work focused on
using low field nuclear magnetic resonance (LF-NMR) to
discriminate the adulteration of commercial corn, peanut,
rapeseed, and soybean oils with two kinds of UFOs. The
differences between the transverse relaxation distributions
(T2 distributions) of qualified oil and UFO were in the
appearance of the third peak (A), which could be assigned
to polymer products that were produced during the deep-fat
frying process and the shift of T2 value of the peaks. In
addition, the A peak area accounted for the whole area of
peaks linearly increasing along with the increase in adulter-
ation proportion. Based on the changes of peak area, a
simple linear equation was built and the determination coef-
ficients (R2) were all higher than 0.93. Therefore, as a rapid,
convenient, and nondestructive method, LF-NMR applica-
tion could be used to detect adulteration of vegetable oils
with UFO.

Keywords Edible vegetable oil . Used frying
oil . Adulteration . Low field nuclear magnetic
resonance . Relaxation time . T2 distribution

Introduction

Adulteration of edible oil is a common phenomenon in
market trade resulting from unscrupulous traders seeking
to make exorbitant profits and difficulty in detection of
mixed oils and fats (Tay et al. 2002). Due to its pleasant
flavor and nutritional benefits, the amount of vegetable oil
consumption has expanded rapidly in the last years.
Consequently, there has been a significant increase in quan-
tity of UFO yearly. As a potential adulterant to edible
vegetable oil, its determination has been an interesting study
for considerations of health hazards and market order. Many
complex physical and chemical reactions have been tak-
ing place in the UFO during the longtime high-
temperature treatment, so the physical and chemical
properties are significantly different compared to fresh
oils and fats. However, once the UFO undergoes some
refining processes such as absorption and membrane
filtration, the differences between the UFO and fresh oils
and fats are not easy to discriminate (Bhattacharya et al.
2008; Miyagi et al. 2003).

Many instrumental detection methods based on the
chemical components or physical properties of oils and fats
have been developed and applied to assess the adulteration
of oils and fats. These methods are gas chromatography
(GC) (Hajimahmoodi et al. 2005), headspace mass spec-
trometry (Lorenzo et al. 2002), high-performance liquid
chromatography (HPLC) (Cunha and Oliveira 2006), differ-
ential scanning calorimetry (DSC) (Chiavaro et al. 2008),
Fourier transform infrared spectroscopy (FTIR) (Lerma-
García et al. 2010; Zhang et al. 2012), synchronous fluores-
cence (Poulli et al. 2006), nuclear magnet resonance (NMR)
(Smejkalová and Piccolo 2010), dielectric spectroscopy
(Cataldo et al. 2010), and electronic nose (Gan et al.
2005). In addition, the combination of instrumental analysis
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with chemometrics (Zhang et al. 2006) enriched the data
processing ways and got more convincing consequences.
All of these methodologies obtained satisfactory results
and could be used to a practical situation. However, labori-
ous, time-consuming, sample devastation and expensive
instrument exist in these methods. Along with quick ad-
vancement in the development of instrument about edible
oil quality, the detection of adulteration technologies have
been progressing towards the characteristics of fastness,
convenience, simplicity, and objectiveness which are low
field nuclear magnetic resonance's (LF-NMR) advantages.

From general NMR theory (Slichter 1990; Price 1997;
Blümich et al. 2008), when a hydrogen-containing material
is placed in a uniform magnetic field and then an RF pulse is
offered, the H proton resonates and absorbs the RF pulse
energy. When the RF pulse is terminated, the H proton will
release the absorbed energy to get back to the thermal
equilibrium, and this energy liberation course is the so-
called NMR signal which can be detected by a dedicated
coil. There are two relaxation times named as longitudinal
relaxation (T1) and transverse relaxation (T2) to characterize
the time of the recovery process of energy equilibrium. T1

relaxation is also called spin–lattice relaxation which corre-
sponds to the energetic exchange between excited nuclear
spins and lattice and refers to the total energy reduction. T2

relaxation is also called spin–spin relaxation which is the
interaction among the nuclear magnetic moments (spins)
and refers to the total energy of the nuclear system that
remains unchanged (Bakhmutov 2004). Commonly, the T2

value is lower than the T1 value of the same material. For
samples with different chemical properties, such as hydro-
gen content and chemical structure of hydrogen-containing
compound, the relaxation times are different.

As a rapid, convenient, and nondestructive method, LF-
NMR has been abundantly used in food material property
measurements and quality control (Todt et al. 2001;
Micklander et al. 2002; Todt et al. 2006a) based upon
detection of the mobility and distribution of water and fat
hydrogen protons (Blümich et al. 2009) which extensively
exist in food matrix. Different kinds of protons, e.g., those
bound in free water or in more structured water or even
protons attached to lipids, proteins, and carbohydrates, can
be distinguished by LF-NMR (Pedersen et al. 2000). The
proton mobility and distribution in different compounds in
the food matrix decide the relaxation time. Therefore, meas-
urements of water content and its existing forms in food
tissue and oil content of food materials by LF-NMR were
the most interesting research items and have obtained cer-
tain consistency compared to the traditionally proposed
content test methods (Thybo et al. 2003; Sørland et al.
2004; Todt et al. 2006b).

Chemometric methods such as principal component analy-
sis (PCA) and partial least squares (PLS) have been also

successfully used to process data obtained to optimize large
and highly colinear datasets of multiecho pulse sequences from
LF-NMR (Viereck et al. 2008). PLS combined with linear
discriminate analysis (LDA) to exploit invisible changes of
the internal characteristics of blanched sweet corn yielded a
satisfactory classification rate of 94.3 % and performed well in
firmness prediction of processed sweet corn (Shao and Li
2010). Therefore, the application of chemometric methods is
a common and effective way to classify food materials.

The main objective of this study was to detect the adul-
teration of edible vegetable oil with UFO by LF-NMR
application. In addition, conventional chemical indices of
oils and fats were measured to estimate the authenticity of
the studied oils and to find the differences between the fresh
edible vegetable oils and the UFO.

Materials and Methods

Samples

Due to being commonly consumed by people, commercial
corn oil (CO), peanut oil (PO), rapeseed oil (RO), and
soybean oil (SO) were purchased from a local supermarket;
they were all pure and qualified products. Used frying oil1
(UFO1) was collected from a sales stand of twisted cruller at
the local street. Used frying oil2 (UFO2) was obtained from
local KFC stores.

Due to the deeply dark color, the raw UFO samples were
discolored by activated clay. The discoloration procedure
was conducted as follows: during the heating of raw UFO
held at 100 °C, 5–10 % activated clay was added and stirred
slowly for 30 min. Then, the mix was filtered by gauze, and
the filtrate was centrifuged at 9,000 r/min for 5 min, and the
supernatant was collected. All the oil samples were pre-
served in a refrigerator at 4 °C until analysis.

Chemicals

Activated clay, diethyl ether, ethanol, glacial acetic acid,
isooctane, cyclohexane, potassium hydroxide, phenolphtha-
lein, potassium iodide, sodium thiosulfate, starch, iodine
monochloride, and all the other chemicals used in the study
were purchased from Beijing Chemical Works Company.
All the reagents and chemicals were of analytical grade.

Instruments

An electronic analytical balance (Acculab, Sartorius, ALC-
110.4, Goettingen, Germany) was used to accurately weigh
the oil samples. A high-speed refrigerated centrifuge (GL-
20 G-II, Shanghai Anke Centrifuge, Shanghai, China) was used
to help the discoloration procedure. Transverse relaxation
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measurement was performed by an NMI20-Analyst (Niumag
Electric Corporation, Shanghai, China) equipped with a perma-
nent magnet with field strength of 0.53 Tand a probe head with
RF coil of 18 mm diameter, combined with a windows analysis
platform and integrated with an inversion of a multiexponential
fitting analysis (T-invfit) program (Wang et al. 2004).

Analysis of Chemical Indices

The three most conventional chemical indices to evaluate the
quality alteration of the studied oil samples were determined.
Acid values (AV) of the oil samples were conducted according
to the AOCS Official Method Cd 3 d-63: Acid Value (AOCS
2009a). Peroxide value (POV) of the oil samples was conducted
according to the AOCS Official Method Cd 8b-90: Peroxide
Value, Acetic Acid–Isooctane Method (AOCS 2003). Iodine
value (IV) of the oil samples was conducted according to the
AOCS Official Method Cd 1 d-92: Iodine Value of Fats and Oils
Cyclohexane–Acetic Acid Method (AOCS 2009b).

Measurement of Transverse Relaxation

UFO1 and UFO2 were proportionally added into the four
commercially QVOs, respectively. Four QVOs were set as
control, and the additional ratio between UFO and qualified
oil was set as follows: 0.5, 1, 2, 5, 10, 20, 50, and 100 %.
Each oil sample was loaded into a 1.8-ml screw-capped
plastic vial and then stored in a refrigerator set up at 4 °C
before relaxation measurement.

The plastic vial contained oil sample that was put into an
18-mm diameter glass test tube and then the tube that
contained oil sample was placed in the center of the RF coil.
The LF-NMR relaxation times were measured using the Carr–
Purcell–Meiboom–Gill (CPMG) (Carr and Purcell 1954;
Meiboom and Gill 1958) pulse sequence on the NMI20-
Analyst operating at a resonance frequency for protons of
22 MHz. The frequency offset of RF pulse was 623.29 kHz.
The relaxation measurements were carried with an τ value
(time between 90° and 180° pulses) of 200 μs. The pulse
width of 90° and 180° pulses were 24.50 and 49.00 μs,

respectively. Data from 5,000 echoes was acquired as four
scan repetitions at 31.99–32.00 °C. The repetition time be-
tween subsequent scans was 1.5 s. The dead time between the
end of the RF pulse and the beginning of sampling was 50 μs.
The received signal frequency range of the receiver was
250 kHz. The first and second signal gain adjustments were
20 and 3, respectively. After acquiring the CPMG sequence of
the oil sample, the T-invfit software was used to inverse the
obtained CPMG sequence into a spin–spin relaxation time
(T2) distribution.

Data Processing

All experiments were carried out in triplicate. A two-factor
(adulteration proportion and QVO oil variety) analysis of var-
iance (ANOVA) which was achieved by SPSS 17.0 (SPSS
Corporation, Chicago, USA) was used to analyze the data,
and linear regression analysis (LRA) and graph drawings were
conducted by origin 7.5 (OriginLab Corporation,
Northampton, England).

Results and Discussion

Chemical Index Analysis and T2 Distribution of the Oil
Samples

Chemical Indices of the Studied Oil Samples

Edible oil quality is closely related to the consumer's health
and can be showed by the conventional chemical indices.
The AVs, POVs, and IVs of the oil samples are shown in
Table 1. By means of ANOVA, there were significant differ-
ences among the AVs, POVs, and IVs of six oil samples,
respectively, except AVs between CO and SO, POVs be-
tween CO and RO, and POVs between CO and SO.
According to Codex Stan (1999), the AVs of all four
QVOs were less than 0.6 mg KOH/g oil, indicating that
they were all in the required quality limit except for PO, and
the AVs of two UFOs were higher than 0.6 mg KOH/g oil,

Table 1 Chemical indices of the studied oil samples

Indices CO PO RO SO UFO1 UFO2

AV (mg/g) 0.124±0.007e 0.731±0.005c 0.261±0.006 d 0.116±0.004e 1.568±0.021b 4.300±0.064a

POV (mmol/kg) 3.704±0.141 d,e 5.914±0.113c 3.579±0.154e 4.029±0.156 d 7.507±0.188b 8.306±0.234a

IV (g/100 g) 120.3±1.729b 101.3±1.307 d 112.7±1.307c 125.7±1.729a 92.67±0.653e 44.33±0.653 f

Each data was expressed as the mean of three measurements ± standard deviation. Different letters in the same row of different oil
samples do significantly differ (p<0.05)

CO corn oil, PO peanut oil, RO rapeseed oil, SO soybean oil, UFO1 used frying oil 1, UFO2 used frying oil 2, AV acid value, POV peroxide value,
IV iodine value
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explaining that their quality had deteriorated. POVs of all
studied oil samples were less than 10 mEq of active oxygen
per kilogram of oil, indicating that all four QVOs were
qualified because they were kept in good reservation con-
ditions before the experimental analysis, and the two UFOs
were in bad quality because they had undergone longtime
deep-frying before the experiment. It is well known that the
POV increased at the beginning and decreased after deep
oxidation (Gray 1978). IVs of all four QVOs were in the
range required by the codex standard which could state that
the unsaturated compounds have not severely degraded, and
IVs of two UFOs were much lower because the carbon–
carbon double bond broke during the deep-frying course.

All of these parameters could demonstrate that the quality
of UFOs overstepped the continued utilization range, and all
of them were the expression of the complex chemical reac-
tion products produced during the thermal treatment. As
reported by Choe and Min (2007), hydrolysis, oxidation,
and polymerization reactions were the main alterations that
occurred during the deep-frying process and result in a lot of
complex products which contribute to the bad quality of
frying oil.

T2 Distributions of the Studied Oil Samples and Theory
Analysis

T2 distributions of six unitary oil samples were measured
before the adulteration experiment, and the spectra are dis-
played in Figs. 1 and 2. According to the spectra, four
QVOs showed the same peak distribution (two peaks),
indicating that the amplitude and T2 values of the peaks

are similar. This might attribute to the resemblance of the
main triacylglycerol (TAG) component existing in oils and
fats. Nevertheless, the T2 distribution of UFO was signifi-
cantly different with that of the qualified oils which embod-
ied that the amplitude value decreased and T2 value of the
peaks shifted towards the left. Most important of all, a third
peak marked as A in the little value area of T2 clearly
appeared compared with the T2 distribution of QVO. It is
worth mentioning that the overlap among the three peaks
which indicated that the complex constituents of the oils and
fats could be attributed to the low sensitivity of LF-NMR.
However, this did not influence the detection efficiency of
LF-NMR on QVOs adulterated with UFO from the adulter-
ation detection point of view.

T2 distribution mainly depends on the homogeneity of
the magnetic field where the hydrogen proton locates,
and the homogeneity of the magnet field is mainly
determined by the main magnetic field (magnet) and
the local magnetic field (precessional motion of hydro-
gen proton) of the internal composition of the measured
material (Blümich et al. 2008; Fukui 2008). Therefore,
when the main magnetic field's intensity is stabilized, the
factor influencing T2 distribution is the research object's
constituents or the interior chemical structure of the
components in detail. For a mixture, if the molecular
sizes of the constituents are uniform, the internal mag-
netic fields where the hydrogen proton locates made by
these molecules are relatively uniform. As a result, when
the RF is withdrawn, the losing speed in coherence of
the processional motion frequency (in phase) is slow, T2

value is relatively long, and vice versa.
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Fig. 1 T2 distributions of CO
(a), PO (b), RO (c), and SO (d)
adulterated with proportioned
UFO1. (The abbreviations are
the same as shown in Table 1.
The three peaks that appeared
were marked as A, B, and C,
respectively)
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T2 distribution of oils and fats shows the spin–spin relax-
ation profile of hydrogen protons, which lie in the different
chemical structural environments of oil and fat components.
This profile reflects the speed of energy equilibrium recov-
ery process. T2 and amplitude values represent the speed and
strength of spin–spin relaxation, respectively. Generally,
hydrogen protons of different structural positions in the
same molecule have different T2 and amplitude values.
However, due to the assembly of hydrogen protons in a
similar chemical environment and the low magnetic field
strength of LF-NMR, the obtained T2 distribution of oil
sample just showed several peaks. Therefore, T2 distribution
of qualified oil had two peaks which could be assumed that
there were two types of hydrogen protons existing in differ-
ent chemical environments in the qualified oil composition.
Three peaks appeared in the T2 distribution of UFO account-
ing for three types of hydrogen protons. Thus, the appear-
ance of the A peak indicated that there was a third type of
hydrogen protons existing in UFO.

The qualified edible oil (refined) has approximately 99 %
of TAGs, and these TAGs are mainly composed of glycerol
combined with C16 or C18 of fatty acids. That's to say, the
components have good homogeneity of molecular size. Thus,
hydrogen protons have relatively similar chemical environ-
ments. UFO had undergone many complicated chemical reac-
tions and a lot of products were produced. These products
could be separated into three kinds: (i) decomposition prod-
ucts with molecular weight were less than 600 Das such as
free fatty acids, diglycerides, monoglycerides, little molecule

of alcohols, aldehydes, ketones, hydrocarbons, lactones, cy-
clic monomers, etc.; (ii) oxidized TAGs which had hydroxyl,
keto, and epoxy groups in the fatty acyl chains with molecular
weight between 900 and 1,000 Da and similar to the molecular
weight of original TAGs; and (iii) polymers with molecular
weight higher than 1,800 Da such as highly polymerized
compounds, oligomers, trimers, dimers, etc. (Paul and Mittal
1997; Sahin and Sumnu 2009). Based on the discrepancies of
the constituents and their molecular weight and the T2 distri-
bution between qualified edible oil and UFO, the A peak
could be supposed to the decomposition products or the
polymers.

On one hand, a lot of hydrogen-containing products
increased the frequency of the hydrogen protons' chemical
exchanges between the products as a result of the increase of
transverse relaxation and a lower T2 value. However, many
of these decomposition products were volatile and were lost
during the deep-fat frying course. Therefore, the appearance
of the A peak resulting in these decomposition products was
not observed. On the other hand, the most possible products
for A peak were polymer compounds like TAG dimers,
oligomers, and cyclic polymers. Due to the large molecular
structure, the free motion of hydrogen proton linked to the
polymers' molecular backbone was restricted by the effect of
steric hindrance, which made the motion degree or the
motion free path decrease. As a result, the time which was
taken by the hydrogen protons to recover the energy equi-
librium after the impact of RF was reduced, i.e., the T2 value
of the A peak was lower.
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adulterated with proportioned
UFO2. (The abbreviations are
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Discrimination of Adulteration

On the grounds of the above-mentioned T2 distribution
differences among the oil samples, the UFOs were propor-
tionally added into the qualified oils to conduct an adulter-
ation determination test. As shown in Figs. 1 and 2, T2

distributions of the two adulteration methods had the same
variation tendency. After amplifying the T2 distribution,

along with the increase of adulteration proportion, the am-
plitude values of the B peak and C peak decreased, while the
amplitude values of the A peak increased. T2 values of the A
peak, B peak, and C peak shifted left when the adulteration
proportion increased. By observation of a peaks' area, the ratio
of the A peak's area accounted for the whole area of peaks
increased along with the increase of adulteration proportion.
Along with the increase of adulteration proportion, T2 values
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respectively. The abbreviations
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of the peaks gradually decreased until they reached the min-
imum value of the whole UFO. Therefore, if the UFO was
blended into QVO, the peaks' amplitude value and T2 values
of the adulteration samples were lower than that of QVOs.

The decrease in amplitude values of the B peak and C
peak stated that the contents of hydrogen proton which
contributed to the peaks were decreased after adding UFO
into QVOs. This was consistent with decrease in TAGs
content of UFO undergoing many chemical reactions. It
was interesting that the significant decrease in the amplitude
of the B peak and C peak appeared when the UFO was
added into QVOs by a very small proportion. This might
relate to the constituent term fluctuation between QVO and
QVO adulterated with UFO, and there might be a gradient
descent of amplitude values of the B peak and C peak when
UFO was added into QVOs by a very small quantity. The
experiment of UFO quantity lower than 0.5 % had not been
referred to for the consideration of unapplicable adulteration
practice. However, as the adulteration proportion increased,
this variation tendency in the amplitude of the B peak and C
peak became slow. This might be attributed to the linear
detection range of LF-NMR which could affect the decreasing
span of amplitude values of the B peak and C peak.

Based on the above-mentioned discussions and ampli-
tude values of peak of the ith relaxation time and the ith
relaxation times of the peak by means of a spectrum analysis
software, T2 values of the A peak, B peak, and C peak were
calculated. For the objectivity of the T2 value, weighted
means of each peak's T2 value were calculated according
to the following equation:

T2 ¼
Xn

i¼1

Ai
Pn

i¼1
Ai

T2i

where T2 0 geometric weighted average transverse relaxa-
tion time, Ai 0 the amplitude value of peak of the ith
relaxation time, and T2i 0 the ith relaxation time of the
peak. The adulteration proportion was set as abscissa, and
the weighted T2 value was set as ordinate (Figs. 3 and 4). As
shown in the graphs, T2 values of the three peaks fluctuated
under the lower adulteration proportion. However, there was
a same decrease phenomenon of the T2 values when the
adulteration proportion was higher than 10 %. T2 value of
peaks was decreased in the wake of adulteration proportion
increase. The extent of the decrease of T2C was highest; T2B
takes second place and T2A was the lowest, which estimated

Table 2 Tests of between-subjects effects. Dependent variable: area ratio

Source QVO + UFO1 QVO + UFO2

Type III sum
of squares

df Mean
square

F Signifance Type III sum
of squares

df Mean
square

F Significance

Corrected model 143.443a 35 4.098 20,300.131 0.000 130.709a 35 3.735 10,210.925 0.000

Intercept 119.297 1 119.297 59,0903.782 0.000 120.397 1 120.397 32,9185.846 0.000

QVO variety 4.064 3 17.124 84,820.831 0.000 2.476 3 0.825 2,256.381 0.000

Adulteration proportion 136.995 8 1.355 6,709.912 0.000 124.663 8 15.583 42,606.177 0.000

QVO variety * adulteration
proportionb

2.384 24 0.099 492.008 0.000 3.571 24 0.149 406.826 0.000

Error 0.015 72 0.000 0.026 72 0.000

Total 262.754 108 251.132 108

Corrected total 143.458 107 130.736 107

QVO qualified vegetable oils
aR square01.000 (adjusted R square01.000)
b QVO variety * adulteration proportion means the interaction effect between QVO variety and adulteration proportion
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Fig. 5 The relationship
between area ratio of A peak
accounted for the whole peaks
and adulteration proportion of
the QVOs adulterated UFO.
(The abbreviations are the same
as shown in Table 1)
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the relaxation time to be significantly shift left to the T2

distribution of the adulterated oil samples.
The results of the ANOVA analysis were shown in Table 2.

QVO + UFO1 was taken as an example, and the significant
probabilities of QVO variety, adulteration proportion, and
QVO variety * adulteration proportion were all 0.000 which
was less than 0.05, indicating that all the QVO varieties,
adulteration proportions, and interaction effects between them
had significant influence on the area ratios. In addition, the
annotation of the corrected model showed that the multiple
correlation coefficient was 1.000, indicating that there was a
significant correlation relationship between the area ratios and
the factors. Similar ANOVA results were also seen for QVO +
UFO2. Therefore, a simple linear equation between the area
ratios and adulteration proportions was built to illustrate the
relationship (Fig. 5). As shown in the linearity curves, when
the adulteration proportions were lower than 10 %, the area
ratios had a certain fluctuation. However, in terms of the total
situation, the linearity of each curve was very clear, and the
determination coefficients (R2) of the linear equations were all
above 0.93.

The limit of detection (LOD) was calculated from the data

of Fig. 5 using the following formula: LOD ¼ 3:3σ
S , where σ

was the standard deviation of the response, i.e., the standard
error of the regression statistics; S was the slope of the cali-
bration curve (ICH Q2B 1996). After the calculations, the
LOD values were 28 % for CO + UFO1, 11 % for PO +
UFO1, 23 % for RO + UFO1, and 13 % for SO + UFO1 and
were 21 % for CO + UFO2, 14 % for PO + UFO2, 31 % for
RO + UFO2, and 21 % for SO + UFO2. From these values, it
can be seen that LODs of the applied adulterations of QVOs
were all greater than 10 %, and even the LOD of RO + UFO2

was 31 %. This might be attributed to the complex component
of the studied sample and the lower sensitivity of the LF-
NMR. However, the appearance of the A peak and the extent
of the increase of the area of the A peak could be used to
conduct qualitative and quantitative analyses for the authenti-
cation of QVOs adulterated with UFO.

Conclusions

Chemical parameters of the studied oil samples indicated
that the UFOs were deeply deteriorated which could reflect
many complex chemical reactions taking place during the
deep-fat frying process according to previous studies. By
adopting the LF-NMR to measure the transverse relaxation
profiles of QVOs adulterated with UFOs and analyzing the
measured T2 distributions, the third peak, named as the A
peak, which could be ascribed to the polymers produced
during the longtime deep-fat frying procedure, appeared in
UFO's T2 distribution, and its area increased along with
adulteration proportion increase. Meanwhile, the weighted

T2 values of the spectrum peaks were also calculated and
had a certain relationship with the adulteration proportion. A
simple linear equation was built to explain the positive
correlation between the area ratio and the adulteration pro-
portion, and R2 values were all higher than 0.93. The results
stated that the A peak and its area variation in the wake of
adulteration proportion could supply the basis for the qual-
itative and quantitative analyses of QVOs mixed with UFO.
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Effect of Water Migration between Arabinoxylans and Gluten on
Baking Quality of Whole Wheat Bread Detected by Magnetic
Resonance Imaging (MRI)
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ABSTRACT: A new method, a magnetic resonance imaging (MRI) technique characterized by T2 relaxation time, was
developed to study the water migration mechanism between arabinoxylan (AX) gels and gluten matrix in a whole wheat dough
(WWD) system prepared from whole wheat flour (WWF) of different particle sizes. The water sequestration of AX gels in wheat
bran was verified by the bran fortification test. The evaluations of baking quality of whole wheat bread (WWB) made from WWF
with different particle sizes were performed by using SEM, FT-IR, and RP-HPLC techniques. Results showed that the WWB
made from WWF of average particle size of 96.99 μm had better baking quality than those of the breads made from WWF of two
other particle sizes, 50.21 and 235.40 μm. T2 relaxation time testing indicated that the decreased particle size of WWF increased
the water absorption of AX gels, which led to water migration from the gluten network to the AX gels and resulted in inferior
baking quality of WWB.

KEYWORDS: magnetic resonance imaging (MRI), arabinoxylan (AX), gluten, water migration, whole wheat bread

■ INTRODUCTION
Whole wheat bread (WWB) is one of the fastest-growing staple
foods in Western countries.1 Many scientific studies have
confirmed its antioxidative activity and other nutritional
functions in epidemiology.2−5 However, due to the less
cohesive (also water partitioning during mixing and baking)
property of whole wheat dough (WWD) compared with that of
white dough, the baking qualities of WWB, including loaf
volume, specific volume, and interior structure (the porosity of
bread), are inferior to those of white bread,6 which has
restricted a wider acceptance of WWB by consumers.7 In Asian
countries, there are many fewer whole wheat products and a
lower market shares, leading to increased incidence rates of
chronic diseases and reduced value of grains (more grain
components go to feed).8

The relationship between the particle size of wheat bran and
the volume of bread has been investigated, but the results were
inconclusive and controversial. Some studies have shown that
the wheat bran has a negative effect on bread volume,9,10

especially small bran particles.11,12 Wheat bran particles can
deleteriously affect the gluten network, decrease dough
resilience, and impair the framework of gas cells and, thus,
gas retention. These effects can lead to low bread specific
volume and inferior baking quality.13 However, other research
has shown that bread made from smaller bran particle size flour
had a larger volume than bread made with coarser bran flour.14

Meanwhile, there were some results suggesting that bread with
the medium particle size (415 μm) of wheat bran had larger
volume than either the refined (278 μm) or the coarse group
(609 μm).9 More studies are still needed to investigate the
effect of whole wheat flour (WWF) particle size on its baking
quality.

Arabinoxylans (AX) are important nonstarch polysaccharides
that form the cell walls of cereal endosperm and bran.15 Ferulic
acid (FA) is a major phenolic acid in wheat, where it is mainly
esterified to the arabinose backbone of AX.16,17 In wheat bran,
it is concentrated in cell walls. Incorporation of ferulic acid into
arabinose residues enhances the formation of intermolecular
cross-links of AX, leading to gel formation.18 Previous research
reported that the AX gels can inhibit the formation of gluten
network by changing water distribution among gluten and
other macromolecules and result in a less extensible gluten.19

This is especially true when AX gels compete with the gluten
network for water during mixing, restraining the gluten network
from water uptake.20 Gill21 proposed the redistribution of water
from nonstarch polysaccharides to gluten during fermentation.
Jacobs7 theorized that AX tightly binds water in the dough
system, reducing the availability of water for developing the
gluten network. Roman-Gutierrez et al.22 compared the water
vapor adsorption properties of wheat flour and flour
components (pentosans, gluten, and starch) using a controlled
atmosphere microbalance, and the theoretical distribution of
water between the flour components was determined under a
water vapor environment. Roman-Gutierrez et al. demonstrated
that the water vapor adsorption properties of wheat flour
depended only on the ability of the flour components to
interact directly with the water molecules, which may not apply
to the bread dough system that traps a large amount of water
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inside macromolecular complexes formed by the swollen
components.
The magnetic resonance imaging (MRI) technique is a tool

for the noninvasive determination of moisture distribution in
high-moisture samples, including grain kernels.23 Traditionally,
MRI was applied to examine macro-water distribution and
migration in grain, such as water migration in single rice kernels
during the tempering process,24 water penetration into rice
grains during soaking,25 and water redistribution in grain
kernels during drying.26 Moreover, MRI techniques have been
developed to show the internal structure of bread, which can
simplify the complicated and time-consuming process of
sensory and visual instrumental evaluation and reduce
costs.27,28 MRI has been considered to be an accurate and
nondestructive method for visualizing the internal network
structure of bread29 and calculating the porosity of air
cells.30−32

The present work was undertaken to evaluate the effect of
WWF particle size on bread-baking performances that were
characterized by loaf volume and crumb porosity. To gain more
insight into relationships between particle size and bread
quality, a MRI technique was applied to examine the water
migration between macromolecules (AX gels and gluten). To
the best of our knowledge, despite the plenitude of hypotheses
that have been proposed concerning water migration and
competitive water absorption between AX gels and the gluten
network, no definitive evidence has been presented to support
these mechanisms. The present study’s goal was to verify the
water migration pattern and competitive water absorption
mechanism between AX gels and gluten through the MRI
technique and to confirm that it was the mechanism of inferior
loaf volume of WWB caused by refined particle size flour.

■ MATERIALS AND METHODS
Wheat Grain. Wheat grain (Zheng 9023 cultivar, harvested in

2008) was obtained from Jin Lenong Agriculture Development Co.,
Ltd. (Henan Province, China).
WWF Analysis. Ash content (12% moisture basis) was 1.60% and

protein content (12% moisture basis, N × 5.7) was 13.0%, as reported
by the supplier. Farinograph curves were obtained according to AACC
International Approved Method 54-21.
Chemicals. Bakery sugar, salt, shortening, and instant dry yeast

were purchased from a local supermarket. The chemicals used for
preparing scanning electron microscopy (SEM) samples and testing
the content of FA were of analytical grade and purchased from
Sinopharm Chemical Regent Co. (Shanghai, China).
WWF Milling. The WWF was milled from intact wheat kernel

samples using a Waring blender (DFY-400, Wenling Dade Traditional
Chinese Medicine Machinery Co., Ltd., Zhejiang Province, China) by
grinding for 5 min. The coarse flour was superfine ground by the
ultramicro pulverizer (MZF-4, Hengtai Dongqi Powder and Equip-
ment Co., Ltd., China) for 15, 25, and 35 min, respectively to achieve
the desired particle sizes. Four hundred grams WWF of each particle
size group was prepared each time. All experiments were repeated
three times.
Particle Size Analysis. The particle size distributions of WWF

obtained from different milling times were measured by the Laser
Particle Size Analyzer (S3500, Microtrac Inc., USA), and the
measurements were triplicates. The data were fitted by Origin
(version 8.5), and the average particle size was obtained from the
fitted curve.
Breadmaking. Bread loaves (each made from 150 g of dough)

were made in duplicate using AACC Approved Method 10-10B
(optimized straight-dough; AACC International, 2000) with some
adjustments. Formulation was as follows: WWF, 500 g; sugar, 30 g;
salt, 7.5 g; shortening, 15 g; and instant dry yeast, 15 g. Control bread

was prepared from a commercial white bread flour (China Oil and
Foodstuffs Corp., Qinhuangdao, Hebei, China). Commercial bread
flour quality parameters were as follows: ash content, 0.40% (14% mb)
and protein content, 14.0% (14% mb). Yeast was dissolved in water
containing 0.1% sugar at 30 °C before use. Optimum absorption of
68% was acquired from the Farinogram data (11.3% mb). Dough was
mixed in a bread mixer (hook-mixer with a 1 kg mixing bowl;
Guangzhou Chenggong Baking Machinery Co., Ltd. China).
Ingredients were mixed at speed 2 for 5−8 min (optimized in
preliminary assays). Then the dough was divided into 150 g per piece,
placed into a rectangular baking pan (10 × 5 × 3 cm), and fermented
at 27 °C for 30 min, which was adjusted from the 90 min adopted in
AACC International Approved Method 10-10B (2000) to avoid dough
collapse after a long fermentation time. Then, the dough was punched
down and proofed for 90 min (increased from 33 min, because this
was found to greatly improve the volume of WWB) at 38 °C with 85%
relative humidity in a proofing cabinet. Baking was conducted in an
oven (HXM-CS11-10, Shanghai Qingyou Industrial Co., Ltd., China)
for 25 min at 170 °C upper temperature and 210 °C bottom
temperature. After cooling for 1 h, bread samples were placed into
plastic bags and stored in a freezer at −18 °C until analyses. Bread
slices (1.0 cm) were cut by an electronic bread cutter for MRI analysis.

Evaluation of Bread Quality. Determination of Bread Specific
Volume. After cooling for 1 h at room temperature on metal grids, the
bread weight and volume were measured in triplicates. Bread volume
was determined by the rapeseed displacement method (AACC
International Approved Method 10-05). The specific volume (cm3

g−1) of bread was calculated by dividing the volume by the weight.
Calculation of the Bread Porosity from MR Images. The crumb

structure of the WWB slices was evaluated for porosity, as observed
with an MRI system (Mini MR-60, Shanghai Niumag Electronics
Technology Co., Ltd., Shanghai, China). Image analysis was performed
by the spin−echo 2D-FT method using an echo time of 0.1 ms and a
repetition time of 0.5 s according to the testing parameters provided
by the instrument manufacturer (Shanghai Niumag Electronics
Technology Co. Ltd.). The images were recreated on a 192 × 192
matrix for 2D images, which were scanned for three layers with a 4.9
mm thickness of each layer. The porosity was calculated by the image
twice-threshold segmentation method33 using Matlab (version
R2010a) to offset the variation error caused by the signal-to-noise
ratio of the scanned images. The gray value range of image was 0−255.
The contrast of the images was adjusted and selected from the gray
value for detecting the rim of the bread sample; the pixel amount of
bread sample was designated N1. The threshold value was adjusted and
selected again for testing the internal gas cell of the bread; the pixels
lower than the threshold were counted and designated N2,
representing the gas cells of the bread crumb. Therefore, the pixels
that were higher than the threshold represented the backbone
structure of the bread. The porosity can be calculated from eq 1
provided by the instrument manufacturer (Shanghai Niumag
Electronics Technology Co. Ltd.). N is the number of pixels, Spixel is
the physical area of a single pixel, and h is the thickness of a bread
cross section. Vpore is the total volume of the gas cells, and Vtotal is the
total volume of the bread, including the gas cell volume and the
volume of bread crumb.

⌀ = × = × = ×
V

V

N S h

N S h
N
N

100% 100% 100%MRI
pore

total

2 pixel

1 pixel

2

1

(1)

Evaluation of Effect of WWF Particle Size on Bread-Baking
Quality. SEM. The interaction between the wheat bran and gluten
matrix was observed by scanning electron microscope (Quanta-200,
FEI Co., Ltd., USA). The WWD (dough samples were taken after they
were properly mixed during the bread-baking process) was fixed with
aqueous 3.0% (v/v) glutaraldehyde for 72 h and washed six times with
0.1 M sodium phosphate buffer (pH 7.2) followed by aqueous 1.0%
(w/v) OsO4 for 2 h at 4 °C. Samples were then rinsed for 1 h in
distilled water and dehydrated in a graded acetone series in five steps.
After drying with a critical point dryer, the samples were mounted on
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bronze stubs and sputter-coated with gold (50 Å thick). Then
specimens were observed and photographed with an accelerating
voltage of 5.0 kV and viewed at magnification levels of 1200×.
Fourier Transform Infrared Spectroscopy (FT-IR). Three doughs

(100 g/each) were produced by mixing three different particle sizes of
WWF with 68% D2O (w/w) (for deducting the background of the
pure water) for 3 min using the same bread mixer as described
previously. The secondary structure of gluten protein in WWD was
determined in triplicates by FT-IR (NEXUS, Nicolet Co., Ltd., USA).
The data were processed by Omnic and Peak Fit software (version
4.12).34

Determination of FA Content by Reversed Phase High-
Performance Liquid Chromatography (RP-HPLC). Extraction of
FA from WWF. WWF (2 g) and distilled water (11.3 g) were weighed
into a 250 mL shake flask, and the mass fraction of WWF was 15% (w/
w). Thermostable α-amylase (0.002 g; 30 U/mg, Novozyme,
Denmark) was added. The starch component in WWF was hydrolyzed
in ab 84 °C thermostatic water bath for 40 min. The α-amylase was
inactivated in a 100 °C boiling water bath for 10 min. After the
samples were hydrolyzed, alkali protease (0.001 g, 100 U/mg,
Novozyme) was added to the solution, the pH value was adjusted
to 8.0 with sodium hydroxide (1.5% w/v), and the mixture was shaken
in a water bath (55 °C) for 120 min. After hydrolysis by alkali
protease, the enzyme was inactivated by a 100 °C boiling water bath
for 10 min. Glucoamylase (0.5 mg; 100 U/mg, Novozyme) was added,
and the pH of the solution was adjusted to 4.5 with 2 mol/L
hydrochloric acid. The samples were shaken in a water bath (60 °C)
for 120 min, after which the glucoamylase was inactivated in a boiling
water bath for 10 min. The suspension was centrifuged at 4 °C for 15
min at 5000 rpm, and the residue was decanted into another 250 mL
shake flask. Finally, 150 mL of sodium hydroxide (1.5% w/v) was
added for alkali hydrolyzation in a water bath (85 °C) for 2 h. The
suspension was centrifuged for 15 min at 8000 rpm. The pH of the
supernatant (5 mL) was adjusted to 2.5 with 2 mol/L hydrochloric
acid. The FA was extracted by 10 mL of diethyl ether for 5 min, and
the diethyl ether was evaporated using a rotary evaporator (RV 10
basic, IKA, Germany) at 45 °C. The FA extract was dissolved by 2 mL
of methanol. All of the experiments were conducted in three replicates.
RP-HPLC Analysis of FA. The FA extract was identified and

quantified in triplicate by RP-HPLC (Agilent Technologies, Palo Alto,
CA, USA) with UV−diode array absorption. The samples were eluted
using a Lichrosphere C-18 (2.1 × 250 mm) column at 30 °C. The
mobile phase was 70:30 (v/v) acetonitrile/water with 0.05%
trifluoroacetic acid (TFA). The flow rate was 0.8 mL/min, and the
detection wavelength was 320 nm. The concentration of FA standard
(HPLC ≥ 98%; supplied by Shanghai Yuanye Biotechnology Co., Ltd.,
Shanghai, China) was 1 mg/mL, and the injection volume was 1 μL.
All solvents were of HPLC grade and filtered through a 0.45 μm
membrane. The FA content of samples was calculated from the peak
area.35

Determination of T2 Relaxation Time by NMR. The relaxation
measurements were performed on a Niumag Desktop Pulsed NMR
Analyzer (Shanghai Niumag Electronics Technology Co. Ltd.) with a
magnetic field strength of 0.54 T and a corresponding resonance
frequency for protons of 23.01 MHz. The NMR instrument was
equipped with a 60 mm probe. Transverse relaxation (T2) was
measured using the Carr−Purcell−Meiboom−Gill (CPMG) pulse
sequence, with a τ value (time between the 90° and 180° pulses) of 75
μs. Data from 2000 echoes were acquired as eight-scanned repetitions.
The repetition time between two successive scans was 2 s. All
relaxation measurements were performed at 25 °C. The T2 relaxation
time was analyzed by the distributed exponential fitting analysis using
the Multi Exp Inv Analysis Software developed by Niumag Co., Ltd.,
China. A continuous exponentials distribution of the CPMG
experiment was defined by eq 2

∫= τ
∞

−g A T T( ) e di
T

0

/i
(2)

where gi is the intensity of the decay at time τi and A (T) is the
amplitude of the component with transverse relaxation time T.

Equation 2 was solved using Multi Exp Inv Analysis software by
minimizing the function 3

∫ ∑λ− +τ

=

−

=

⎜ ⎟⎛
⎝

⎞
⎠g f T fe di x

m

x
T

x

m

x1

/
2

1

2i x

(3)

In formula 3, λ is the weighting and λ∑x = 1
m f x

2 is a linear combination of
functions added to the equation to perform a zero-order
regularization.36 The data were pruned from 2000 to 200 points
using sampling pruning. This analysis resulted in a plot of relaxation
amplitude for individual relaxation processes versus relaxation time.
The time constant for each peak was calculated from the peak position,
and the corresponding water contents were determined by cumulative
integration. All calculations were measured using an in-house program
written in combination of Matlab (Mathworks Inc., Natick, MA, USA)
and Delphi (Borland, USA).

Three grams of bread dough prepared as described under
Breadmaking was taken and placed into a test tube immediately
after mixing. The water migration between AX gels and gluten in
WWD systems with different particle size flours was observed using
the NMR system that is represented by spin−spin relaxation times
(T2).

■ RESULTS AND DISCUSSION
Effects of WWF Granulation on Bread Volume and

Specific Volume. Generally, flour particle size that was
measured by the laser particle size analyzer was a multipeak
distribution. To obtain the average particle size of flour, the
normal multipeak data were further processed with Origin
software to fit a Gaussian distribution curve. The average
particle sizes of the flour were the peak values of the fitted
curves (Figure 1). The average particle sizes of three types of

WWF from the milling experiment were 50.21 μm (A), 96.99
μm (B), and 235.40 μm (C), respectively. The average particle
size of commercial bread flour (control) was 91.20 μm.
In the baking experiment, the effect of WWF of different

particle sizes on baking quality was investigated. The results
showed that the volume and specific volume of bread from
WWF were lower than those of the white bread (Table 1). In
addition, the WWB made from a medium particle size (96.99

Figure 1. Fitted particle size distribution curves of whole wheat flour
(WWF): (A) WWF with an average particle size of 50.21 μm, which
was superfine ground by the ultramicro pulverizer for 15 min; (B)
superfine ground for 25 min, average particle size of 96.99 μm; (C)
superfine ground for 35 min, average particle size of 235.40 μm. The
average particle size of the control flour (commercial flour) was 91.20
μm.
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μm) WWF had larger volume and specific volume than those of
the coarse (235.40 μm) or refined groups (50.21 μm).

Effect of WWF Granulation on the Porosity of WWB.
Three-layer scanned images (Figure 2) of WWB cross sections

were examined by the MRI system. The breads were baked
from WWF of particle sizes of 50.21 μm (Figure 2A), 96.99 μm
(Figure 2B), 235.40 μm (Figure 2C), and the control group
(made from the commercial white flour) (Figure 2D),
respectively. The bright areas of the images were gas cells,
whereas the dark parts were bread skeleton. The greatest
number and best distribution of gas cells were observed in the
control group (Figure 2D) due to noninterference of wheat
bran in the structure of the gluten network. Figure 2B shows
more gas cells and better gas cell distribution than Figure 2A,C,
especially on the second scanned layer, but slightly fewer than
the control group. Although the differences of bright area
between panels A and C of Figure 2 were not significant, the
distribution of gas cells can still be observed. Also, the
calculation of porosity can give secondary proof of the
differences more precisely. The porosity (Table 2) calculated

by the twice-threshold segmentation method also showed a
similar trend. The breads made with WWF of particle size of
96.99 μm had a better crumb structure and baking performance
than the other two WWF with larger or smaller bran particle
sizes, but was second to the control group. The large particle
wheat bran in WWF (235.40 μm) caused shearing and diluted
the gluten matrix, inhibiting the formation of the gluten
network and the structure and integrity of gas cells, which led
to reduced gas retention by gluten protein membrane.37 Thus,
an uneven distribution of gas cells was formed during the
releasing process of CO2 gas in the early stage of baking. Small
particles of wheat bran had a less destructive effect on the
formation of the gluten network. However, Figure 2C also
shows that the WWB with the smallest bran particle size had
less porosity than the medium bran size group. To explain this
phenomenon, we tentatively proposed that the dispersion of
certain active compounds increased with the refinement of
WWF particle size, especially the FA (a component of the AX
gels), which has the ability to strengthen the AX gels.38 Due to
the better water sequestering capability of the AX gels than of
the gluten matrix, the AX gels competed for water with the
gluten network in WWD.20 Thus, the formation of gluten was
inhibited, because sufficient water for adequate protein
hydration is a prerequisite for the development of gluten
network. The quality of the gluten network determines the
baking performance, so the fine particle size WWF (50.21 μm)
led to less porosity than the medium particle size groups.
The competitive water sequestering between the AX gels and

gluten network in the dough system was confirmed by the
measurement of T2 relaxation time using the MRI technique as
detailed under Determination of T2 Relaxation Time by NMR.

Effect of WWF Granulation on the Gluten Network.
Wheat bran can dilute and disrupt the gluten network, impair
gas retention and bread texture and appearance,7 and decrease
the degree of softening and loaf volume.39 Figure 3 shows
various effects on the gluten network by wheat bran of various
particle sizes: 50.21 μm (A), 96.99 μm (B), 235.40 μm (C),
and 91.20 μm (control, D), respectively. In Figure 3A, a
continuous and compact gluten network was observed resulting
from the small particle size of the wheat bran. The continuous
gluten matrix provided the precondition for superior baking
quality, but an excessively compact gluten matrix was
detrimental in obtaining good loaf volume.40 In Figure 3B,
the particle size of the bran was increased (indicated by the
arrow), the shearing effect on the gluten matrix was increased,
and the gas retention ability was weakened. In Figure 3C, the
large particle size of wheat bran (indicated by the arrow) was
present in the dough system; it sheared the gluten matrix
significantly. The internal structure of the gluten network was
fractured, discontinuous, and full of “clutter holes”. During the
fermentation and proofing stages of the baking process, the gas
cells expand into an open network of pores.41 The fragmented
gluten network was unable to retain the CO2 gas, and the gas
was released in the early stages of breadmaking,42 leading to
small bread volume and inferior baking results.

Effect of WWF Granulation on the Secondary
Structures of Gluten Protein. Seyer and Gelinas proposed
that the deleterious effect on the gluten matrix of large wheat
bran particles could be attributed to the breakage of secondary
structure of gluten macropolymer during dough kneading.43 To
confirm this hypothesis, the dough system was investigated by
FT-IR. The secondary structures of gluten protein (Table 3)
are the α-helix, β-sheet, β-turn, random coil, and β-antiparallel.

Table 1. Volume and Specific Volume of Whole Wheat
Bread Baked from Whole Wheat Flour of Different Particle
Sizesa

particle size
(μm) volume (cm3) weight (g)

specific volume
(cm3/g)

controlb 311.7 ± 16.1 a 61.2 ± 1.8 a 5.1 ± 0.2 a
50.21 193.3 ± 7.6 c 57.1 ± 0.8 c 3.4 ± 0.2 c
96.99 250.0 ± 13.2 b 59.2 ± 0.6 b 4.2 ± 0.2 b
235.40 223.3 ± 5.8 b 59.7 ± 2.0 b 3.7 ± 0.1 b

aData are the mean value ± standard deviation. Values in the same
column with the same letters are not significantly different (P < 0.05).
bThe control groups were made with commercial white flour. The
average particle size of the control flour was 91.20 μm.

Figure 2. Weighted density of proton images scanned for three layers
by the MRI system and processed using the threshold segmentation
method: (A, B, C, D) scanned images of longitudinal sections of bread
baked from whole wheat flour of particle sizes of 50.21, 96.99, 235.40,
and 91.20 μm (control), respectively. The bright area of the scanned
images is gas cells, and the dark part represents the bread skeleton.
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The content of α-helix, β-sheet, β-turn, and β-antiparallel
increased with the refinement of bran (reduction in particle
size) contained in the WWF, while the content of random coil
showed the opposite trend. Textural properties of gluten
protein are mainly determined by the amount and balance of

weak and strong physical linkages, hydrogen bond, hydro-
phobic interactions, electrostatic forces, covalent bonds, and
disulfide bonds in dough system.44 The secondary structures of
gluten protein play an important role in forming the gluten
network structure. Hydrogen bonds can be broken easily by

Table 2. Calculation of the Porosity of Whole Wheat Bread Cross Section, Scanned by Magnetic Resonance Imaging, Processed
Using the Threshold Segmentation Methoda

particle size (μm) scanned layers threshold value 1 N1 threshold value 2 N2 porosityb (%)

control (91.20) 1 30 134290 5 58218 37.74 ± 5.25
2 40 128756 5 64332
3 40 128096 5 48364

50.21 1 50 208517 10 37163 33.35 ± 9.32
2 40 217024 10 56776
3 40 211807 10 36215

96.99 1 50 123669 5 88162 38.21 ± 9.22
2 50 136608 5 60010
3 50 125912 5 94685

235.40 1 80 154704 80 43971 29.96 ± 5.08
2 70 149476 50 39200
3 80 148623 80 32288

aThe pixels of twice threshold segmentation are represented by N1 and N2. Each bread sample was scanned for three layers. bData are the mean
value ± standard deviation.

Figure 3. SEM images of whole wheat dough prepared with flour particle sizes of 50.21 μm (A), 96.99 μm (B), 235.40 μm (C), and 91.20 μm
(control) (D), respectively. The arrows point to the wheat bran particles.

Table 3. Content of Secondary Structure (α-Helix, β-Sheet, β-Turn, Random Coil, and β-Antiparallel)a of Gluten Protein in
Whole Wheat Dough Prepared with Flour of Different Particle Sizes

peak frequency (cm−1) percentageb (%)

flour particle size: 50.21 μm 96.99 μm 235.40 μm 50.21 μm 96.99 μm 235.40 μm

α-helix 1655.8 1656.7 1657 26.74 ± 2.75 26.60 ± 2.03 24.08 ± 1.21
β-sheet 1617.2/1632 1617/1631.7 1617.1/1630.2 23.60 ± 2.66 23.18 ± 1.92 21.32 ± 1.07
β-turn 1668.9 1669.5 1668.2 19.21 ± 1.37 18.70 ± 1.46 17.19 ± 0.86
random coil 1644.5 1644.7 1648.6 20.10 ± 1.40 21.41 ± 2.05 28.14 ± 1.15
β-antiparallel 1681.5 1682 1681 10.35 ± 0.79 10.11 ± 0.89 9.27 ± 0.54

aThe content of secondary structure of gluten protein was determined by FT-IR, represented by the percentage of peak area calculated from the
fitted infrared spectrum. bMean ± standard deviation (three replications).

Table 4. Content of Ferulic Acid Determined by RP-HPLC in Whole Wheat Flour of Different Particle Sizes

particle sizea

50.21 μm 96.99 μm 235.40 μm standard sample

peak area 6691.6 ± 6.4 2870.0 ± 5.7 1816.7 ± 4.4 7293.8 ± 0.5
FA content (mg/mL) 0.9200 ± 0.0010 0.3900 ± 0.0008 0.2500 ± 0.0006 1.00

aMean ± standard deviation (three replications).
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wheat bran during kneading,19 so the orderly secondary
structures of proteins can be split into disordered structures
like random coils. The higher content of α-helix, β-sheet, β-turn
and β-antiparallel structures in the refined particle size of
WWD, compared to the coarse group, suggested the
conformation of gluten structure of refined particle size was
more stable.45 These results indicate that the large particle size
of WWF, especially the wheat bran with hard texture, had more
severe shearing effect on gluten proteins.
Effect of WWF Granulation on the Content of Ferulic

Acid. To investigate the mechanism through which WWF of
refined particle sizes had a destructive effect on the volume of
bread, the content of FA (Table 4) was determined by RP-
HPLC. Results showed that with the decreasing particle size of
WWF, more FA was released from the wheat bran to
participate in oxidative gelation. This can be attributed to the
disruption of cells and the increased specific surface area of
wheat bran.37 Considering this theory, we confirmed that the
strength of AX gels would increase with reducing particle size of
WWF. This observation confirmed the hypothesis of
competitive water sequestration between the AX gels and the
gluten network, which verified that the bread made with refined
particle size WWF had less porosity.
Demonstration of Water Migration between AX Gels

and Gluten by T2 Relaxation Time. To confirm that water
migration and competitive water sequestration between the AX
gels and gluten matrix were the primary causes for the inferior
baking quality of WWF, the T2 relaxation times of WWD with
different particle size flours (Table 5) and wheat bran additions
(Table 6) were examined by MRI.
The T2 relaxation time graph includes three peaks: T21 (0−1

ms), T22 (1−100 ms), and T23 (100−1000 ms), which
represent bound water, immobilized water, and free water,
respectively. The X-axis of the T2 relaxation time represents the
water activity in the food system. A longer T2 relaxation time
indicates a higher degree of water freedom. The Y-axis in the T2
graph represents the signal amplitude of protons. The peak area
of T2 represents the relative content of hydrogen protons and
the water absorption by hydrophilic components. The data
(Table 5) show that the proportion of T21 peak area percentage
had a negative correlation (r = −0.991) with the decrease in
particle size of the WWF. A positive correlation (r = 0.996) was
found between the proportion of T22 peak area percentage and

the average particle size of WWF. There was no change in the
peak area proportion of T23. On the basis of the measurement
of T2 relaxation time from MRI, we inferred that the T21 peak
area may represent the amount of water bound by the esterified
AX, essentially the cell wall material. The AX gels sequester
water and make it unavailable to migrate freely,46 but there is
no effect on water activity (free water). These results implied
that the content of FA that participated in an oxidative gelation
reaction increased with the decrease in particle size of the
WWF. The AX gel strength was reported to have a positive
correlation with the content of FA;35 therefore, as the particle
size of the WWF decreases, the AX gels will be strengthened
because of increased unesterified FA. In addition, AX gels
contain many hydrophilic groups such as hydroxyl groups,
which bond with water molecules through hydrogen bonds.47

Although the porous structure of the gluten network also had
strong water absorption ability,48 the water retention ability of
the gluten network is weaker than that of the AX gels, and the
AX has much greater water-holding capacity than gluten
proteins;49 therefore, water tends to move from the gluten
matrix to AX gels. It was hypothesized that the AX gels
sequestered water, limiting the amount of water available to
participate in gluten formation in the bread dough,50 and the
amount of AX gel influenced dough stickiness and water
retention capacity.51

T22 may represent the water trapped in the gluten network
(immobilized water), which was the major existing form of
water. T23 may represent the free water distributed in the matrix
between the AX gels and the gluten network in the WWD
system. The amount of free water remained constant during the
entire water migration process between the AX gels and the
gluten network, which indicated that the amount of water lost
from the gluten network was similar to the amount of the water
obtained by the AX gels. This observation was in agreement
with the fact that the AX gels only sequester water and do not
affect water activity. This form of free water may be thought of
as “water migration channels” between the AX gels and the
gluten matrix.
The water sequestration competition mechanism between

the AX gels and the gluten matrix, as well as the identification
of each peak in the T2 relaxation time experiment, was
confirmed by the study of wheat bran addition (Table 6). The
proportion of T21 peak area percentage had a positive

Table 5. T2 Relaxation Time Distribution of Whole Wheat Dough of Different Flour Particle Sizes

particle size

50.21 μm 96.99 μm 235.40 μm

T21 T22 T23 T21 T22 T23 T21 T22 T23

percentage 0.0891 0.9042 0.0071 0.0563 0.9180 0.0123 /a 0.9880 0.0122
SDb 0.0011 0.0020 0.0005 0.0008 0.0020 0.0008 / 0.0030 0.0007

a/ indicates that no signal was detected. bSD, standard deviation.

Table 6. T2 Relaxation Time Distribution of Whole Wheat Dough with Added Wheat Bran

bran addition

controla 20% 40% 60%

T21 T22 T23 T21 T22 T23 T21 T22 T23 T21 T22 T23

%b /c 0.9981 0.0020 / 0.9892 0.0111 0.0274 0.9590 0.0143 0.0293 0.9571 0.0142
SDd 0.0028 0.0001 0.0030 0.0002 0.0001 0.0022 0.0001 0.0006 0.0025 0.0001

aThe control groups were made with commercial white flour. bPercentage of each peak area in total areas (T21, T22, and T23).
c/ indicates that no

signal was detected. dSD, standard deviation.
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correlation (r = 0.888) with the increase in wheat bran addition
in white flour dough (Table 6); a negative correlation (r =
−0.893) was shown in the proportion of T22 peak area
percentage. However, T22 and T23 had strong signals in dough
systems that contained additional wheat bran. In the control
group and the dough with 20% wheat bran added, no T21 peak
was detected due to its weak signal. When the addition of wheat
bran was increased to 40%, T21 signals were detected.
In conclusion, the water migration from the gluten network

to AX gels as determined by the MRI technique confirmed that
it was the main cause leading to the inferior baking quality of
whole grain bread made with the refined particle size WWF.
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a b s t r a c t

In order to ensure the safety of infant formula powder in China, a rapid and sensitive detection method
for food-borne bacteria is urgently needed. We have developed a reliable immunoassay based on nuclear
magnetic resonance for the specific detection of Enterobacter sakazakii in dairy samples with bio-
functionalized magnetic nanoparticles. This method is able to detect Cronobacter sakazakii in milk
powder and cheese samples at 1.1 to 11 MPN using the most-probable-number (MPN) assay, within an
incubation period of less than 2 h. Longer incubation time (>4 h) or higher pH (>7) will decrease the
sensitivity of this method. This method does not fit for the detection of bacteria at higher concentrations
(>1100 MPN). This method has great potential to becomea useful tool for the rapid detection of bacterial
contaminations in food, environmental and agricultural samples.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Cronobacter sakazakii, which was formerly known as “yellow-
pigmented Enterobacter cloacae”, is a motile, peritrichous, Gram-
negative food-borne pathogen. Since its first report in 1958, this
bacteria has been shown to be responsible for severe necrotizing
enterocolitis (Klostranec & Chan) (NEC), bacteraemia and menin-
gitis, with case fatality rates ranging between 40 and 80% as re-
ported (Bowen & Braden, 2006; Friedemann, 2009; Yan et al., 2012).
This bacteria has also been reported to associate with life-
threatening infections in low-birth-weight babies (Farmer Iii,
Asbury, Hickman, & Brenner, 1980). Traditional methods for the
identification and quantification of C. sakazakii generally require

multiple steps of enrichment and biological tests, which can take as
many as 6e7 days to finish. In recent years, a number of rapid
methods have been developed to detect C. sakazakii (Almeida et al.,
2009; Iversen, Lancashire, Waddington, Forsythe, & Ball, 2006; Liu
et al., 2012), such as multiplex polymerase chain reaction (PCR)
assay (Chen, Song, Brown, & Lampel, 2010; Hassan et al., 2007),
infrared spectroscopy (Lin et al., 2009), fluorescence in situ hy-
bridization (Almeida et al., 2009), DNA microarray (Wang et al.,
2009), and sandwich enzyme-linked immunosorbent assay (Park
et al., 2012). Although these methods can achieve high specificity
and low minimum detection limit for the detection of C. sakazakii,
they are excessively expensive and complicated to be utilized in
industrial settings. Therefore, it is necessary to develop a rapid,
sensitive, accurate, and cost-efficient detection assay in the dairy
industry.

With the development of nanotechnology, superparamagnetic
nanoparticles, conjugated with oligonucleotides, small molecules,
peptides and antibodies, have been attracting attention because of
their inherent magnetic features and potential applications in the
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medical, environmental and food sciences (Kaittanis, Nath, & Perez,
2008;Merkoci, 2010; Yang et al., 2011). Noticeably, the utilization of
these nanoparticles also offers a unique alternative for the detec-
tion of bacterial targets to improve detection sensitivity, and
reduced preparation time with smaller samples (Esteban-
Fernández de Ávila, Pedrero, Campuzano, Escamilla-Gómez, &
Pingarrón, 2012; Kim, Josephson, Langer, & Cima, 2007; Perez,
Josephson, O’Loughlin, Högemann, & Weissleder, 2002; Perez,
Simeone, Saeki, Josephson, & Weissleder, 2003). Mechanistically,
this technology is based on nuclear magnetic resonance-based
magnetic relaxation switches (MRSw). In the presence of molecu-
lar targets with changes in the spinespin relaxation time of water
(T2), magnetic nanoparticles (NPs) are switched from a dispersed
state to a clustered state. This switch (MRSw) has been shown to be
able to detect nucleic acid and protein targets with high sensitivity
(Josephson, Perez, & Weissleder, 2001; Josephson, Tung, Moore, &
Weissleder, 1999; Kaittanis, Naser, & Perez, 2007; Kaittanis,
Santra, Asati, & Perez, 2012).

The utilization of MRSw biosensor has been explored in a series
of practical applications, including the detection of viruses and
bacteria. A report on the detection of microcystin-LR in the water of
Tai Lake (Jiangsu Province, China) based on the relaxation of mag-
netic nanoparticles has achieved a detection range of 1e18 ng/g
(Ma et al., 2009). Koh and his colleagues demonstrated that the
limit value of “projected sensitivity concentration” could be
significantly reduced to 1.4 � 10�4 nm when using a high-
sensitivity MRSw biosensor to detect the influenza antibodies
(Koh, Hong, Weissleder, & Josephson, 2008). Kaittanis and col-
leagues established immuned magnetic beads probes to identify
Mycobacterium avium spp. Paratuberculosis in milk and blood
samples and demonstrated that the detect limit reached as low as
15.5 MPN (Kaittanis et al., 2007). Using cationic-magnetic beads as
sensors, C. sakazakii can be detected at 1e5 MPN/500 g of infant
milk formula in less than 24 h (Mullane et al., 2006).

In this paper, we report a novel method for the rapid detection
of C. sakazakii in dairy products with high sensitivity. We con-
structed a C. sakazakii specific NMR biosensor by coupling a poly-
clonal rabbit anti-C. sakazakii antibody to superparamagnetic iron
oxide nanoparticles. We found that as the number of bacteria
increased in the solution, the increased C. sakazakii epitopes
interacted with more magnetic nanoparticles in the solution,
therefore causing substantial changes in the T2 value. This simple
method has yielded high detection sensitivity for C. sakazakii and
thus can potentially be developed into a rapid detection tool for
infectious food-borne bacteria.

2. Materials and methods

2.1. Reagents

Polyclonal rabbit anti-C. sakazakii antibody (6.82 mg/mL) was
prepared by Shanghai Youke Biotechnology Co. Limited. 1-[3-
(dimethylamino)-propy-3-ethylcarbodiimide HCL (EDC$HCL) and
N-hydroxy-succinimide (NHS) were purchased from SinopHarm.
Nutrient broth medium (Restaino, Frampton, Lionberg, & Becker,
2006) and blood agar were provided from Beijing Land Bridge
Technology Co. Ltd. Chemical reagents and salts were supplied by
Shanghai Ling Feng Chemical reagent Co. Ltd.

2.2. Synthesis of magnetic beads

The synthesis of superparamagnetic nanoparticals (Fe3O4) was
implemented by a previously reported method (Ma et al., 2009).
Synthesis of Fe(acac)3 Precursor: according to literature, Ferrum (a)
acetylaceton ate was synthesized. A 20 mL aqueous solution of

FeCl3 (3.25 g, 20 mmol) was added with 2, 4-pentanedione
(12.3 mL, 120 mmol) under magnetic stirring. After 15 min, trie-
thylamine (6.0 mL) was added to the above mixture. Red pre-
cipitates were filtered off to give a crude product. The product was
recrystallized in a mixture of ethanol and water to yield pure
Fe(acac)3 crystals. The crystals were dried at 80 �C under vacuum
and then stored at a desiccator before use.

Preparation of Fe3O4 nanoparticles: A slurry of Fe(acac)3 (1.06 g)
was dissolved in 15 mL oleylaminein and 15 mL phenylate in a
100 mL three-neck flask. The mixture solutionwas heated at 110 �C
for 1 h, then was refluxed at 210 �C for 30 min, thereafter was
continued to be heated to 300 �C and maintain 1 h. The above steps
were all under a nitrogen atmosphere. The resulting mixture was
cooled down to room temperature to form a black suspension. After
centrifugation at 12,000 rpm for 10 min, the supernatant was
removed and a black precipitate was obtained. The resulting black
precipitate was washed with ethanol three times to acquire pure
Fe3O4 NPs. Finally, the Fe3O4 NPs were dried in vacuum at 120 �C
before use.

To empower the magnetic beads with broad compatibility to
biomacromolecules, formation and functionalization of Fe3O4@SiO2
nanocomposite particles steps were carried out. Igepal CO-520
(2.0 g, 4.75 mmol) was dispersed in cyclohexane (35 mL) by soni-
cation until the mixture turned to limpidity. Dry Fe3O4 NPs (10 mg)
were added to the above solution. The resultingmixturewas stirred
vigorously to disperse the NPs, and ammonium hydroxide (29.4%,
0.35 mL) was added to form a transparent and black solution of
reverse microemulsion. TEOS (0.2 mL) and APS (35uL) were added,
and the mixture was gently stirred. The reaction was continued for
48 h at room temperature. The resulting Fe3O4@SiO2-NH2 NPs were
precipitated by addition of acetone and were collected by centri-
fugation at 12,000 rpm for 10 min. The collected Fe3O4@SiO2-NH2
NPs were dispersed in ethanol or water and purified by repeating
the centrifugation and redispersion process. The size, distribution
and morphology of the amino-modified silica-coated Fe3O4 were
characterized by atomic force microscope (AFM).

2.3. Coupling the antibodies to the magnetic beads

The amino-modified silica-coated Fe3O4 was used to conjugate
the antibody. According to a previous report (Ma et al., 2009), 1-p-
3-ethylcarbodiimide HCL (EDC$HCL) and N-hydroxy-succinimide
(NHS) were used to activate the carboxyl of the antibody. In
particular, 200 mg EDC$HCL and 250 mg NHS were added into
0.1 mL anti- C. sakazakii -antibody (6.82 mg/mL). Then the mixture
was diluted into 5 mL PBS (pH 7.4). After incubation at 4 �C over-
night, 10 mg amino-modified silica-coated Fe3O4 was dispersed in
5 mL PBS (pH 7.4). Subsequently, 5 mL activated anti- C. sakazakii
-antibody was poured into the upper mixture and left to react for
4 h at room temperature. Finally, the products were separated by
magnetic separators and washed by PBS (pH 7.4) for three times,
then suspended in PBS (pH 7.4) and kept at 0e4 �C.

In order to further estimate the protein immobilization capacity
of the functional Fe3O4@SiO2-NH2 NPs, the bovine serum albumin
(BSA) was taken as a control sample. A series of known concen-
trations of BSA were measured with ultraviolet spectrophotometer
to get the OD280 values. A standard curve between known con-
centrations and OD280 values of BSAwas obtained.10 mg functional
Fe3O4@SiO2-NH2 NPs were poured into a 5 mL system with BSA of
unknown concentration activated by EDC$HCL and NHS. Then, the
mixed solutions were left at room temperature for 4 h. The BSA
immobilized by the magnetic beads was separated by magnetic
separators. The amount of the BSA proteins immobilized by the
magnetic beads was determined by measuring the absorption at
280 nm of the initial and the final supernatant.
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2.4. Bacterial culture

C. sakazakii (ATCC 29544) was used throughout this study for all
optimization and sensitivity experiments. In addition, Escherichia
coli O157 (ATCC 25922), Shigella flexneri (ATCC 51081), Salmonella
typhimurium (ATCC 14028), Vibrio parahemolyticus (ATCC 17802)
and Staphylococcus aureus (ATCC 12600) were used in competition
experiments to determine the specificity of the biofunctionized
nanoparticles. All bacterial strains were cultured in nutrient broth
(Restaino, et al. 2006). V. parahemolyticus was cultured in NB con-
taining 3% NaCl. All the bacterium were incubated at 36 � 1 �C for
18e24 h in an orbital shaker. The number of C. sakazakii, E. coil
O157, S. flexneri, S. typhimurium and S. aureus were determined by
aerobic plate count method (GB 4789.2-2010) (National food safety
standard Food microbiological examination: Enterobacter sakazakii,
2010) with plate count agar (PCA) V. parahemolyticus was cultured
on PCA containing 3% NaCl. One sample containing mixed culture
broth (1 mL of C. sakazakii, E. coil O157, S. flexneri, S. typhimurium
and S. aureus. at dilution of 106) is named cocktail culture. For safety
and controlling the number of bacteria, all the bacterial samples
were placed in an autoclave at 100 �C for 20 min after tested. 0.5%
formaldehyde was applied to inactivate bacteria in some special
tests.

2.5. Counting of bacteria

The number of bacteria was determined by the most-probable-
number (MPN) assay, using serial dilutions in Buffer peptone water
(BPW). Based on the growth observed at higher dilutions, the MPN
of survivors was calculated using a “nine-tube” technique accord-
ing to China national food safety standard (GB 4789.40-2010) (GB
4789.2-2010). The lowest bacteria concentration detected by MPN
is 1.1. And the higher concentrations were confirmed by the same
way.

2.6. MR relaxometry measurements

MR relaxometry were performed using an NMI20-Analyst
(Shanghai Niumag Corporation, Shanghai, PRC). The instrumental
parameters were set as follows: a 0.5 T magnet, point
resolution¼ 156� 156 mm, section thickness¼ 0.6 mm, TE¼ 60ms,
TR ¼ 4000 ms, number of acquisitions ¼ 1. The whole detection
procedure is shown in Fig. 1. Self-assemble of the antibody-modified
magnetic beads which can serve as magnetic relaxation switches on
the surface of a bacterial target inducing large changes in T2. As the
number of bacteria increases, the ratio of available nanopaticles that
self-assemble on the surface of one bacterium decreases, causing a

quasi-dispersed state and low values of DT2. In this procedure,
0.15 mL inactivated target bacterial sample (C. sakazakii) (having
been properly diluted) and 0.15 mL antibody-modified magnetic
bead solution (having been properly diluted) were added into the
centrifuge tube and mixed for 30 min. Then 2.7 mL 2% milk (stabi-
lizer) was poured into themixture andmixed for 30min. Finally, the
matrix was incubated at 37 �C for 1 h and determined by NMR. To
investigate the specificity of this method, E. coil O157, S. flexneri,
S. typhimurium, V. parahemolyticus, S. aureus and mixed bacterial
samples were used as contrast strains. The sample that did not
contain bacterial sample was set as a blank control.

2.7. Optimization of components ratio

In order to investigate the optimized concentration of magnetic
beads, magnetic bead titration experiment was carried out. The
density of C. sakazakii was fixed at 1.1 MPN and 11 MPN, whereas
the bead concentration was varied (0.06 mg/mL, 0.08 mg/mL,
0.10 mg/mL, 0.12 mg/mL, 0.14 mg/mL and 0.16 mg/mL). After the
incubation at 37 �C for 1 h, each sample was detected by NMR. The
value of DT2 was determined by 3 averages.

2.8. Optimization of the stabilizers and reaction conditions

To investigate the effect of stabilizer for DT2 value, four different
materials and concentrations, such as 0.05% agar, 2% milk, 0.5%
sodium carboxy Methyl Cellulose (CMC) and 0.1% Xanthan, were
used as stabilizers in NMR detection. According to the ordinary food
pH value, seven different pH gradients (pH 6e9) were set in the
experimental systems. Seven different incubation time gradients
(15 mine105 min) were also carried out. All the test samples
contained 0.15 mL antibody-modified magnetic, 0.15 mL inacti-
vated target bacterial sample and 2.7 mL stabilizer agent .The ex-
periments were carried out in triplicate.

In order to investigate the detection limit of this method, ac-
cording to the results of optimization experiments, the optimal
experiment parameters were adopted, while the concentration of
C. sakazakii was varied (1.1 MPN, 10 MPN, and 24 MPN, 48 MPN,
110MPN,1100MPN and 11,000MPN). Each samplewas detected by
NMR. The value of DT2 was determined by 3 averages.

2.9. Dairy sample preparation

This procedure was used to determine the presence of
C. sakazakii in milk powder (Light, Bright Dairy & Food Co., Ltd) and
cheese (Light, Bright Dairy & Food Co., Ltd) which were purchased
in Shanghai. C. sakazakii and two control strains (S. typhimurium
and S. aureus) were cultured overnight in a flask with 100 mL NB
broth medium at 37 �C and shaken at 100 rpm. According to the
protocol of China national standard of microbiology examination of
food hygienic determination (GB 4789.40-2010), the diluted
C. sakazakii and control strains were separately added into these
food samples to obtain microorganism-in-food samples at the
concentration level of 110 MPN. Then 100 g mixed samples were
separately diluted into 900 mL buffered peptone water (BPW) to
prepare the first concentration levels (10�1 g/mL). After that, the
liquid sample was also diluted with BPW and two other concen-
trations were 10�2 g/mL and 10�3 g/mL. And then antibody-
modified magnetic beads and stabilizer were mixed, added to
these dairy samples and incubated for 45min, 2 h, 4 h, 8 h, 22 h and
24 h, respectively. 1.5 mL sample was used for NMR method, and
confirmed by streak inoculation on DFI agar (Druggan-Forsythe-
Iversen formulation). The complex matrix also test for C. sakazakii
according to the procedure of GB 4789.40-2010. The DT2 value was
determined by three groups of parallel samples.

Fig. 1. Schematic illustration of the detection based on the forming of the magnetic
aggregates.
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2.10. Statistical analysis

All the data was statistical by SPSS (Version 11.0.1 for windows.
SPSS Inc, 2002).

3. Results and discussion

3.1. Synthesis and characterization of functionalized magnetic
beads

The Fe3O4 magnetic nanoparticles used in this experiment tend
to aggregate into large clusters. According to a previous report
(Weissleder et al., 2000), silica-coated magnetic particles were
shown to have good dispersibility in organic and aqueous solutions.
Therefore, in this study, silica was used to coat the Fe3O4 magnetic
beads to empower the particles with a high dispersibility and broad
compatibility to biomacromolecules. The amino-silane-modified
Fe3O4 particles are ideally mono-dispersed and the average diam-
eter of the nanoparticles is about 60 nm (Fig. 2). In addition, the
shape and size of the coated nanoparticles are uniform.

To investigate the immobilization ability of magnetic particles to
protein molecules, BSA was used as the control sample. We first
established a standard curve for a series of known concentrations of
BSA and their correlated OD280 values (Fig. 3). The correlation
coefficient of the standard curve is 0.9945. We next measured the
OD280 values in the supernatant before and after immobilization
(Fig. 4), and the BSA concentrations in these samples are extrapo-
lated to the standard curve. The difference in the BSA concentra-
tions in the supernatant before and after immobilization would
represent BSA immobilized to the beads, and we determined that
the immobilization ability of the functional Fe3O4@SiO2-NH2 NPs is
estimated to be 0.1571 mg/mL.

3.2. The properties of NMR method

In this study, we used five other bacteria strains (E. coil O157,
S. flexneri, S. typhimurium, V. parahemolyticus and S. aureus) to test
the specificity of our technique. We found that the sample with
C. sakazakii alone showed the highest change in T2, which allows us
to differentiate C. sakazakii from the samples containing other
bacteria strains (Fig. 5). More importantly, the sample contained
C. sakazakii mixed with other bacteria also showed a substantial
change in the T2 value. These results indicate that the magnetic
beads used in this study can detect the bacterial target (C. sakazakii)
with high specificity, despite of the presence of interference from
other microbes.

To investigate the effects of different concentrations of magnetic
beads in the NMRmethod, we tested eight different concentrations
(0.06e0.19 mg/mL). The results revealed that the highest DT2 value
was detected at a magnetic bead concentration of 0.14 mg/mL for
both 1.1 and 11 MPN (Fig. 6). However, there is no significant
change of DT2 values when the concentration of magnetic beads
increased from 0.08 to 0.18 mg/mL. At the lowest magnetic bead
concentration of 0.06 mg/mL, the value of DT2 is about 60% lower
than the average DT2 value of the other six magnetic concentra-
tions (0.08e0.18 mg/mL). To ensure the optimal performance, the
concentration (0.14 mg/mL) of magnetic beads was adopted in the
subsequent experiments.

Interestingly, we were able to detect background DT2 values of
5e12 counts in the background sample consisting of magnetic
beads with no bacterial cells or unspecified strains (Fig. 5). This
result suggests that we can not rule out the possibility that there
are non-specific bindings between magnetic beads. Furthermore,
there may also be the cross reactivity between bacterial cells and
antibodies on the magnetic beads (Perez et al., 2003). To eliminate
the influence of these nonspecific signals, a threshold that DT2
counts are less than 12 ms was set assuming that the value below
the threshold is undetectable. It is worth noting that the DT2 value
of magnetic beads with Cronobacter muytjensii was about 14.3 ms,
which indicated there was a slight cross reactivity between
C. sakazakii and other Cronobacter strains in this method.

3.3. Selection of optimal stabilizer

To optimize the test conditions for this NMR detection method,
it is important to improve the dispersion of magnetic beads and
magnetic beadsebacterial complex before and after the treatment
with the magnetic field. Four different kinds of materials: 0.05%

Fig. 2. AFM micrograph of amino-silane-modified Fe3O4 beads. (A) Planar graph of AFM micrograph. (B) Three-dimension stereo of AFM micrograph.

Fig. 3. Standard curve of bovine serum albumin (BSA) density and OD280.
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agar, 2% milk, 0.1% xanthan and 0.5% Sodium carboxy methyl cel-
lulose (CMC), were adopted in this study as stabilizers. We found
that regardless of the stabilizer agents used, the DT2 values
decreased while the concentration increased from 100 to 104.
(Fig. 7) All the stabilizers showed low DT2 values at a bacterial
concentration of 1.1 MPN: 65 ms for 2% milk, 45 ms for 0.05% agar,
58ms for 0.1% xanthan and 46ms in 0.5% CMC. However, increasing
the bacteria concentrations from 1.1 to 1100 MPN resulted in a
dramatic DT2 change from 20 to 55 ms, therefore demonstrating a
significant influence of the stabilizers on NMR detection. The in-
cubation time required to reach minimum detection limit for each
stabilizer tested varies. Low fat (2%) milk required the least amount
of incubation time (45 min), while the 0.1% xanthan and 0.5% CMC
required overnight incubation; 0.05% Agar required 2 h hr incu-
bation. Thus, low fat (2%) milk was adopted as the preferred sta-
bilizer agent by considering the detection limit, range and
preparation time.

3.4. Reaction conditions (pH and incubation period)

In this study, two important reaction conditions (pH and incu-
bation time) affecting DT2 values were studied. In terms of the
effects of pH (6e9) on DT2 values, we found that the highest DT2
value was detected at pH 6.5. However, DT2 values sharply
decreased from 90 ms to 2 ms as pH increased from 6.5 to 9.0
(Fig. 8a).

We also investigated the effects of the incubation period on DT2
(Fig. 8b). During the first 30 min (15e45 min), the DT2 value

increased from 40 to 50 ms. We believe that this phenomenon
reflects the stronger binding capacity and hybridization of the
magnetic beadebacterium complex. However, after the DT2 value
reached a peak of 50 ms, the value rapidly decreased from 50 to 20
with an extended incubation period of 45e90 min. It appears that
with the binary fission of the tagged bacteria, the size of the
nanoparticleebacterium complex becomes smaller which could
therefore decrease the DT2 value. Interestingly, during the last
15 min of this test, DT2 value increased. We speculate that the long
incubation time causes the deliquescence of bacteria cells resulting
in a discharge of magnetic nano-particles thereby causing a DT2
increase.

3.5. The sensitivity and detection limit of NMR method

To examine the sensitivity of this detection assay, seven
different concentrations of C. sakazakii (from 100 to 104) were
applied as targets for detection. When the concentrations of
C. sakazakii increased from 11 MPN to 11,000 MPN, the DT2 value
reduced from 82 ms to 10 ms. We observed a strong correlation
between the bacteria concentration and the DT2 value
(R2 ¼ 0.9958) (Fig. 9). Interestingly, when the concentration of
C. sakazakii was as low as 1.1 MPN, the value of DT2 could still be
detected with high changes (DT2 ¼ 75 ms). This result demon-
strates that C. sakazakii could be detected at very low concentra-
tions in our method.

The linear range of detection is estimated to range from 1 to
1100 MPN. At the lower limit of detection, the concentration of
C. sakazakii is estimated at 1.1 MPN (Point A; DT2 ¼ 75 ms). At the
upper limit of detection, the bacterial concentration is at 1100 MPN
(Point B; DT2< 12ms). The real-time PCR assay is the most popular
method to detect C. sakazakii. In previous reports, C. sakazakii could
be detected at 100 CFU/mL in pure culture in (Seo & Brackett, 2005),
and the quantitative detection range for pure cultures was 103e
108 CFU/ml, which were evidently higher than our values (Hyeon,
Park, Choi, Holt, & Seo, 2010). Therefore, it was supposed that us-
ing biofunctionalized MNPs based on NMR was a sensitive method
for the detection of C. sakazakii.

3.6. Results of tests on dairy samples

To examine the effectiveness of our method in practical appli-
cations, wemeasured the concentrations of C. sakazakii in two dairy
samples, milk powder and cheese. The results are shown in Table 1.
It is important to notice that the samples contaminated with
S. typhimurium and S. aureus were not detected (DT2 < 12 ms) in
any of the tested dilution levels, which proved the specificity of this
method only to C. sakazakii and not to any other bacterium.

Fig. 4. OD280 of the initial and the final supernatant of BSA solution.

Fig. 5. Specificity of the detection method using C. sakazakii and five control strains.
Error bars ¼ �SD (n ¼ 3).

Fig. 6. The concentration of C. sakazakii was fixed at 1.1 and 11 MPN. Error bars ¼ �SD
(n ¼ 3).
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While it was at lower diluted of 10�1 and 10�2 in milk powder
samples, C. sakazakii was optimally detected with an incubation
period of 45 min. And it was not detected at a higher dilution of
10�3 or with an increasing incubation period more than 4e8 h.

For cheese samples, the optimal detection of C. sakazakii was
similar to the milk powder samples. However, incubation periods
over 2 h led to a non-detect response to C. sakazakii, which sug-
gested that longer incubation periods might lower the sensitivity of
the NMR method.

Comparing detection results between NMR method and na-
tional standard procedure, the data indicated that the dilution rate
of sample would have no effect on the result obtained according to
GB 4789.40-2010, but greatly influence the stability and detectable

rate of NMR method. It is implied that pretreatment of sample is
important in the testing procedure. The standard procedure lasts at
least 24 h to obtain the result while NMR method only needs 1 h.

In addition, the result showed that high concentration
(>1100 MPN) of target bacteria induced low DT2 value. We reason
that the more bacteria exists in the solution means the higher
number of multiple bacterial epitopes compete with the available
number of nanoparticles. Consequently, the lower ratio of nano-
paticles bind to the bacteria causing that the quasi-dispersed state
and the lower changes of T2 are not detectable (DT2 < 20 ms).

In conclusion, we have demonstrated a highly specific, sensitive
and fast method for the detection of C. sakazakii. In this method,
biofunctionalized nano-magnetic beads were used for efficient

Fig. 7. Relationship between C. sakazakii concentrations on DT2 values for four stabilizers (A) 0.05% agar, (B) 2% low fat milk, (C) 0.1% xanthan, and (D) 0.5% CMC on DT2. Error
bars ¼ �SD (n ¼ 3).
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target capture. C. sakazakii can be quickly detected in dairy samples
through nuclear magnetic resonance analysis. Although the
detection limit for this method could reach as low as 1.1 MPN, we
have set a limit ofDT2 value at 12ms and a concentration of 11MPN
in consideration of the reliability and efficiency of this method.
Evidently, this method provides a rapid and simple approach for
the detection of food-borne bacteria in different food matrices.
Moreover, the established detection system could bewidely used in
a broad range of fields including the medical, environment and
agricultural sectors.
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配位聚合物纳米粒子 一、磁光双功能配位聚合物纳米粒子的合成及应用
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二、T1/T2双模式配位聚合物纳米粒子肿瘤靶向中的应用

Fc-Gd Fc-Gd@SiO2-NH2 Fc-Gd@SiO2(RBITC)-RGD
具有稳定性

具有T1和T2双功双能
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具有较好的生物相容性
具有良好的靶向性

U87MG (+)
U87MG (+)
4 oC MCF (-) U87MG (-) Block

活体层次实现T1/T2靶向的多功能成像

三、磁/超声双功能纳米粒子在肿瘤靶向成像中的应用
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Influence of labeling conditions on the 
viability of labeled MSCs
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MR tracking the labeled MSCs SPECT imaging of labeled cells after IC and IV
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Immunostaining of brain and lung

ICIC IVIV

Injection route does not matter!!

VEGF, bTGF and TMP-3 up regulated in blood 
for IV
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核磁共振分子影像学（MRI molecular imaging）在分子影像学中占有重要

的地位，它运用核磁共振成像为手段来研究活体条件下生物细胞内的正常或病理

状态下的分子过程的科学。能够无创、可重复提供在体、定量、实时、可视化分

子信息，甚至多分子相互作用信息。其中高特异性的核磁共振分子探针是该技术

的关键因素之一。 

    临床中应用的核磁共振造影剂的主要是小分子钆配合物，其主要缺点是分子

成像的敏感性和特异性比较差。水溶性大分子聚合物为开发核磁共振造影剂提供

了有效的载体材料，因为其能够降低所担载钆配合物的转动速率，从而提高了造

影剂的弛豫度。传统的聚合物造影剂载体材料存在分子量分布范围宽、分子形状

不规整和容易发生组织蓄积等缺点，限制了其作为载体材料的应用。树状高分子 

(dendrimer) 是一类具有三维结构的高分子，与其它线性或枝化高分子相比具有

精确的分子结构、大量的官能团、分子内存在空腔及分子链增长具有可控性等特

点，这些特点使使其作为药物载体、医疗诊断、表面活性剂、催化剂载体等许多

领域有重要的潜在应用价值。成为相关领域的研究热点。现有的树状高分子载体

材料一般是以乙二胺等平面小分子为核制备而成，作为核磁共振分子探针载体材

料仍然具有分子形状易变和结构不规整等缺点，从而导致与生物组织的非特异性

相互作用增强，延长组织残留时间等问题。我们在研究中设计和制备了一种以六

面体倍半硅氧烷低聚物（Polyhedral oligomeric silsesquioxane, POSS）为核

的纳米球状大分子载体材料。它以立方体形状的核为中心，均匀的生长出 8个分

支，在结构上更加对称，形成纳米尺寸的球型大分子，其表面的功能化氨基为设

计和制备靶向核磁共振分子探针提供了很好的基础。 

    靶向核磁共振分子探针的设计和制备一直是核磁共振分子影像学研究中的

难点之一，如分子结构复杂, 合成难度大, 表征困难等。一般的存在于癌细胞表

面的肿瘤标志物由于其含量较少，达不到核磁共振检测的要求。最近的研究表明，

肿瘤细胞外的间质物质，例如癌胚性纤维连接蛋白（fibronectin）在肿瘤的细

胞外基质中大量存在，而在正常的组织中却没有发现。由于其在肿瘤组织中的大

量存在，癌胚性纤维连接蛋白越来越受到研究者的重视，将其作为肿瘤标志物用

于核磁共振分子探针的研制。最近的文章报道一种由十个氨基酸构成的环状多肽

可以特异性的识别肿瘤组织中的纤维连接蛋白，将环状多肽导入到表面键合有钆

配合物的纳米球型大分子载体上，我们制备出来具有肿瘤靶向识别作用的特异性

81

mailto:mqtan@dicp.ac.cn
http://www.xctmr.com/e/search/result/?searchid=1


�������	
��
�������——���

核磁共振分子探针，在体小鼠核磁共振成像表明，该靶向分子探针只要注射临床

剂量的 1/3就可以有效地识别肿瘤组织，尤其是能够有效地识别出前列腺原位癌。 

 

 
 
Keywords: 核磁共振成像，造影剂，球状大分子，肿瘤靶向 
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High-Performance Iron-oxide-based MRI Contrast Agents 
 

Zijian Zhou, Zhenghuan Zhao, Guoming Huang, and Jinhao Gao* 
State Key Laboratory of Physical Chemistry of Solid Surfaces, The Key Laboratory for Chemical 

Biology of Fujian Province, and Department of Chemical Biology, College of Chemistry and 
Chemical Engineering, Xiamen University, Xiamen 361005, P.R. China. 

*Email: jhgao@xmu.edu.cn 
 

Magnetic nanoparticles are attracting extensive interest for their ability to enhance the 
magnetic resonance contrast effect.1-3 Spherical superparamagnetic iron oxide (SPIO) 
nanoparticles (e.g., Feridex and Resovist) have been developed as T2 negative 
contrast agents for magnetic resonance imaging (MRI) in clinical use due to their 
biocompatibility and ease of synthesis. However, the relatively low transverse 
relaxivity (r2) and poor performance of spherical SPIO nanoparticles as T2 contrast 
agents has hampered their clinical applications. In this presentation, we report the 
rational design strategies to achieve high MR contrast sensitivity by controlling the 
composition and morphology, including gadolinium-embedded iron oxide (GdIO) 
nanoparticles as synergistically enhanced T1-T2 dual-modal contrast agent and 
octapod SPIO nanoparticles.4, 5 The octapod SPIO nanoparticles (edge length of 30 
nm) exhibit an ultrahigh r2 value (~679.3 mM-1S-1), which is approximately 5.4 times 
larger than that of spherical SPIO nanoparticles.6 Compared to conventional SPIO 
nanoparticles, these high-performance iron oxide based nanoparticles are much more 
effective contrast agents for in vivo MRI and small tumor detection, which holds great 
promise for highly sensitive, early stage and accurate detection of cancer in the clinic. 
 
Keywords: MRI, Contrast agents, High performance, Molecular imaging, Cancer 
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磷酸钙/聚合物复合组装纳米给药系统 

段友容（上海市肿瘤研究所，上海市） 

CaP/PL-mPEG hybrid porous nanospheres for drug/gene delivery 
Calcium phosphate/Phospholipid (PL)-mPEG hybrid porous nanospheres 
(CaP/PL-mPEG NSs) were prepared by a facile room-temperature method and 
employed as carriers to deliver drug/gene. As the polymer segments adsorb on the CaP 
surface, the rapid growth of CaP can be controlled and the size of the precipitates will 
be reduced to nanometre scale. Furthermore, the CaP/PL-mPEG nanocomposite can be 
stable in aqueous solution for a relatively long period, because the polymer can act as a 
stabilizer and hamper the transformation from ACP to hydroxyapatite (HAp). The BET 
specific surface area of the CaP/PL-mPEG hybrid porous nanospheres was 136.4 m2/g. 
The relatively large specific surface area is highly advanta-geous for the loading or 
adsorbing of drugs or genes. Additionally, both CaP and PL-mPEG are biocompatible 
and biodegradable thus the as-prepared CaP/PL-mPEG hybrid porous nanospheres are 
promising for drug/gene delivery. 
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Inner Mongolia Agricultural University

College of Material Science and Art Design

WATER IN WOOD STUDIED BY TIME -
DOMAIN NMR

Minghui Zhang

INTRODUCTION

 Problem

Traditional methods cannot solve the relation between wood 
and water in micro-scale.

 Question

1. Is there a special way to probe wood and water 
relationships without destruction and how?

2. Is that  possible to study water molecular dynamics in 
wood and thereafter to explain water transportation during 
sorption process in molecular level?

INTRODUCTION

 Objectives

1. The water content in wood investigated quantitatively 
through the difference of proton sensor's concentration.

2. The water states in wood according to relaxation time.

3. Water transportation process in wood during drying and  
its mathematical model .

METHODOLOGY

1. Samples are from fresh cut trees: Ash, Red oak, 
Walnut and Poplar.

2. Insert sample into bench top NMR for time 
relaxation and FID measure.

Samples Positions from Wood Disk
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T2 relaxation profile during 
Yellow poplar drying at 
MC112.02%

T2 relaxation profile during 
Yellow poplar drying at 
MC 7.10%

RESULTS & DISCUSSION Spin-spin relaxation time for different moisture 
content of yellow poplar.

T2 relaxation profile during drying at different MC

A typical FID curve for the yellow poplar with 
MC = 4.03%

A. The first part of signal (intensity) is directly related to 
the number of nuclei in the sample (more NMR signal 
means more nuclei in the sample);

B. The rate of decay (T2) is related to mobility of molecules 
(liquids have longer decay time than solids).

Relation between MC determined gravimetrically 
and NMR signal amplitude

Yellow poplar MC changes with drying time Yellow poplar MC changes with drying time
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Yellow poplar MC changes with drying time Free and bound water changes with MC during drying

CONCLUSIONS
1.Yellow poplar has at least 4 water states according to T2 values 
at moisture content above 100%.

2.Water states in wood will change with drying time. The T2 
value will get shorter with MC decreasing. 

3. Water migration in yellow poplar drying can be divided into 
two phase – one is following linear function and the other is 
exponential function. 

4. It is apparent that bound water does not change too much 
above 50% MC. 

5. Both free and bound water in yellow poplar drying happen to 
lose above fiber saturation point. 
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轮胎胶粉干法再生过程中自由基浓度
与脱硫活化效果的相关性研究

曾冬,张兴凯,童薇,刘俊亮,张明*

扬州大学化学化工学院,江苏 扬州

全国低场核磁共振技术与应用研讨会 主要内容

 背景

 实验设计

 结果与讨论

 结论

轮胎的污染

空气污染 占用土地 水污染

1、背景

废旧轮胎给人们的生活带来诸多不便！

轮胎的回收

1、背景

用作码头的护航，路标，园林装饰，游乐玩具等。

缺点：消耗轮胎量不大。
原型直接利用原型直接利用

附加值高，翻新轮胎成本不到原来的1/4。
缺点：对高速安全性日益苛刻。

轮胎翻新利用轮胎翻新利用

生产再生胶价格便宜，但有一定程度的污染。

生产胶粉污染小，方法简单，对环境污染小。
生产再生胶和胶粉生产再生胶和胶粉

热裂解热裂解

热能利用热能利用

生产可燃气、燃料油和炭黑，钢丝等。
缺点：技术复杂，成本高，有污染。

废旧橡胶是一种热值较高的废弃物，可作为燃料使用。
缺点：直接燃烧会带来大气污染。

普通胶粉因为交联结构

难翻新，表面缺乏粘合

性和活性，一般作填料

使用。为扩大其使用范

围，必须对其进行活化

改性。

胶粉

胶粉存在问题

1、背景

使用开炼机替代双

螺杆挤出设备，对

胶粉进行机械力化

学改性。

开炼机

胶粉改性分为物理和化学两类方法，本课题组采

用物理和化学相结合的方法：机械力化学法。

优点：清洁、高效、易行。

1、背景
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1、背景

机械力化学改性是将活化体系添加于胶粉中，在一定条件下通
过机械加工的方法，起化学反应而再生改性胶粉的一种方法。
目的是使交联键裂解而获得塑性，增强与橡胶基体相容性，从
而达到再生改性。

机械力化学改性胶粉作用机理
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②

1、背景

在机械力改性胶粉过程中，橡胶高分子链上会产生大量自由
基，而自由基的浓度会影响胶粉体系交联结构，进而影响胶
粉的改性。

降低改性过程中胶粉体系自由基浓度，从而降低胶粉交联
密度，从而达到对胶粉的活化改性。

待解决问题：

实验研究目标：

在机械力作用过程中，通过对胶粉体系内自由基浓度的准
确测定，建立在改性过程中自由基数量与胶粉脱硫活化效
果关系，寻求最佳的自由基浓度控制方法与工艺条件。

机械力化学改性废胶粉及其并用工艺流程

胶粉 化学改性剂

干法粉碎

干法再生胶片

并用胶制品

通用生胶

废弃橡胶

双辊开炼机

共混，硫化成型

实验流程

2、实验设计

机械力化学改性

实验流程

2、实验设计

改性胶片的制备：将开炼机双辊距离调到最小，将定量胶粉

在分别薄通0、30、60、90、120、150、180次。

纯胶粉混炼胶的制备：调整好开炼机双辊距离，将胶粉在开

炼机上薄通数遍，逐步加入硬脂酸、氧化锌等助剂，混匀，

下片，硫化成型。

改性胶片配方：无助剂，利用胶粉体系内自身残留的助剂对其
进行活化改性。
硫化胶片配方：硬脂酸 2；氧化锌 4；促进剂DM 0.4；促进剂
CZ 1.0；硫磺 1.5.

实验流程

不同薄通次数胶粉的ESR图

改性胶粉自由基浓度

3、结果与讨论
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3、结果与讨论

0 30 60 90 120 150 180
1.0

1.1

1.2

1.3

1.4

1.5

1.6

qM
rl

（
*1

E6
(s

-2
))

薄 通 次数

不同薄通次数胶粉交联密度

下
降
趋
势

改性胶粉交联密度

90



�������	
��
�������——���

交联密度

3、结果与讨论

不同薄通次数胶粉硫化胶交联密度

下
降
趋
势

胶粉硫化胶片交联密度
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硫化胶力学性能

3、结果与讨论
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a. 在机械力作用胶粉的过程中，胶粉体系内自由基的浓度

随着薄通次数的增加而上升，交联密度呈先增大后降低的

趋势，薄通次数在180次时，胶粉交联密度下降13.05%；

b. 经过机械力作用的纯胶粉硫化胶其力学性能有明显提

高，在薄通次数为180次时，其拉伸强度和断裂伸长率分

别提高了69.89%和137.3%。

4、结论

感谢以下单位的大力支持：

国家自然科学基金（NO. 51273172）

昆明普尔顿管业有限公司

致谢

谢 谢 大 家 ！

曾冬

Email：Dongz1988@126.com
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低场核磁技术在高分子领域的应用

纽迈科技有限公司应用部 杨翼

上海纽迈电子科技有限公司

核磁共振波谱分析——公认的化学品的终极结构分析方法，

可以提供其他分析手段无法获得的决定性信息。广泛用于

分子结构分析、结构鉴定、反应监测、定量分析。

NMRS 核磁共振波谱仪

医学磁共振成像—— 一项常规的医学检测手段，广泛应

用于帕金森氏症、多发性硬化症等脑部与脊椎病变以及癌

症的早期诊断与治疗。

MRI 磁共振成像仪

当我们提起核磁共振或磁共振（NMR or MRI）

第一时间想到的是……

• 台式核磁

• 小核磁

• 低场核磁

• 低分辨率核磁

• 时域核磁

• 核磁共振定量检测仪

• 核磁共振弛豫分析仪

• 微型磁共振成像系统

• 台式核磁

• 小核磁

• 低场核磁

• 低分辨率核磁

• 时域核磁

• 核磁共振定量检测仪

• 核磁共振弛豫分析仪

• 微型磁共振成像系统

纽迈科技

关于核磁共振，还有更多值得您了解的……
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分子运动性增强

区分不同分子运动性的氢质子

高场

分子化学结构
（化学位移）

1H、13C常规测量
31P，15N，29Sz等多核谱
DEPT、HSQC、驰豫测量
活性肽，多肽类蛋白的溶液

结构研究
化合物的结构、组分的鉴定

多维梯度实验
……

分子化学结构
（化学位移）

1H、13C常规测量
31P，15N，29Sz等多核谱
DEPT、HSQC、驰豫测量
活性肽，多肽类蛋白的溶液

结构研究
化合物的结构、组分的鉴定

多维梯度实验
……

低场

玻璃态转化温度
橡胶交联密度
造影剂弛豫率

孔径分布及孔隙度
……

玻璃态转化温度
橡胶交联密度
造影剂弛豫率

孔径分布及孔隙度
……

分子运动性
（氢质子弛豫特性）

弛豫时间

时间

B1 off…Mo

z

x
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z
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Mxy-y -y
o
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z
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-y

Moequilibrium...

MXY =MXY0 e-t/T2
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橡胶交联网络结构的微观结构

(a) inter-cross-link chains
(b) dangling chain ends
(c) sol molecules.

dangling chains sol molecules

cross-link chains

应用领域

上海纽迈电子科技有限公司

LF-NMR

全面的分析手段

农业食品

多孔介质

生命科学
石油化工

高分子材料

应用领域

农业食品 生命科学 石油化工 材料科学
含油含水率
固体脂肪含量
水分相态及分布

明胶检测
食品中水分的迁移

……

动物组织成像
核磁造影剂开发
弛豫率分析

……

岩心孔隙度
岩心饱和度
岩心渗透率

岩心孔隙分布
钻井液油水分析

水泥孔隙结构

热固性高分子固化
老化

橡胶交联密度
材料亲疏水表征

复合材料多相体系
相容性

结晶动力学

聚合反应反应程度
动态表征

……

橡胶交联密度

硫化过程 质量控制老化过程 改性研究

老化过程

改性研究

硫化过程

硫化温度
硫化时间
硫化剂
促进剂

最佳硫化条件
硫化过程的跟踪

……

照射效应
机械应力
热损伤

化学损伤
……

配方甄选
反应条件摸索

……

核磁参数&力学参数

天然橡胶90℃测试条件
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推进剂老化过程交联密度变化

参数：
P1=3，P2=6；

DL1=0.05；

60℃高温老化测试

4.75E‐04

6.01E‐04

6.86E‐04
6.83E‐04

4.50E‐04

5.00E‐04

5.50E‐04

6.00E‐04

6.50E‐04

7.00E‐04
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交
联

密
度

（
m
ol
/c
m
3）

老化时间（天数）

推进剂老化实验交联密度推进图

增长迅速

增长缓慢

基本不变

应用领域

农业食品 生命科学 石油化工 材料科学
含油含水率

固体脂肪含量
水分相态及分布

明胶检测
食品中水分的迁移

……

动物组织成像
核磁造影剂开发
弛豫率分析

……

岩心孔隙度
岩心饱和度
岩心渗透率

岩心孔隙分布
……

水泥孔隙结构变化
热固性高分子
橡胶交联密度

材料亲疏水表征

复合材料多相体系
相容性

结晶动力学

聚合反应反应程度
动态表征

……

环氧树脂老化过程研究

155℃老化利用FID序列衰减曲线，T2*研究老化过程

环氧树脂固化过程研究

90℃固化利用CPMG序列，T2研究固化过程

固化反应过程研究

环氧树脂利用T2的变化过程反应固化反应的反应过程

T2                              信号量

高分子材料玻璃化转变温度测试

混合物T1，T2拐点即为玻璃化转变温度测试结果与DSC结果吻合

Tg=95℃
Tg=155℃

Tg=155℃
Tg=95℃

T2弛豫时间反映了样品内部氢质子所处的化学环境，与氢质子所受的束缚力及其自由度有
关，而氢质子的束缚程度又与样品的内部结构有密不可分的关系。氢质子受束缚越大或自由
度越小，T2弛豫时间越短。聚合物由玻璃态转变到橡胶态时，含有质子的基团的运动频率增

加，链段运动发生急剧变化，这些变化可由弛豫时间T1和T2来测量。
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无机纳米材料与橡胶相容性研究

NR利用各组分的T2表征两者的结合情况

T2
sil ：接枝在表面的链

T2
OH ：接枝在表面的链尾，吸附水，吸附材

料

T2
in ：结合在二氧化硅上的橡胶链，构成网络

结构（绿色线表示）
T2

l ：自由的橡胶分子链（红色线表示）

亲疏水材料转变过程研究

纳米材料动态定量监测材料的亲疏水性能变化

结晶动力学

聚丙烯动态定量监测PP结晶过程中各组分变化

嵌段共聚物软段硬段比例测试

软硬段采用嵌段共聚物模型模拟T2弛豫过程

SS: Soft Segment
HS: Hard Segment

样品 1 2

As 30835 26727

T2s 0.154 0.172 

AL 32429 32936

T2L 0.355 0.427 

A0 234.994 400.350 

硬段含量=As/（As+AL） 48.74% 44.80%

软段含量=AL/（As+AL） 51.26% 55.20%

数据准确，稳定

高分子材料增韧剂含量测试

含量测试

信号∝增韧剂氢质子数∝增韧剂质量

原理展现

塑料，纤维等高分子材料弛豫较快，特定

参数下无信号

类橡胶材料（增韧剂）弛豫较慢，特定参

数下有信号

氟橡胶含氟量

氟橡胶准确 快速 无损

氟橡胶

0
1
2
3
4
5
6

0 1 2 3 4 5 6

信
号

量

氟质子数

信号量‐氟质子数关系
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核磁共振技术在木材内水分迁移研究中的应用现状与前景 

高鑫1 庄寿增* 

（南京林业大学 材料科学与工程学院，南京） 
摘要 核磁共振技术在木材科学研究领域已发挥了重要作用，作为一种重要研究手段展现其

他方法不可比拟的优势，本文主要介绍其在木材内水分迁移研究中的应用现状，并进一步展

望了其发展应用前景。 
关键词 :核磁共振技术;木材;水分迁移;应用现状与前景 
Abstract NMR the incomparable superiorities to other methods, has become a powerful analytical 
tool for wood science research. In this paper its application in wood moisture migration are 
summarized, and its future development is prospected.  
Key woods : NMR technology; wood; moisture migration; application and prospect 
 

在木材科学领域，木材内水分迁移规律及其动力学特性研究一直是科研人员

关注的重点[1,2]，长期以来，人们一直基于传统的多孔介质流体迁移理论，Darcy
与Fick定律，结合木材构造特性来描述木材中水分的流动与扩散，形成了较为系

统的流体迁移理论体系，在木材干燥、木材改性、人造板成型等生产环节的质量

与能耗控制中发挥了重要作用，促进了木材工业的发展[[3]。  
然而随着研究的深入，人们发现用上述理论分析木材内流体实际迁移过程时

仍存在一定的偏差。究其原因，一是与木材结构复杂、变异性大有关，二是与传

统的测量方法测量精度差，测试过程不连续有关[4-10]。 
对木材内水分迁移路径的研究往往采用显微结构分析的方法进行，此法仅能

选择有代表性的木材细胞，且在有限的视野范围内给出相应的评价，对木材各类

细胞叠加组合后形成的立体迁移路径无法进行准确的描述[4]。 
基于核磁共振现象的波谱分析与成像技术，可以非侵入式从待检试样中直接

提取流体的信息，不仅可以准确测量流体的分布和含量多少，提供骨架物质的构

造和解剖学信息，而且可进行动态连续测试，在多孔介质体系研究中表现出明显

的优势[11]。木材是一种特殊的毛细管多孔材料，近年来，NMR技术除在木材化

学、木材改性、木材无损检测等领域取得较好研究成果外[12-14]，在木材内部水分

分布与迁移特性等研究方面也取得相当的进展。 

1 木材中水分分布状态研究 

应用NMR技术研究木材中水分分布状态可追溯到上世纪 50 年代，日本学者

在利用NMR技术研究纤维类材料性质时发现NMR信号可以区分木材内自由水与

结合水 [15]。此后 70-90 年代，相关科研人员工作主要开展了NMR信号与木材水

分关系的相关研究，建立了自由衰减信号（FID）和木材含水率的函数关系，根

据测量到的FID信号就可以快速准确的确定木材含水率。大量的研究还表明木材

内水分的弛豫特性与水分存在状态有关，可以根据水分弛豫特性分析，确定木材

中自由水，结合水分布与比例情况。根据弛豫时间的大小，还可以对水分存在的

位置作进一步的划分，如细胞壁内水分弛豫时间一般为 0.1ms到几ms，阔叶材木

                                                        
1作者简介：高鑫（1986-），在读博士研究生， 研究方向–木材干燥 
*通讯作者：庄寿增（1953-），南京林业大学，材料科学与工程学院教授，Email：szzhuang@njfu.edu.cn 
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纤维与针叶材管胞腔内自由水的弛豫时间为几十ms至一百ms，导管中自由水为

一百至几百ms，通过水分弛豫特性分析，甚至也可以对早、晚材，幼龄材与成

熟材，已腐朽、霉变木材与正常材加以区分[16-22]。 
2000 年以来，随着NMR技术的发展与仪器性能进一步提高。有关纤维饱和

点的研究取得一定进展。纤维饱和点（Fiber Saturation Point，FSP）是指木材细

胞壁基质到达饱和但细胞腔内不含自由水时的木材含水率，FSP是木材科学中非

常重要的概念，它几乎是木材所有物理力学性能的转折点，对于各类模型的构建

具有重要意义。传统的测量纤维饱和点的方法主要有外推法、干缩法、热分析法、

溶液置换法等，由于这些测试过程复杂、耗时长，加之木材树种繁多，所以在实

际应用中一般忽略树种之间的差异，统一取 30%。随着研究的深入，对不同树种

FSP的准确测量也有了新的需求。Ville Veikko探讨了一种利用NMR技术快速、精

确测量纤维饱和点的方法，木材生材样品经冷冻处理后，在NMR分析仪内经短

时间扫描就可获得与传统溶液置换法高度吻合的FSP数值 [23]。 

2 木材内水分迁移过程研究 

当前，用核磁共振技术研究木材中自由水迁移过程，主要通过磁共振成像技

术进行水分迁移过程的可视化分析，进一步确定水分迁移的主要路径；对结合水

扩散主要通过木材内水分迁移方向含水率变化的连续测量及其弛豫特性分层分

析，确定水分扩散模型。 
James利用医用核磁对不同干燥阶段的木材进行成像分析时，发现在FSP以

上木材弦切板木射线一直呈高亮的状态，说明木射线是自由水径向迁移的重要路

径[24]。Meder在进行成像分析时发现，木材断面晚材带往往保持较高的亮度，说

明同样的干燥条件下晚材部分干燥速度较慢 [25]。 
G. Almeida将磁共振成像与膜压室技术相结合，对花旗松内自由水定向迁移

过程进行成像分析时发现，其晚材部分首先失水，待晚材自由水几乎迁移完毕后，

早材部分水分才开始失水，这与传统认为的木材中自由水迁移路径有明显不同。

进一步的研究发现细胞腔直径较大的早材管胞内水分后迁移是由于其早材部分

易形成闭塞纹孔，使得早材细胞腔内自由水的表面张力变大的缘故 [26]。这说明

木材内自由水迁移过程是动态变化的，并不完全受细胞腔半径大小的支配，干燥

过程中出现的纹孔闭塞等现象可能对水分迁移路径产生显著的影响。 
木材中结合水扩散通常认为遵循Fick扩散定律，尽管有人曾提出木材内水分

可能存在非Fick扩散现象，但由于目前研究中多采取传统破坏性的切片法，通过

试验验证难度较大。Sergey V. Dvinskikh通过利用NMR技术对云杉木材进弛豫特

性分层分析，获得水分扩散方向上的含水率连续变化情况，进一步验证了木材内

结合水迁移的非Fick型扩散特征，同时也为NMR技术在木材水分扩散理论研究中

的进一步应用提供了参考与经验[27]。 
国内学者也曾利用NMR技术对木材中结合水吸附机理进行了初步探讨 [28]。 

3  NMR 技术在木材内水分迁移研究中的应用前景 

在木材科学研究中，木材内水分迁移过程通常是在较高的温度和压力条件下

完成的，这就需要相关的 NMR 测试技术能够满足样品测试过程中的变温变压条

件需求。近年来国内核磁共振技术，特别是低场核磁共振应用技术发展迅速，仪

器测试精度及功能化、个性化程度的不断提高，扩大了其在多孔介质研究领域的

应用范围，发挥了一些其他测试技术无法替代的作用。为进一步深入进行木材在
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真空、微波等复杂环境下的干燥与改性技术研究提供了必要的保证。 
随着核磁共振理论与技术的不断完善，NMR 技术有望在木材水分迁移路径、

驱动力及其迁移模型研究中发挥重要作用。 
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ABSTRACT: Internal contact angle is an important param-
eter for internal wettability characterization. However, due to
the limitation of optical imaging, methods available for contact
angle measurement are only suitable for transparent or open
systems. For most of the practical situations that require
contact angle measurement in opaque or enclosed systems, the
traditional methods are not effective. Based upon the
requirement, a method suitable for contact angle measurement
in nontransparent systems is developed by employing MRI
technology. In the Article, the method is demonstrated by
measuring internal contact angles in opaque cylindrical tubes.
It proves that the method also shows great feasibility in
transparent situations and opaque capillary systems. By using the method, contact angle in opaque systems could be measured
successfully, which is significant in understanding the wetting behaviors in nontransparent systems and calculating interfacial
parameters in enclosed systems.

■ INTRODUCTION

Contact angle is an important parameter in wettability
characterization.1−6 During the past decades, a number of
approaches have been developed to measure the liquid contact
angle on solid surfaces, such as Wilhelmy plate method,7 drop
shape analysis method,8,9 and tip-based method for micro-/
nanoscale wettability characterization.10−12 However, limited by
the imaging and analyzing processes, the methods are only
suitable for transparent or open systems. For many practical
situations in which contact angle measurements in opaque or
enclosed systems are required, these methods are not effective.
For instance, in the pipeline drag-reducing research, the contact
angle of the liquid flow that is closely related to the drag
reduction efficiency is hard to calculate due to the difficulty of
fluid imaging in nontransparent pipelines,13 or in the blood
transportation researches, the blood contact angle in the vessels
that gives knowledge about the blood−vessel interaction is
difficult to measure due to the noninvasive property of blood
vessels,14 likewise for the internal contact angle measurement in
Lab-on-a-chip systems15,16 and fuel cell systems.17 Therefore,
the presentation of a method that is available for the liquid
contact angle measurement in opaque systems is necessary.
Magnetic resonance imaging (MRI) is a technology that

outputs images by collecting the MR signals emitted from the
irradiated 1H nucleus in gradient magnetic fields.18−20 Because
of the special sensitivity to hydrogen nucleus, MRI technology

has been widely used in internal body structure imaging,21

fluidic research,22,23 oil−water content analysis in rock cores,24

and also proved effective in interfacial researches.25,26 Because
no optical transparency is required during the imaging process,
MRI technology provides a great opportunity for liquid imaging
in opaque systems. In this Article, the technology is employed
to image the liquid profiles in opaque cylindrical tubes,and a
method suitable for internal contact angle measurement in
opaque systems is presented. It is indicated that the MRI
method is highly feasible for contact angle measurement,
especially suitable for opaque or enclosed systems. The method
also shows great feasibility in transparent situations and opaque
capillary systems. The research is expected significant in
developing new ways to understand wetting behaviors in
nontransparent systems, such as fluid control in lab-on-a-chip
systems and interfacial parameter measurement in inaccessible
systems.

■ EXPERIMENTAL SECTION
Materials. Distilled water, dodetane (99%, Ourchem, Sinopharm

Chemical Reagent Co. Ltd.), poly tetrafluoroethylene (PTFE), and
polyamide (PA) tubes with inner diameters of 4, 6, 8, and 10 mm and
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wall thickness of 1 mm were used, as well as a glass tube with an inner
diameter of 5 mm.
Equipment. MRI measurements were performed on a 0.5 T MRI

system (NMI20-Analyst, Niumag, China). Snapshots of the samples
were taken by a digital camera (Canon Lunix 1860). The transmitting
optical images of the liquid-glass systems were taken by a high
resolution optical camera equipped on a contact angle measurement
device (OCA20, Dataphysics, Germany). The interfacial curve fitting
and contact angle computation was accomplished by using the
software of SCA20 (Dataphysics, Germany).
Sample Preparation. Two types of opaque cylindrical tubes were

employed for the opaque system construction. For hydrophobic
systems, PTFE tubes were used; for hydrophilic systems, PA tubes
were used. In the experiment, the tubes were cut into small pieces with
the length of 25−30 mm, and the small pieces were plugged with
PTFE plugs at one end, leaving the other end open. The liquid then
was injected into the small tubules by a syringe from the open end.
The volume of the liquid was carefully controlled according to the
internal diameter of the tubes, making sure that the height of liquid
column inside the tubes is less than 20 mm (equipment limitation).
The open end of the tubule then was enclosed by PTFE tapes. The
liquid-tube systems were placed vertically into a 15 mm glass tube and
positioned using PTFE O-rings so that the cross-section to be imaged
was through the central axis of the probe coil. Finally, the glass tube
was inserted into the MRI coil probe for MRI measurement.
MRI Measurement. MR images were achieved at a nominal

proton resonance frequency of 23 MHz using the multispin echo
(MSE) sequence, the timing diagram of which was shown in Figure
S1a (Supporting Information). The echo time (TE) for the MR
imaging is 10.6 ms. The repetition times (TR) of 1028.6 and 528.6 ms
were used for water and dodecane imaging, respectively. 128 phase
encodes were used during the imaging process. The image slice and its
correlation with the gradient fields were schematically shown in Figure
S1b (Supporting Information). For the MRI measurement, the image
slice could be located vertically either to the X axis or to the Z axis due
to the symmetry of the tubing systems. In this study, the Z axis was
used as the imaging direction. The results obtained by the X axis are
similar. The temperature of the MRI probe is 32 °C.
Contact Angle Measurement. The MR images were enlarged 5−

10 times to their original sizes for contact angle measurement. The
contact angles of the liquid inside the tubes then were measured by
three steps: baseline determination, circle fitting, and contact angle
measurement. In the experiments, the contact angles on the left and
right side were measured three times, respectively, and the average
value was used as the internal contact angle value.

■ RESULTS AND DISCUSSION

MR Images of Liquid in Opaque Systems. Shown in
Figure 1 are the optical and MR images of the liquid/opaque-
tube systems, in which the water/PTFE-tube, dodecane/PTFE-
tube, water/PA-tube, and dodecane/PA-tube systems are
included. The internal diameters of the opaque tubes are 4
mm. Figure 1a−d shows the optical images of the liquid-tube
systems, in which all of the opaque systems appear similar and
the liquid profile inside the tubes cannot be viewed. Figure 1e−
h exhibits the MR images of the liquid-tube systems. According
to the imaging mechanism of MRI, the white areas in the
images represent the distribution of protons in the systems.
Because no hydrogen nuclei were contained in the PTFE tubes,
the white areas in Figure 1e and f are only attributed to water
and dodecane. In the liquid-PA tube systems, although the PA
tubes are H-contained, the MR signals of protons in PA tubes
cannot be collected by the MSE imaging method because the
relaxation time of the hydrogen nucleus of the PA materials is
much shorter than that of protons in the water and dodecane.
Therefore, the protons in PA tubes do not show up in the MR
images, and the white areas in Figure 1g and h only present the

proton distribution in water and dodecane. The images prove
that, by MR imaging, the liquid profiles that are invisible
optically can be imaged clearly and the curvature of the air−
liquid interfaces and the straight line of the liquid−solid
interfaces could be observed distinctively.

MRI-Based Contact Angle Measurement. MR images of
the liquid profiles were amplified, and the contrast and
brightness of the images were adjusted carefully so that the
liquid boundaries were exhibited clearly. In the experiments, the
baseline was determined by drawing a straight line at the solid−
liquid boundary, and a circle was fitted to the air−liquid
interface by picking plenty of air−liquid boundary points. The
contact angles were then measured between the baseline and
the line tangent to the air−liquid circle at the three-phase
contact angle. On the basis of the MR images in Figure 1e−h,
the values measured are 110.7° ± 2.0°, 35.3° ± 2.5°, 61.8° ±
3.1°, and 33.3° ± 2.8°, respectively, which correspond to the
systems of water/PTFE-tube, dodecane/PTFE-tube, water/PA-
tube, and dodecane/PA-tube, respectively. The results indicate
that the inner surfaces of the PTFE tubes are hydrophobic and
oleophilic, while the inner surfaces of PA tubes are hydrophilic
and oleophilic. As compared to the value of 108° on the flat
PTFE surfaces, the internal contact angle of water inside the 4
mm PTFE tube is a little higher, which might be caused by the
capillary effect of the hydrophobic tube.27,28 The process for
the contact angle measurement is schematically shown in
Figure 2, in which the circular fit, baseline determination, and
contact angle measurement were illustrated.

Tube Diameter Dependence. An important observation
is that, unlike a constant value on flat surfaces, the liquid
contact angles inside cylindrical tubes vary slightly with the tube
diameter increasing. Figure 3 exhibits the MR images of water
and dodecane in the PTFE (Figure 3a) and PA (Figure 3b)
tubes with tube diameters of 6, 8, and 10 mm, respectively.
With the tube diameter increasing from 6 to 10 mm, the air−
liquid interfaces are flattened slightly and the contact angle
measurement is subsequently influenced. Figure 4a plots the
diameter dependence of water and dodecane contact angle in
PTFE tubes. It is indicated that, with the tube diameter
increasing, the water contact angles inside the PTFE tubes
decrease slightly, while the dodecane contact angles increase
slightly. Figure 4b exhibits that both the water and the

Figure 1. Liquid profiles in 4 mm opaque cylindrical tubes, where the
water/PTFE-tube, dodecane/PTFE-tube, water/PA-tube, and dodec-
ane/PA-tube systems are included. (a−d) Optical images of the
opaque liquid-tube systems, in which the appearances of the systems
are similar and the liquid profiles inside the tubes are invisible due to
the nontransparency. (e−h) MR images of the liquid-tube systems.
The white areas in the MR images represent the liquid profiles inside
the opaque tubes. The air−liquid and liquid−solid interfaces are
clearly exhibited in the MR images, which makes it feasible to measure
contact angles.
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dodecane contact angle inside PA tubes increase slightly with
the tube diameter increasing. The phenomenon is believed
induced by the competition between the nonignorable gravity
of the liquid and capillary pressure.29 With the tube diameter
increasing, the effect of capillary pressure that keeps the air−
liquid interfaces spherical decreases, and the effect of liquid
gravity that tends to flatten the air−liquid interfaces increases.
Therefore, the curvatures of the air−liquid interfaces tend to be
flattened, and a deviation from spherical cap is formed, which
induces the slight variation of the contact angle values.30,31

Influence of MRI Parameters. MRI method for contact
angle measurement is based upon the MR image of liquid
profile. Therefore, the acquisition of MR images with clear
boundaries is of special importance. During the MR imaging
procedures, a number of MRI parameters have an influence on
the image quality.32 For specific equipment and samples,
however, TR and the slice thickness play the main role. Figure
5 shows the effect of TR on the appearance of the MR images
of water. Shown in Figure 5a is the MR image of water profile
inside a 10 mm PTFE tube, which is collected by using the TR
of 128.6 ms. The image has a mottled appearance due to the
low signal/noise (S/N) ratio. By increasing the TR to 828.6 ms,
the image appearance is smoothed dramatically, as shown in
Figure 5b. The standard deviation of the contact angle value
measured based upon the magnified liquid boundary in Figure
5c is 4.8%, while that measured by Figure 5d is 1.7%, which
indicated that, for contact angle measurement, longer TR is
preferred. However, it should be noted that the increase of TR
is at the expense of imaging time. In this study, the TR of
1028.6 ms for water samples and 528.6 ms for dodecane
samples proves suitable. The slice thickness also has an
influence on image quality. Because of the insufficient MR
signals, MR image collected by a thin slice has a speckled

Figure 2. Process of the contact angle measurement based upon MR
images. (a) Contact angle measurement on a convex air−liquid
interface. (b) Contact angle measurement on a concave air−liquid
interface. For the contact angle measurement, the areas of the air−
liquid interfaces, together with the solid−liquid interfaces, are
amplified 5 times to their original sizes. A circle is then fitted to the
air−liquid interface, and the baseline is determined by drawing a
straight line along the liquid−solid interface. By measuring the angle
between the baseline and the line tangent to the circle at the three-
phase contact point, the value of the internal contact angle is obtained.

Figure 3. Variation of the MR images of liquid profiles in opaque
tubes with the tube diameter increasing. (a) Water (upper part) and
dodecane (lower part) in PTFE tubes; (b) water (upper part) and
dodecane (lower part) in PA tubes. With the tube diameter increasing,
the air−liquid interfaces tend to be flattened by the gravity of the
liquid.

Figure 4. Tube diameter dependence of the internal contact angles.
(a) Variations of water and dodecane contact angles against the PTFE
tube diameters. With the tube diameter increasing, the water contact
angle inside PTFE tubes decreases slightly and the dodecane contact
angle increases. (b) Variations of water and dodecane contact angle
against PA tube diameters. Both the water and the dodecane contact
angle increase slightly with tube diameter increasing.
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appearance and low S/N ratio. Comparatively, that obtained by
a thick slice appears much smoother. The MR images of water
in PTFE tubes, which are collected by 2 and 10 mm slice
thickness, are shown in Figure S2a and b (Supporting
Information), respectively. The standard deviations of the
contact angle measured based on the images are 2.8% and 0.7%,
corresponding to the slice thicknesses of 2 and 10 mm,
respectively.
Application in Transparent Systems. Even in trans-

parent systems, the MRI method exhibits a distinct advantage
in internal contact angle measurement. Shown in Figure 6a and

b are the optical images of water and dodecane in 5 mm glass
tubes. In the glass tubes, although the liquid profile can be
imaged optically, the air−liquid interfaces, the liquid−solid
boundaries, and the three phase contact points, which are the
key factors for contact angle measurement, are difficult to
locate. Thus, it is hard to measure the contact angle accurately.
Contrastively, by the MRI technology, the images of liquid

profiles were obtained with clear boundaries and contact points.
As shown in Figure 6c and d, the concave air−liquid interfaces,
straight liquid−solid interfaces, and the three-phase contact
points were clearly exhibited, which made it easy to fit the
interface curves and measure contact angle values. The values
of internal contact angles measured based on the MR images
are 24.5° ± 2.8° for water and 24.3° ± 2.7° for dodecane with
the standard deviations of 11.4% and 11.1%, respectively. The
standard deviations of contact angle values measured based on
the optical images are 17% for water/glass-tube system and
20% for dodecane/glass-tube system, which is caused by the
uncertainty in locating the interface curves and three-phase
contact points during the contact angle measurement
procedure.

Capillary Effect in Opaque Systems. By optical methods,
the capillary effect in a nontransparent system is difficult to
observe. As shown in the optical images in Figure 7, the water

profile inside a PTFE cylindrical tube (d = 4 mm) placed
vertically in a water reservoir is hard to view by optical imaging.
With the immersion depth increasing from 2 to 10 mm, no
difference inside the PTFE tube could be observed. In contrast,
in the MR images, the variation of water column inside the
PTFE tube is exhibited clearly. It is shown that, when the
immersion depth of the PTFE tube is lower than 4 mm, no
water enters the PTFE tube, which indicates that the hydraulic
pressure is not large enough to overcome the water surface
tension at the entrance of the hydrophobic tube and thus drive
water into the PTFE tube.33 With the immersion depth
approaching 6 mm, a water column with a convex meniscus
emerges inside the PTFE tube, indicating that the capillary
pressure is overcome by the hydraulic pressure and water is
driven into the PTFE tube.34,35 When the immersion depth
increases from 6 to 10 mm, the height of water column inside
the PTFE tube increases, while the relative height of the water
column (difference between the top of the water column and
the outer water level) remains constant, implying that the force
equilibrium between the hydraulic pressure and capillary
pressure is reached.35 Thus, the capillary pressure in the
opaque hydrophobic tube could be calculated by measuring the
height of the water column. Combined with the internal
contact angle measurement, the method is promising in
developing new ways to calculate fluid driving forces, which
is of great significance in fluid manipulation.

■ CONCLUSIONS
In summary, a method that allows contact angle measurement
in opaque systems was presented by employing MR imaging.

Figure 5. (a,b) MR images of water inside 10 mm PTFE tubes that
were collected by using the TR of 128.6 and 828.6 ms, respectively.
(c,d) Amplifications of the air−water interfaces in (a) and (b),
respectively. The image acquired by short TR has a mottled
appearance, and the appearance of the image collected by long TR
is much smoother. The amplified liquid boundaries in (c) and (d)
indicated that long TR was preferred for contact angle measurement.

Figure 6. Optical and MR images of liquid profiles in 5 mm glass
tubes. (a) Optical image of water/glass-tube system; (b) optical image
of dodecane/glass-tube system; (c) MR image of water profile in the
glass tube; and (d) MR image of dodecane profile in the glass tube.
Although the liquid profiles can be viewed by optical imaging, the
accurate cross-section of the liquid boundaries is difficult to be imaged.
By MR imaging, the cross-section of the liquid boundaries is imaged
clearly, and contact angle measurement can be performed easily. The
contact angles measured on the basis of MR images are 24.5° ± 2.8°
for the water/glass-tube system and 24.3° ± 2.7° for the dodecane/
glass-tube system.

Figure 7. Visualization of the capillary effect in an opaque 4 mm PTFE
tube, which is placed vertically into a water reservoir. By MR imaging,
the capillary effect inside the opaque hydrophobic tube was exhibited
clearly, which is significant in driving force calculation and fluid
manipulation.
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The basic principle of the method was demonstrated by
measuring the internal contact angle of liquid in opaque
cylindrical tubes. It is indicated that the value of the internal
contact angle was slightly influenced by the tube diameters and
MRI parameters. The method also exhibits feasibility in
transparent systems and shows great potential in opaque
capillary effect investigation. It should be noted that, although
the MRI method was herein demonstrated by using the circle
fitting process, other approaches based upon the liquid-profile
analysis are also applicable to the method. For example, when
the tube diameter is sufficiently small and the liquid gravity is
ignorable in the systems, the contact angle can be calculated by
measuring the meniscus height and the tube diameter; when
the tube diameter increases to such a large size that the liquid
gravity flattens the liquid meniscus dramatically, the contact
angle can be computed by the measurement of the height of the
meniscus on the tube wall. Another point that needs to be
mentioned is that, for liquid with extremely high or low internal
contact angle values, measurement error might be increased
because of the increase of the operator bias,29 the difficulties in
locating the contact point and liquid boundaries,36 as well as
the insufficient MR signals of liquid adhered to the tube walls.
The research reported in this Article proved that the MRI
method is highly feasible in contact angle measurement in
opaque systems, which is significant in understanding the
wetting behaviors in nontransparent systems and calculating
interfacial parameters in enclosed systems.
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轮胎胶粉干法再生过程中自由基浓度与脱硫活化效果的相关性

研究 
曾冬1 , 张兴凯1 , 张棚1，童薇2, 刘俊亮1, 张明1* 

（1、扬州大学化学化工学院,江苏 扬州 225002，2、昆明普尔顿管业有限公司,云南 昆明 625106） 
摘要：轮胎胶粉作为再生胶料中的一种，由于其具有交联密度大难以翻新、表面缺

乏活性等缺点，使其应用范围受到限制。未经过活化处理的胶粉直接混炼到胶料中

会使得制品的物理机械性能下降，因此必须进行脱硫改性进行活化处理。本文主要

通过对粗胶粒进行机械力化学改性以切断胶粉的部分硫硫交联键，并采用电子顺磁

共振技术和低场核磁共振仪研究胶粉在改性过程中自由基数目以及交联密度的变化

情况，探讨了干法再生胶基体中自由基浓度变化与交联密度以及硫化胶力学性能的

相关性，从而研究改性过程与硫化胶力学性能的变化规律。研究结果表明：纯胶粉

随着薄通次数的增加，体系内自由基浓度随之增加，胶粉交联密度呈先上升后下降

趋势，薄通次数达到 180 次时，胶粉交联密度降低 13.05%，其拉伸强度和断裂伸长

率分别提高了 69.89%和 137.3%。 
关键词：机械力化学；自由基；交联密度 
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[2].Mouna Zachary, Susana Camara, Adrian C. Whitwood ,et al. EPR study of persistent free 

radicals in cross-linked EPDM rubbers [J]. European Polymer Journal, 2008, 44:2099-2107. 
[3].国家自然科学基金（NO.51273172）. 
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低场核磁共振技术应用于水泥水化和低场核磁共振技术应用于水泥水化和
水泥基材料孔结构表征的研究水泥基材料孔结构表征的研究

姚姚 武武

内内 容容内内 容容

一、实验材料与测试方法一、实验材料与测试方法

浆体中水的状态演变与水化反应过程浆体中水的状态演变与水化反应过程二、浆体中水的状态演变与水化反应过程二、浆体中水的状态演变与水化反应过程

三 水的弛豫特性与浆体微结构的发展三 水的弛豫特性与浆体微结构的发展三、水的弛豫特性与浆体微结构的发展三、水的弛豫特性与浆体微结构的发展

四、水泥浆体中水的分布与含量演变四、水泥浆体中水的分布与含量演变

五、结论五、结论

一、一、实验材料与测试方法实验材料与测试方法

•• 材料体系材料体系•• 材料体系材料体系

以硅酸盐水泥 粉煤灰和硅灰制备不同水胶比或不以硅酸盐水泥 粉煤灰和硅灰制备不同水胶比或不以硅酸盐水泥、粉煤灰和硅灰制备不同水胶比或不以硅酸盐水泥、粉煤灰和硅灰制备不同水胶比或不
同矿物外加剂掺量的水泥净浆或复合水泥浆体。试样同矿物外加剂掺量的水泥净浆或复合水泥浆体。试样
的养护采用饱水和密闭两种养护方式；试样的龄期从的养护采用饱水和密闭两种养护方式；试样的龄期从的养护采用饱水和密闭两种养护方式；试样的龄期从的养护采用饱水和密闭两种养护方式；试样的龄期从
数分钟到数月不等。数分钟到数月不等。

•• 测试方法测试方法

低场核磁共振共振技术低场核磁共振共振技术(LF(LF--NMR)NMR)————评价水的弛豫特性评价水的弛豫特性

压汞法（压汞法（MIPMIP））————评价孔结构评价孔结构

热蒸发法热蒸发法————测定可蒸发水量测定可蒸发水量

低场核磁共振技术低场核磁共振技术(LF(LF--NMR)NMR)

无损无损 非侵入非侵入 快速快速 连续连续

二 浆体中水的状态演变二 浆体中水的状态演变二、浆体中水的状态演变二、浆体中水的状态演变

与水化反应过程与水化反应过程与水化反应过程与水化反应过程
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•• 2.1 2.1 实验实验

标签 0.28 0.35 0.35SP 0.35F10 0.35S10标

w/c=
0.28

w/c=
0.35

w/c=
0.35

w/b=
0.35

w/b=
0.35

配比
水泥质量

0.6%的高效
水泥质量

10%的粉煤
水泥质量
10%的硅

减水剂 灰 灰

水泥净浆 复合浆体

新拌浆体的配制新拌浆体的配制 密封密封 踪 试踪 试新拌浆体的配制新拌浆体的配制 密封密封 跟踪测试跟踪测试

•• 2.2 2.2 新拌浆体中水的状态与分布新拌浆体中水的状态与分布

初始时期的T1分布——纯水泥浆体
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T ( )T1 (ms)

•• 2.3 2.3 水的弛豫变化与水化过程的关系水的弛豫变化与水化过程的关系

T1随水化时间的变化——水泥净浆

T1随水化时间的变化 复合水泥浆体

20

T1随水化时间的变化——复合水泥浆体

Stage 4Stage 3Stage 2Stage 1

15

 0.35C
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10

m
s)
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T 1 (m
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 Hydration time (hours)

 Hydration time (hours)

•• 2.4 2.4 物理结合水量与水化过程的关系物理结合水量与水化过程的关系

水化期间T1总信号量的变化——水泥净浆

120

Stage 2 Stage 3 Stage 4Stage 1
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 (a

.u
.)
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40
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水化期间T1总信号量的变化 复合水泥浆体

120

水化期间T1总信号量的变化——复合水泥浆体

100

120

Stage 4Stage 3Stage 2Stage 1

80

ns
ity

 (a
.u

.)

60

Si
gn

al
s i

nt
e

0.35C

0.35F10

40
0.35S10

20

0.1 1 10 100

Hydration time (hours)

三、水的弛豫特性与三、水的弛豫特性与三、水的弛豫特性与三、水的弛豫特性与

浆体微结构的发展浆体微结构的发展浆体微结构的发展浆体微结构的发展

•• 孔隙水的信号与表面弛豫孔隙水的信号与表面弛豫

干燥实验干燥实验

编号 C03 C04 C05 04F10 04F30 04S10

w/c= w/c= w/c=
w/b=0.4 w/b=0.4 w/b=0.4
水泥质量 水泥质量 水泥质

配比 0.3 0.4 0.5
水泥质量
10%的粉

煤灰

水泥质量
30%的粉

煤灰

水泥质
量10%
的硅灰

水泥净浆 复合浆体

'mm
mm

V
Vw

−
−

=
0

0

0
水的填充指数：水的填充指数： mmV ,w 00

•• 干燥过程中水的弛豫信号强度干燥过程中水的弛豫信号强度
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0
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•• 表面弛豫率表面弛豫率
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•• ρρ22为为12nm/ms12nm/msρρ22为为12nm/ms12nm/ms

114



�������	
��
�������——���

水的弛豫时间与孔隙尺寸的定量关系水的弛豫时间与孔隙尺寸的定量关系

S 21 TT22：横向弛豫时间：横向弛豫时间

rV
S

T
21

22
2

ρρ == ρρ22：表面弛豫率：表面弛豫率

SS：孔表面积：孔表面积

2
λρ =

VV：孔体积：孔体积

rr：孔半径：孔半径

ST2
2ρ 孔半径孔半径

λλ：单层水分子的厚度，：单层水分子的厚度，0.3nm0.3nm
TT2s2s：表面单层吸附水分子的弛豫时间，：表面单层吸附水分子的弛豫时间，2525μsμsss：表面单层吸附水分子的弛豫时间，：表面单层吸附水分子的弛豫时间， 55μsμs

水的弛豫时间与所在孔隙的比表面积成反比，水的弛豫时间与所在孔隙的比表面积成反比，

即孔越小，弛豫时间越短。即孔越小，弛豫时间越短。
基于圆柱孔假设，可以建立弛豫时间与孔半径基于圆柱孔假设，可以建立弛豫时间与孔半径

的定量关系。的定量关系。

•• 孔体积孔体积
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0
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•• 孔分布（孔分布（11））7d7d不同水灰比的水泥浆体不同水灰比的水泥浆体
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)

C05-MIP-7d
C05 NMR 7d

W/C=0.5W/C=0.5 压汞法对孔的压汞法对孔的

连通性较为敏感，连通性较为敏感，
对连通性较差的小对连通性较差的小

0

0.01

0.1 1 10 100 1000 10000 100000
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d C05-NMR-7d
对连通性较差的小对连通性较差的小
孔难以有效表征。孔难以有效表征。
最强峰位于最强峰位于1010--8080纳纳

Pore radius (nm)

0.03

0.04

rib
ut

io
n 

(m
l/g

)

C04-MIP-7d

W/C=0.4W/C=0.4
最强峰位于最强峰位于1010--8080纳纳
米范围内，对应中米范围内，对应中
等毛细孔等毛细孔,,且分布峰且分布峰

0
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 v
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di
st

r C04 MIP 7d
C04-NMR-7d

等毛细孔等毛细孔,,且分布峰且分布峰
窄；窄；

核磁共振法得核磁共振法得
益于水分子较小的益于水分子较小的0.1 1 10 100 1000 10000 100000

Pore radius (nm)
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n 
(m

l/g
)

W/C=0.3W/C=0.3
益于水分子较小的益于水分子较小的
直径，能够表征更直径，能够表征更
小的孔，最强峰在小的孔，最强峰在
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e 
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C03-NMR-7d

小的孔，最强峰在小的孔，最强峰在
几个纳米位置，对几个纳米位置，对
应小毛细孔和凝胶应小毛细孔和凝胶

0
0.1 1 10 100 1000 10000 100000

Pore radius (nm)

Po
r 应小毛细孔和凝胶应小毛细孔和凝胶

孔，且分布峰宽，孔，且分布峰宽，
在在11--100100纳米范围内。纳米范围内。

0.3
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压汞法和核磁共振法两种方法体积累加曲线的上升拐点相近压汞法和核磁共振法两种方法体积累加曲线的上升拐点相近，，
但随后累加的程度不同但随后累加的程度不同。。但随后累加的程度不同但随后累加的程度不同。。
分别以分别以44nm,nm, 77nm,nm, 1010nmnm为交叉点为交叉点，，在交叉点以上在交叉点以上，，压汞法的压汞法的
累加体积一般高于核磁共振法；低于交叉点随着孔径的减小累加体积一般高于核磁共振法；低于交叉点随着孔径的减小，，
孔的连通性变差孔的连通性变差，，进汞体积逐渐减小进汞体积逐渐减小。。核磁共振法的体积累核磁共振法的体积累孔的连通性变差孔的连通性变差，，进汞体积逐渐减小进汞体积逐渐减小。。核磁共振法的体积累核磁共振法的体积累
加曲线高于压汞法加曲线高于压汞法。。

•• 孔分布（孔分布（22））7d7d和和90d90d不同粉煤灰掺量浆体不同粉煤灰掺量浆体
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对于压汞法孔分布峰：对于压汞法孔分布峰：77dd时时，，粉煤灰尚呈惰性粉煤灰尚呈惰性，，掺掺
和不掺粉煤灰浆体孔分布峰几乎重合；和不掺粉煤灰浆体孔分布峰几乎重合；9090dd时时，，粉粉
煤灰发挥火山灰作用煤灰发挥火山灰作用，，掺粉煤灰浆体的峰比不掺浆掺粉煤灰浆体的峰比不掺浆
体的峰显著向左偏移；体的峰显著向左偏移；
对于核磁共振法孔分布峰：即便到对于核磁共振法孔分布峰：即便到9090dd，，掺粉煤灰掺粉煤灰
浆体的峰仍然比不掺浆体的峰更像右偏；浆体的峰仍然比不掺浆体的峰更像右偏；
表明：粉煤灰的火山灰效应改善的是毛细孔表明：粉煤灰的火山灰效应改善的是毛细孔，，特别特别
是几十个纳米的中等毛细孔是几十个纳米的中等毛细孔，，二次水化产物细化了二次水化产物细化了
它们的孔尺寸它们的孔尺寸。。但是但是，，粉煤灰对凝胶孔的改善效果粉煤灰对凝胶孔的改善效果
则有限则有限。。
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•• 孔分布（孔分布（33））7d7d和和90d90d粉煤灰和硅灰浆体粉煤灰和硅灰浆体
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从压汞法孔分布曲线看从压汞法孔分布曲线看，，硅灰对孔结构的细化作用硅灰对孔结构的细化作用
最显著最显著，，粉煤灰次之；粉煤灰次之；

从两种方法测得的分布曲线对比来看：硅灰和粉煤从两种方法测得的分布曲线对比来看：硅灰和粉煤
灰对水泥浆体孔结构的改善主要集中在直径灰对水泥浆体孔结构的改善主要集中在直径2020--
8080nmnm的中等毛细孔段；而对于的中等毛细孔段；而对于1010nmnm以下的凝胶孔的以下的凝胶孔的
改善作用则有限改善作用则有限。。基于不同尺度的孔对宏观性能的基于不同尺度的孔对宏观性能的
不同影响来说不同影响来说，，这一结论对于工程实践有一定指导这一结论对于工程实践有一定指导
作用作用。。即根据工程需要即根据工程需要，，选取合适的矿物掺合料有选取合适的矿物掺合料有
针对性的改善材料的孔结构针对性的改善材料的孔结构。。
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•• 水的弛豫与浆体比表面积水的弛豫与浆体比表面积水的弛豫与浆体比表面积水的弛豫与浆体比表面积
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310
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initialT
S

22ρ

•• 实验实验实验实验

11、新拌浆体早期比表面积的动态增长、新拌浆体早期比表面积的动态增长11、新拌浆体早期比表面积的动态增长、新拌浆体早期比表面积的动态增长

22、硬化浆体比表面积随龄期的增长、硬化浆体比表面积随龄期的增长

•• 早期浆体比表面积的发展早期浆体比表面积的发展
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•• 硬化浆体的比表面积硬化浆体的比表面积
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四、水泥浆体中水的分布与含量演变四、水泥浆体中水的分布与含量演变

•• 水的分布一般描述水的分布一般描述

 高密度凝胶孔 1nm~3nm1nm~3nm
低密度凝胶孔 

过渡孔 

3nm~12nm3nm~12nm
10nm~50nm10nm~50nm

毛细孔 

10nm 50nm10nm 50nm

50nm~10μm50nm~10μm

未水化水泥 

•• 早期浆体中水的分布早期浆体中水的分布
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浆体中不同状态的水的含量变化浆体中不同状态的水的含量变化浆体中不同状态的水的含量变化浆体中不同状态的水的含量变化

孔的分类及其对应的弛豫时间孔的分类及其对应的弛豫时间

孔隙类型孔隙类型 凝胶孔凝胶孔 过渡孔过渡孔 大毛细孔大毛细孔

孔半径孔半径/nm/nm <6<6 6~256~25 >25>25

TT22/ms/ms <0.25<0.25 0.25~1.040.25~1.04 >1.04>1.04

含量变化的定量描述含量变化的定量描述
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结论结论六、结论六、结论

（（11）采用）采用LFNMRLFNMR表征水泥浆体的水化过程表征水泥浆体的水化过程

通过监测早期浆体中水的纵向弛豫时间通过监测早期浆体中水的纵向弛豫时间

TT11的变化的变化 表征了浆体的水化过程表征了浆体的水化过程 首次研首次研TT11的变化的变化，，表征了浆体的水化过程表征了浆体的水化过程。。首次研首次研

究了不同组成的硅酸盐水泥浆体和掺粉煤灰和究了不同组成的硅酸盐水泥浆体和掺粉煤灰和

硅灰的复合浆体的水化过程与弛豫时间之间的硅灰的复合浆体的水化过程与弛豫时间之间的

对应关系和机理对应关系和机理 描述了新拌浆体中水的分布描述了新拌浆体中水的分布对应关系和机理对应关系和机理。。描述了新拌浆体中水的分布描述了新拌浆体中水的分布

状态状态，，直观说明了高效减水剂对絮凝结构的抑直观说明了高效减水剂对絮凝结构的抑

制效应制效应。。

（（22）建立水的弛豫特性与水泥浆体微结构的关系）建立水的弛豫特性与水泥浆体微结构的关系建 水的弛豫特性与水泥浆体微结构的关系建 水的弛豫特性与水泥浆体微结构的关系

建立了水的横向弛豫时间建立了水的横向弛豫时间TT22与孔隙结与孔隙结建 了水的横向弛豫时间建 了水的横向弛豫时间 与孔隙结与孔隙结

构的定量关系构的定量关系。。在此基础上在此基础上，，研究了不同组研究了不同组

成和龄期的水泥浆体的孔结构成和龄期的水泥浆体的孔结构 由于水分子由于水分子成和龄期的水泥浆体的孔结构成和龄期的水泥浆体的孔结构。。由于水分子由于水分子

较小的直径较小的直径，，弛豫法能够探测到凝胶孔弛豫法能够探测到凝胶孔。。通通

过与压汞法的测孔结果相比较过与压汞法的测孔结果相比较，，发现粉煤灰发现粉煤灰

和硅灰对孔系统的影响存在一个和硅灰对孔系统的影响存在一个““势力范势力范和硅灰对孔系统的影响存在 个和硅灰对孔系统的影响存在 个 势力范势力范

围围””，，即主要是孔直径在即主要是孔直径在2020nm~nm~8080nmnm的中的中

等毛细孔等毛细孔 此外此外 在原位监测条件 研究在原位监测条件 研究等毛细孔等毛细孔。。此外此外，，在原位监测条件下研究了在原位监测条件下研究了

浆体水化过程中比表面积的动态增长过程浆体水化过程中比表面积的动态增长过程。。浆体水化过程中比表面积的动态增长过程浆体水化过程中比表面积的动态增长过程

（（33）揭示了不同孔隙中可蒸发水的定量演变规律）揭示了不同孔隙中可蒸发水的定量演变规律

利用低场核磁共振非破损利用低场核磁共振非破损、、非侵入非侵入、、连续连续

测量的优势测量的优势 研究了不同组成和龄期的浆体中研究了不同组成和龄期的浆体中测量的优势测量的优势，，研究了不同组成和龄期的浆体中研究了不同组成和龄期的浆体中，，

被限制在不同大小孔径中的可蒸发水的含量变被限制在不同大小孔径中的可蒸发水的含量变

化化，，弥补了传统方法的不足弥补了传统方法的不足。。研究的结果对于研究的结果对于

定量地分析水对材料相关性能定量地分析水对材料相关性能 如干燥收缩如干燥收缩定量地分析水对材料相关性能定量地分析水对材料相关性能，，如干燥收缩如干燥收缩、、

徐变徐变、、自干燥收缩自干燥收缩、、冻融等问题提供了基础数冻融等问题提供了基础数

据据。。
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二○一三年十月

多维核磁共振录井技术应用探讨

中石化胜利石油工程有限公司地质录井公司

目 录

1

2

3

前言

多维核磁共振录井技术

应用效果

4 结束语

一、前言

全球非常规油气（致密砂岩、泥页岩）勘探开发取得三大创新：

“纳米级”连续型油气聚集的地质理论创新；

形成“人造渗透率”的水平井多级体积压裂的核心技术创新；

“工厂化”平台式低成本的开发模式创新。

——邹才能，石油勘探与开发，2012（39），1

 纳米级孔隙特征是决定泥页岩油气连续型成藏模式及非常规钻采工艺的根本。

 开展纳米级孔隙的储层物性及含油气性评价对于选区、选层，及为石油工程

技术提供强有力的技术支撑均具有十分重要的意义。

一、前言

纳米级孔隙的储层物性及含油气性评价的意义

对于泥页岩、致密砂岩油藏评价的重点，更是难点的就是纳米级

孔隙的储层物性及含油气性的评价。多维核磁共振技术可以同时得到

纵向弛豫时间（T1）、横向弛豫时间（T2）和扩散系数（D），利用该

技术可以快速测量孔隙度、渗透率、含油饱和度、束缚流体饱和度等

储层物性参数，且可从多维谱图上直观区分油、气和水。

技术方法 测量范围 研究内容

核磁共振 8nm～80μm

孔喉大小、分布气体吸附法 0.4～100nm

压汞法 100nm～950μm

普通显微镜 放大400倍
微米～毫米级孔喉大小、
形态

钨丝扫描电镜 放大2万倍 微米级孔喉大小、形态

小角散射 10nm～1μm 泥页岩微孔大小

场发射扫描电镜 放大20万倍 纳米级微孔大小、分布

环境扫描电镜 放大20万倍 原油赋存状态

nano-CT 50nm 纳米级微孔形态、连通
性聚焦离子束 10nm

非常规储层实验分析技术

页岩油储层：30～400nm

页岩气储层：5～200nm

一、前言 一、前言

一维岩样核磁共振录井技术能在钻井现场快速、准确评价储层物性、孔隙结

构及流体可动性的一项录井新技术，它打破了录井长期不能定量、快速评价储层

物性的局面；突破了录井不能定量评价流体分布的瓶颈；促进了油气层综合解释

水平的快速提高。但对于纳米级储层，具有两点不适应性：

一维核磁共振技术的不足：

0.1ms相当于73.5nm
的孔隙，而页岩油层
的孔隙为30-400nm 锰离子扩散不

进去，无法区
分油水信号
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一、前言

 多维核磁共振技术增加了扩散系数后在区分流体性质方面具有独到优势，

其T2谱的反演是从0.01ms开始，相当于7.35nm的孔隙，能满足非常规

泥页岩、致密砂岩油气的勘探需求。

 地面录井仪器不受井眼空间的限制，不用浸泡样品，一次测量即可进行油

气水的识别，可在非常规储层物性及孔隙流体评价方面发挥独到的作用。

多维核磁共振技术的优势：

目 录

1

2

3

前言

多维核磁共振录井技术

应用效果

4 结束语

（一）孔隙度评价

 提高磁场强度有助于提高信噪比，但过高的场强会受岩石骨架的影响。

确定11M左右为最佳的磁场强度。

二、多维核磁共振录井技术

（一）孔隙度评价
 TE越大，小孔隙的信息丢失越多；缩短TE，确定最佳的回波间隔（TE），是满足

纳米级储层评价的关键。

二、多维核磁共振录井技术

 采用0.06ms的回波间隔，可测量到0.01ms（约8nm）的孔隙。

页岩油井岩屑 页岩油井岩心

TE=0.06ms

（一）孔隙度评价

二、多维核磁共振录井技术

人造饱水岩心

TE=0.4009 TW=10000 NS=4 TE=0.4009 TW=15000 NS=4 

人造烘干岩心

TE=0.4009 TW=15000 NS=4 

人造饱油岩心

水
油 水

油
水

油

饱和盐水T11-500,T21-500，值基本相当，D1.8-7
饱和油T13000-4000ms，T2300-1000ms，D0.0015-7.6

（二）油气水识别与评价

二、多维核磁共振录井技术
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（二）油气水识别与评价

气的扩散系数为D=1.5E-7m2/s，油的扩散为D=1.0E-
11m2/s，水（束缚水）的扩散系数D=2.5E-9m2/s。气，油，
水的T2弛豫时间分别为40ms，200ms，20ms，采样信噪比
为30。在上图中，根据油水气不同的扩散系数可以轻易的区
分出岩心中油、气、水的部分；一次二维DT2检测就可以得出
油水气的扩散系数和弛豫时间，以及各组分的比例。

张应力 等，ICMRM11，2011.08

油，水的T2弛豫时间分别为40ms，200ms，20ms；T1
弛豫时间分别为3000ms，400ms，40ms；采样信噪比为
30。在T2 分布上，束缚水与天然气信号有很大的重叠，区
分比较困难，而一次T1-T2序列即可区分。T1时间最长的是
天然气，而油和束缚水在T2上有区别。

二、多维核磁共振录井技术 二、多维核磁共振录井技术

设备简介 样品
位置

放原
始样

选择
序列

参数
设置

分析

反演

评价

样品分析流程

20～100min

校正
频率

苏州纽迈
电子科技
有限公司
生产的
AniMR加
100A梯度
功放，共
振频率
12.689MHz，
探头线圈
直径25mm。

（三）对比试验

CPMG序列 T1-T2序列

翻转恢复IR序列 D-T2序列

序列：

二、多维核磁共振录井技术

 T2 实验，采用CPMG 序列，序列参数为：P1=4.20us，P2=8.20us，
SW=666.667kHz，TW=2000ms，DL1=0.022ms，NECH=8000，
NS=64；

 （2）D-T2实验，采用PGSE-CPMG 序列，序列参数为：P1(us)=19，
P2(us)=34，TD=102296，SW(KHz)=100，TW(ms)=500，
RFD(ms)=0.08，RG1(db)=20，DRG1=3，NS=128（部分样品
NS=32），NECH= 3000。

（三）对比试验

二、多维核磁共振录井技术

（三）对比试验

实验样品

在***陷下第三系沙河街组页岩油气主要勘探层段采集**、**、

**三口井泥页岩岩屑（心）样品11块，进行两种样品处理方式下

的孔隙度测试，样品处理方式两种：

（1）原样测试，不对样品做任何处理；然后对11块泥页岩岩屑

样品进行D-T2二维检测其流体含量；

（2）使用真空饱和装置对样品进行矿化水饱和2小时。

二、多维核磁共振录井技术

1、孔隙度分析对比试验

样品编号 井深（m） 井号 体积（ml） 单位体积核磁
信号

孔隙度 样品类型

1 3212 ** 8.38 261.82 4.02% 岩屑

2 3272 ** 8.38 289.70 4.43% 岩屑

3 3208 ** 8.35 414.72 6.29% 岩屑

4 3256 ** 8.78 274.50 4.21% 岩屑

5 3644-3646 ** 10.01 383.92 5.84% 岩屑

6 3664-3666 ** 9.83 239.26 3.68% 岩屑

7 3668-3670 ** 11.81 371.69 5.65% 岩屑

8 3672-3678 ** 10.03 365.01 5.55% 岩屑

9 3607-3609 ** 7.48 140.10 2.21% 岩屑

10 3670-3672 ** 8.57 393.29 5.97% 岩屑

11 3683.6 ** 6.96 475.25 7.19% 岩芯

原样多维核磁共振录井孔隙度测试数据表

原样进行测试，不对样品做任何处理测试样品孔隙度，测试结果
样品孔隙度最大7.19%，最小2.21%，平均为5.17%。

二、多维核磁共振录井技术

真空矿化水饱和2小时多维核磁共振录井孔隙度测试数据表

测试结果样品孔隙度最大13.41%，最小8.85%，平均为10.67%。

样品编号 井深（m） 井号 体积（ml） 单位体积核
磁信号

孔隙度(%) 样品类型

1 3212 ** 7.28 586.88 8.85% 岩屑

2 3272 ** 7.65 643.5 9.70% 岩屑

3 3208 ** 7.26 592.85 8.94% 岩屑

4 3256 ** 7.26 641.62 9.67% 岩屑

5 3644-3646 ** 9.09 840.11 12.62% 岩屑

6 3664-3666 ** 8.38 698.25 10.51% 岩屑

7 3668-3670 ** 10.03 823.93 12.38% 岩屑

8 3672-3678 ** 9.11 662 9.97% 岩屑

9 3607-3609 ** 6.08 771.34 11.60% 岩屑

10 3670-3672 ** 7.29 893.28 13.41% 岩屑

11 3683.6 ** 6.78 648.12 9.76% 岩芯

1、孔隙度分析对比试验
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二、多维核磁共振录井技术

对比饱和矿化水和原样孔隙度测试结果，前者孔隙度均大于后者接近两部，同时看出岩
屑样品的偏差值更大，岩心样品的偏差值相对较小。分析原因为饱和水的泥页岩样品由于粘
土颗粒的吸附作用在表面形成一定量的水，造成孔隙度检测偏大，岩屑呈颗粒其表面积远大
于岩心样品的表面积，造成岩屑吸附水量大于岩心样品，从而岩屑样品的偏差值更大。

样品个数

孔
隙
度

%

1、孔隙度分析对比试验

二、多维核磁共振录井技术

原样样品（岩屑）微分谱和积分谱 饱和矿化水样品（岩屑）微分谱和积分谱

原样样品（岩屑）微分谱和积分谱 饱和矿化水样品（岩屑）微分谱和积分谱

泥页岩
储层一般为
纳米级的小
孔隙，矿化
水难以饱和
进样品中去，
无助于孔隙
度的检测，
反而会人为
的增加大孔
隙的测量值，
因此认为利
用多维核磁
共振技术检
测泥页岩样
品的孔隙度
不能进行饱
和矿化水，
应直接检测
原始样品。

1、孔隙度分析对比试验

多维核磁 常规核磁

常规核磁录井技术能检测0.1ms（相当于73.5nm）的孔隙，对小孔隙信号的

信息丢失较多，不能满足泥页岩油气储层物性评价的需要。多维核磁录井技术可

以检测到弛豫时间为0.01ms（相当于7.35nm）的孔隙，具有较高的孔喉分辨率。

二、多维核磁共振录井技术

1、孔隙度分析对比试验
**井多维核磁谱图 **井多维核磁谱图

井深 常规核磁孔隙度 多维核磁孔隙度

3463.26 5.26 6.52

3472.43 3.54 4.71

3477.49 1.4 2.31

3480.35 1.02 1.72

井深 常规核磁孔隙度 多维核磁孔隙度

3026 6.17 7.10

3096 7.15 8.30

3118 6.06 6.91

3122 5.22 6.13

多维核磁对小孔隙识别精度较高，物性值大于常规核磁物性值；

二、多维核磁共振录井技术

1、孔隙度分析对比试验

2、孔隙结构评价

 核磁共振T2谱包含了基质孔隙、生烃孔隙和微裂缝三部分，基质孔隙峰反应了吸

附气含量的高低，生烃孔隙峰反应了生烃能力的大小，而微裂缝峰则反应了储层

改造的难以程度。

二、多维核磁共振录井技术 二、多维核磁共振录井技术

3、流体含量分析

对11块泥页岩样品进行D-T2二维流体含量分析，使用CPMG-PGSE序列采集样品信号，根据
D-T2衰减信号函数，得到扩散系数D、横向弛豫时间T2和弛豫分量的信号量。
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2、孔隙结构评价

基质孔隙

微裂缝

孔隙结构评价
生烃孔隙

二、多维核磁共振录井技术 二、多维核磁共振录井技术

3、流体含量分析

测试的1-11号样品含
油饱和度分别为：2.33%、
15.62%、5.22%、3.56%、
16.74%、22.94%、23.02%、
0.00%、7.00%、11.52%、
13.05%，除了8号样品之外
岩样均含油，其中，样品2
号、5号、6号、7号和11号
含油率都较高。

二、多维核磁共振录井技术

3、流体含量分析

实验表明，利用多维核磁共振录井技术能够有效检测泥页岩中纳米级的
孔隙，弥补了一维核磁由于泥页岩中的流体主要以束缚状态存在，核磁的弛
豫时间更短难以检测到纳米孔隙的不足，可以精确反映泥页岩中的全部孔隙
量；应用多维核磁共振录井技术检测的D-T2序列，能够有效区分油、水两种
不同的流体含量，尤其是泥页岩中含油量的精确检测对非常规储层油气的勘
探开发具有更加重要的意义。

目 录

1

2

3

前言

多维核磁共振录井技术

应用效果

4 结束语

1、##井和**井沙三下泥页岩评价

三、应用效果

##井 **井

井深 常规核磁孔隙度 多维核磁孔隙度

3463.26 5.26 6.52

3472.43 3.54 4.71

3477.49 1.4 2.31

3480.35 1.02 1.72

井深 常规核磁孔隙度 多维核磁孔隙度

3026 6.17 7.10

3096 7.15 8.30

3118 6.06 6.91

3122 5.22 6.13

多维核磁对小孔隙识别精度较高，孔隙度大于常规核磁孔隙度；##井基质孔隙
所占比例较小，生烃孔隙较为发育，孔隙主要以生烃孔隙为主。**井基质孔隙较为
发育，生烃孔隙所占比例明显小于基质孔隙所占比例。

##井3118m油泥岩 **井3322.4m油泥岩

日油0t，水3.3m³ 日油0.002t，水0.65m³

三、应用效果

##井主峰集中在水线范围内，图形呈规则的圆形；##井主峰集中出现在水线范
围内，有少量峰出现在了油线范围内。试油证实了**井储层物性好于**井，**井含
油性差于##井的多维核磁分析结果。
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井号 顶深 底深 岩性
钻时
基值

钻时异
常

全烃基
值

全烃异
常

甲烷基
值

甲烷异
常

静压 日油 日气 日水
试油结
论

** 2828.13 2861 灰褐色油斑油页岩 9 3.3 0.082 0.72 45.2 73.1 4220 0 油层

** 3442.32 3560 灰褐色灰质油泥岩 12.7 37.18 100 15.64 78.3 58.75 140 15625 59.8 油水同层

**

3467 3470 灰色油斑泥灰岩 8.5 4 64.48 2.03 42.29
61.56 154 13400 3.22 油层

3471 3473 灰色油斑泥灰岩 9 4.83 100 2.77 94

3607 3609 灰色荧光泥灰岩 15.3 9.6 2.42 85.37 1.18 65.62
暂不定性

3612 3616 灰色荧光泥灰岩 34.9 5.1 5.07 100 2.86 79.76

**

3238.5 3284 灰褐色油泥岩 13 9 5 27.2 1.5 6

3296 3320 灰褐色油泥岩 13 8 5 62 1 12

3343 3351 灰褐色油泥岩 40 16 5 100 1 30 60.02 38.5 871 1.4 油层

** 3667 3668 深灰色油斑砂质灰岩 9.2 5.1 9.33 86.07 4.24 81.07 47.05 41.5 8754 6.4 油层

**、**、**、**、**井试油资料统计表

2、##地区泥页岩储层评价

三、应用效果

 **井井段3635.77-3680m，岩性深灰色油斑砂质灰岩，试油日油41.5t，日

气8754m³，水6.4m³，试油结论为油层。

三、应用效果

（1）**井

XX井

3644-3646m P=5.84% 3664-3666m P=3.68%

3668-3670m P=5.65% 3672-3678m P=5.55%

3635.77-3680 日油41.5 日气8754 日水6.4

三、应用效果

（1）**井

**井基质孔隙百分含量直方图

nm

% %

孔隙度 孔隙度

百
分
比 百

分
比

nm

三、应用效果

（1）**井

非常规储层多维核磁孔隙分级评价。

3644-3646m

3635.77-3680 日油41.5 日气8754 日水6.4

序号 面积 峰点信息（s,m2/s） 比例 峰属性

1 218.9722 0.0173 , 1.39e-9 83.26% 水峰

2 44.01689 0.017302 , 4.64E-12 16.74% 油峰

3668-3670m

序号 面积 峰点信息（s,m2/s） 比例 峰属性

1 661.51 0.0173 , 1.9307e-10 76.98% 水峰

2 197.8101 0.0089 ,  4.642E-12 23.02% 油峰

三、应用效果

（1）**井

井深
m

厚度
m

岩性
S0

mg/g
S1

mg/g
S2

mg/g
Pg       

mg/g
St      

mg/g
Tmax      
℃    

TOC
%

PC % HI
D    
%

有
机
质
类
型

烃源
岩分
级

成熟
度

生烃量
104t/km2

排烃量
104t/km2

3468.00-
3705.00

230
深灰色泥岩
褐灰色灰质油
泥岩

0.03 2.03 11.17 13.22 14.85 444 2.36 1.23 631 52 Ⅱ1 好 成熟 265.81 86.09 

**井试油段有机质丰度评价表

**井有机质为Ⅱ1型成熟好烃源岩，储

层中微裂缝较为发育，井段3635.77-

3680m试油，日油41.5t，日气8754m³，

日水6.4m³。

三、应用效果

（1）**井
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 **井井段3440.42-3504.47m，岩性灰色油斑泥灰岩，试油日油154t，日气

13400m³，水3.22m³，试油结论为油层。

三、应用效果

（2）**井
XX井

序号 样品名称 质量（g） 体积（ml) 峰面积
单位体积峰面

积
孔隙度

1 3452-3454 14.032 5.6128 2684.413 478.2663 7.20%

2 3456-3458 13.7802 5.51208 1772.12 321.4975 4.82%

3 3460-3462 11.7361 4.69444 1302.341 277.422 4.15%

4 3467-3470 13.8697 5.54788 4033.907 727.1078 10.98%

5 3470-3473 13.2109 5.28436 2437.646 461.2945 6.94%

**井试油段核磁谱图

三、应用效果

（2）**井

3670-3672m P=5.97% 3683.6m P=7.19%

3607-3609m P=2.21% 3618-3620m  P=6.96%

三、应用效果

（2）**井
**井基质孔隙百分含量直方图

井号 ** ##

顶深 3632 3639 3671 3472 3608

底深 3639 3656 3681 3480 3621

渗透率 0.4 0.4 0.4 0.4 0.2

**、##井测井渗透率统计表

nm

%
%

nm

孔隙度

百
分
比

孔隙度

百
分
比

三、应用效果

（2）**井
非常规储层多维核磁孔隙分级评价。

序号 面积 峰点信息（s,m2/s） 比例 峰属性

1 2329.11 0.125�,2.15E-9 95.39% 水峰

2 112.62 0.013，1.39e-11 4.61% 油峰

序号 面积 峰点信息（s,m2/s） 比例 峰属性

1 403.63 0.1,1.73E-9 86.95% 水峰

2 60.56 0.013，1.39e-11 13.05% 油峰

3670-3672m 3683.6m

三、应用效果

（2）**井

井深
m

岩性
S0         

mg/g
S1         
mg/g

S2         
mg/g

Pg       
mg/g

St      
mg/g

Tmax      
℃    

TOC     
%

PC % HI
D    
%

有机
质类
型

烃源
岩分
级

成熟
度

生烃量
104t/km2

排烃量
104t/km2

3440.42-
3504.47

褐灰色灰质油泥岩
深灰色泥岩

0.06 3.32 20.57 23.95 36.08 432 4.49 2.99 804 67 Ⅰ 极好 成熟 591.42 398.98 

3577.10-
3691.90

深灰色泥岩 0.08 2.52 13.50 16.10 23.68 440 3.13 1.97 756 63 Ⅱ1 好 成熟 502.16 322.39 

**井试油段有机质丰度评价表

**井井段3440.42-3504.47m试油日油154t，日

气13400m³，日水3.22m³，气测全烃4.83%↑100%，

岩性主要为灰色油斑泥灰岩，有机质为Ⅰ型成熟极

好烃源岩，孔隙度最高为10.98%。

井段3577.11-3691.90m中途测试，暂未定性，

受储层物性、含油级别、生烃能力影响，该段未形

成工业油流。

三、应用效果

（2）**井
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前言

多维核磁共振录井技术

应用效果

4 结束语

认识

利用多维核磁共振录井技术能够有效检测泥页岩、

致密砂岩等非常规储层中纳米级的孔隙，利用D-T2谱图

能够准确地识别储层中流体的展布和含量，直观地评价

油气水层，促进录井油气水层综合解释水平的提高，解

决了泥页岩、致密砂岩油气层录井评价的需求，对非常

规储层油气勘探具有非常重大指导意义，因此应该大力

发展多维核磁共振录井技术。

四、结束语
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, 

•

•

LBM 

•

•

•

•

• SEM

• X-CT

•

, , . [J]. , 1990,1: 008.
. / / [D]: : , 2006.
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Withjack E, Devier C, Michael G. The role of X-ray computed tomography in core analysis: proceedings of the SPE Western 
Regional/AAPG Pacific Section Joint Meeting, 2003[C].
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Zhang Y, Zhao J, Zhou K et al. Porosity analysis based on the CT images processing for the oil reservoir sandstone: proceedings of the 
Automatic Control and Artificial Intelligence (ACAI 2012), International Conference on, 2012[C]. IET
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Arns CH. A comparison of pore size distributions derived by NMR and X-ray-CT techniques[J]. Physica A: Statistical
Mechanics and its Applications, 2004,339(1–2): 159-165.

•
•
•
•
•

Herremans E, Melado-Herreros Á, Defraeye T et al. Comparison of X-ray CT and MRI of watercore disorder of different apple
cultivars[J]. Postharvest Biology and Technology, 2014,87: 42-50.
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TONGJI UNIVERSITY

材料科学与工程学院
水泥基材料研究所

影响水泥基材料中低场核磁共振
信号的诸因素探讨

报告人：孙振平 教授

2013年10月12日

TONGJI UNIVERSITY

探讨背景

•水泥组成的复杂性
•顺磁性物质对弛豫信号的影响

实验内容

•粉煤灰对核磁信号的影响
•半回波时间对核磁信号的影响
•氧化物类型对核磁信号的影响

问题与解决方向

材料科学与工程学院
水泥基材料研究所

主要内容

TONGJI UNIVERSITY

低场核磁共振技术在水泥基材料研究中的应用

• 水化进程

• 孔隙结构

• 水分迁移

• 结合水分析

在水泥基材料中的核磁共振弛豫环境复杂

• 水泥的多组分，且含有含铁矿物

• 掺合料也引入大量的含铁氧化物或矿物

材料科学与工程学院
水泥基材料研究所

背景

TONGJI UNIVERSITY

一种是顺磁性物质(Paramagnetic Species),原子外具有未成对电子，例如正三价
铁离子。

材料科学与工程学院
水泥基材料研究所

另一种是磁性矿物(Magnetic minerals),具有很高的磁化率，容易被磁化，例如
磁铁矿。

水泥及其掺合料中含有大量的含铁
物质，用低场核磁共振测试含有粉
煤灰的水泥基材料时，所得出的弛
豫信息是否是所有质子真实的弛豫
信息？如果有偏差，应该如何调
整？

 对质子弛豫产生影响的两种类型(Kristina)

粉煤灰对白水泥浆体水化过程的影响

TONGJI UNIVERSITY

材料科学与工程学院
水泥基材料研究所

不同掺量粉煤灰浆体的纵向弛豫时间随
水化龄期的变化

纯白水泥纵向弛豫时间
随龄期变化曲线较平滑，
纵向弛豫时间随龄期变得
越来越小；

掺加粉煤灰后，曲线不
再平滑，而是呈现锯齿状
跳动；

随着粉煤灰掺量的提高，
弛豫时间呈增大趋势；

粉煤灰掺量达到一定比
例后，纵向弛豫时间的变
化已经基本无规律可循了。

不同龄期粉煤灰对弛豫信号的影响

TONGJI UNIVERSITY

材料科学与工程学院
水泥基材料研究所

3d

14d

在3d龄期时，可以发
现：

随着粉煤灰掺量的
增加，信号总量减少；

粉煤灰的掺加，可
以增加凝胶孔质子的
信号量；

粉煤灰的掺加，峰
的向低弛豫时间方向
移动
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TONGJI UNIVERSITY

回波时间对核磁信号的影响

材料科学与工程学院
水泥基材料研究所

不同半回波时间对测试信
号的影响

从图可以看出：

回波时间对质子弛
豫的信号总量有一
定影响；

随着半回波时间的
减小，弛豫信号分
布峰向小弛豫时间
移动

TONGJI UNIVERSITY

铁氧化物类型对核磁共振信
号的影响

材料科学与工程学院
水泥基材料研究所

铁氧化物与石英砂混合物
的T2分布曲线

从图可以看出：

三氧化二铁和四氧
化三铁都对核磁共
振信号有影响；

四氧化三铁的作用
效果强于三氧化二
铁

它们不仅使信号量
减少，而且影响峰
向小弛豫时间移动。

TONGJI UNIVERSITY

材料科学与工程学院
水泥基材料研究所

目前研究遇到的问题

不管水泥还是掺合料中的顺磁性物质或者磁性矿物掺加到水泥中都不
是以惰性材料存在
• 铁磁性离子的含量

• 铁磁性粒子的空间分布（颗粒内部 VS 颗粒表面）
对不同类型的铁原子或离子无法进行准确定量的分析

低场核磁共振设备的稳定程度• ଵ்మ ൌ ଵ்మ,್ೠ೗ೖ ൅ ஽ଵଶ ܩߛ ଶሺ2߬ሻଶ ൅ ଵ்మ,ೞೠೝ೑• ଵ்భ ൌ ଵ்భ,್ೠ೗ೖ ൅ ଵ்భ,ೞೠೝ೑
• 牺牲分辨率换来数据的相对准确性

TONGJI UNIVERSITY

Thank you!
Thank you!Thank you!Thank you!

Thank you!Thank you!Thank yo

材料科学与工程学院
水泥基材料研究所
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核磁共振确定岩石孔隙结构及应用 

刘堂晏
1
     汤天知

2
   杜环虹

2
    章海宁

2
   邬龙

1
    

1
海洋地质国家重点实验室（同济大学），    上海，      200092 

2
中国石油集团测井技术有限公司技术中心， 西安，     710075    

摘要 

     油气储集层的孔隙结构是油气开采的重要参数，核磁共振的弛豫过程与岩

石的孔隙结构相关，因而，核磁共振成为评价岩石孔隙结构的主要方法。本文应

用寻优反演的方法，在最优反演的条件下，根据岩石孔隙结构的正演模型，得到

关于岩石的球形孔和管形孔的形态参数和分布参数。根据电阻定律的数值模拟结

果，本次研究证明，对于不同形态和不同分布的球形孔和管形孔，岩石的电阻率

呈现了显著的差异，岩石的实验室电阻率测量也证实了这种差异。核磁共振实验

分析、岩石电性的数值模拟，以及实验室测量的综合研究的结果，证明，野外测

井和实验室的电性分析的数据分散，不仅仅与测量误差有关，其中，岩石的孔隙

结构也是一个重要的影响因素。 

关键词： 核磁共振    电阻定律    测井解释    孔隙结构     阿尔奇   优化反演     

 

岩石 T2-G 实验采集参数自动匹配方法及应用 

范宜仁
1,2
，吴飞

1,2
，邓少贵

1,2
，邢东辉

1,2
，刘玺

1,2 

(1.中国石油大学 地球科学与技术学院，山东 青岛 266580 

2.中国石油大学 CNPC 测井重点实验室 山东 青岛 266580) 

摘要：针对改良式 CPMG 序列测量岩石内部磁场梯度分布时难以确定第一个窗

口的持续时间 t0 及回波个数 NE1 的难题，总结 T2-G 实验采集参数人工调节规律

后提出 t0、NE1 的一种自动匹配方法。利用长、短回波间隔 CPMG 测量估算岩

石内部磁场梯度大小，在此基础上构造岩石的等效(T2,G)二维正态分布模型，基

于该模型变化 t0、NE1 进行 T2-G 回波串正演数值模拟，结合 T2-G 最优化采集

参数的约束条件确定 t0、NE1。不同地区、不同物性、不同内部磁场梯度大小的

4 块砂岩 T2-G 测量验证了该方法的可行性和普适性，并且该方法使 T2-G 实验检

测效率提高了四倍。 

关键词：改良式 CPMG；内部磁场梯度；采集参数；自动匹配；数值模拟 
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NMR 技术在非常规油气层评价中的应用探讨 

 

王志战 1，秦黎明 1，陆黄生 1，蔡清 2，杨培强 2 

（1.中国石化石油工程技术研究院测录井研究所，北京 100101； 

2.苏州纽迈电子科技有限公司，江苏 苏州 215163） 

 
非常规油气储层的突出特征是纳米级孔隙和非达西流渗流特征，特殊的储层特性决定了

油气成藏机理、富集规律、钻采工艺的不同，也决定了常规核磁共振技术具有诸多的不适应

性。结合国内外技术现状[1-3]及所开展的实验工作，阐述了核磁共振技术在：纳米级孔隙的

储层物性评价（图 1a）、油基钻井液条件下的油层判识（图 1b）、孔隙流体的多维核磁共振

快速识别（图 1c）、储层结构的核磁共振成像（图 1d）等方面的应用；与此同时，深入分析

了非常规油气对核磁共振软硬件技术所提出的挑战。 
 
图 1(a)显示的是不同的 TE 对纳米级孔隙测量的影响，TE 越大，小孔隙的信息丢失越多。

核磁共振能测到 8nm 左右的孔隙，比压汞法、纳米 CT 和聚焦离子束等技术的分辨率更高；

图 1(b)显示的在油基钻井液条件下钻遇油层的 T2 谱，其定量程度优于目前的气测录井及三

维定量荧光录井技术；图 1(c)显示的是不同孔隙流体的多维谱分布，对于非常规油气层，采

用弛豫试剂浸泡的方法区分油水信号是行不通的；图 1(d)是全直径岩心的核磁共振成像，从

中可以看出孔隙和裂缝的分布，并可任意切片。 
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通讯联系人：王志战（1969-），男，山东栖霞人，博士，教授级高级工程师，主要从事录井

技术研究工作工作；通讯地址：北京市朝阳区北辰东路 8 号北辰时代大厦 918 室；电话：

010-84988382；E-mail: pjes@163.com。 
 

图 1 核磁共振技术在非常规油

气评价中的应用。(a)TE 对纳米

孔隙测量的影响；(b)油基钻井

液条件下的油层识别；(c)利用

多维核磁快速、准确识别孔隙

流体；(d)岩心的核磁共振成像。

Fig.1 NMR technology applications in 

unconventional reservoir evaluation. 

(a) Effect of TE on the nanoscale pore 

measurements; (b) the oil layer 

identification under oil based drilling 

fluid; (c) using multiple dimensional 

NMR to fast detect the pore fluids; (d) 

NMR imaging of cores.  
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NMR technology applications in unconventional reservoir 
evaluation 

 

Zhizhan Wang 1, Liming Qin 1, Huangsheng Lu 1, Qing Cai 2, Peiqiang Yang 2 

(1. SINOPEC Research Institute of Petroleum Engineering, Beijing 100101, China; 

2. Niumai Electronic Technology Limited Company, Suzhou 215163, China.) 

 

Unconventional reservoir is prominently characterized by nanoscale pores and non-Darcy flow, 
which determines its differences compared with the conventional reservoir, such as oil or gas 
distribution, accumulation mechanism, and drilling or production technology, etc. So, the 
conventional NMR technology can not satisfy with the reservoir demands. Combining with the 
current technology in the world and some experiment results, some applications by NMR method 
have been investigated: (1) the petrophysical evaluation in nanoscale pore reservoir (Fig.1a); (2) 
the oil layer identification under oil based drilling fluids(Fig.1b); (3) fast identification of pore 
fluids by multiple dimensional NMR method(Fig.1c); (4) reservoir structure imaging by 
NMR(Fig.1d). Meanwhile, some challenges to NMR software and hardware technology in 
unconventional reservoir evaluation have been analyzed. 

Fig.1a shows the effect of different TE values on the nanoscale pore measurements. The more 
TE value increasing, the more information loss in small pores. Compared with the Mercury 
Intrusion, Nano CT and Focused Ion Beam methods, NMR has higher resolution and can detect 
approximately 8nm scale pores. Fig. 1b displays the T2 spectrum of the oil layer under oil based 
drilling fluid by NMR method, whose quantified accuracy is superior to gas logging and 3D 
quantitative fluorescence technique; Fig. 1c reveals the multiple dimensional spectrums of 
different pore fluids. For conventional reservoirs, using relaxation reagent to soak samples by 
NMR method cannot distinguish the oil and gas signals; Fig.1d indicates the NMR imaging of the 
full hole cores. The pores and fractures can be obtained and random slices can be cutted. 

 
 
 

References: 
[1] Martínez G A and Davis L A. Petrophysical Measurements on Shales Using NMR[J]. SPE 
62851, 2000. 
[2] Arns C H, Washburn K E, and Callaghan P T. Multidimensional NMR Inverse Laplace 
Spectroscopy in Petrophysics[J]. Petrophysics, 2007,48(5): 380–392. 
[3] Arns C H, Sheppard A P, Sok R M, et al. NMR petrophysical predictions on digitized core 
images[J]. SPWLA 46th Annual Logging Symposium, 2005. 
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冻融循环条件下岩石核磁共振特性的试验研究 
 

周科平 1，李杰林 1，许玉娟 1，张亚民 1，杨培强 2，陈路平 2 
(1. 中南大学 资源与安全工程学院，湖南 长沙  410083；2. 上海纽迈电子科技有限公司，上海  200062) 

 

摘要：为研究岩石在冻融循环作用下微观结构的变化特征，选取寒区花岗岩为试样，在冻结温度为－40 ℃，融解

温度为 20 ℃条件下分别进行 0，10，20，30 和 40 次冻融循环试验，并对冻融循环后的岩样进行核磁共振(NMR)

测量，得到不同冻融循环次数后岩样的横向弛豫时间 T2 分布及核磁共振成像图像。结果表明：花岗岩的 T2 分布

主要为 3 个峰，第一个峰和第二个峰的面积之和占全部峰总面积的 98%以上，表明微孔隙占绝大多数；在经历 10，

20，30 和 40 不同冻融循环次数后，岩石的 T2 谱面积发生了明显变化，孔隙率分别增大了 14.0%，0.9%，16.2%

和 1.6%。核磁共振图像显示冻融循环后岩样的孔隙空间分布情况。冻融循环条件下岩石核磁共振特征的变化规律，

为岩石冻融损伤机制研究提供可靠的试验数据。 

关键词：岩石力学；冻融循环；核磁共振；花岗岩；孔隙度；弛豫时间 
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EXPERIMENTAL STUDY OF NMR CHARACTERISTICS IN ROCK UNDER 
FREEZING AND THAWING CYCLES 

 
ZHOU Keping1，LI Jielin1，XU Yujuan1，ZHANG Yaming1，YANG Peiqiang2，CHEN Luping2 

(1. School of Resources and Safety Engineering，Central South University，Changsha，Hunan 410083，China； 

2. Shanghai Niumag Electronic Technology Co.，Ltd.，Shanghai 200062，China) 

 

Abstract：For knowing the variation characteristic of rock microstructure under freezing and thawing cycles，the 
experimental study on granite sample is conducted under different freezing and thawing cycles of 0 time，10，20，
30 and 40 times with the freezing temperature of －40 ℃ and thawing temperature of 20 ℃. The nuclear 
magnetic resonance(NMR) is used to test the samples after freezing and thawing cycles；and the crosswise 
relaxation time T2 distribution and NMR imaging are obtained. The results show that：T2 distribution of granite 
exhibits three peaks and the subtotal spectrum area between the first peak and second peak occupies more than 
98% of the total area，which means the micro pores are in the majority. After different freezing-thawing cycles of 
10，20，30 and 40 times，the T2 spectrum area has changed obviously；and the porosity has increased by 14%，

0.9%，16.2% and 1.6% respectively. Also，the space distributions of pores have been visually shown by the NMR 
imaging. The variation law of NMR characteristics in rock under freezing-thawing cycles has provided the reliable 
experimental results for the research works of rock damage mechanism under freezing and thawing cycles. 
Key words：rock mechanics；freezing and thawing cycles；nuclear magnetic resonance(NMR)；granite；porosity；
relaxation time  
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1  引  言 
 

岩石是一种由各种造岩矿物或岩屑在地质作用

下按一定规律组合而形成的多种矿物颗粒的集合

体，岩石中通常含有节理、裂缝纹和孔隙等，而在

孔隙空间中通常包含油、气、水等流体[1]。在寒区，

由于季节更替、昼夜循环，岩石材料承受着冻融循

环而引起的物理风化作用，造成岩石内部的微裂缝

扩张和传播，内部材质发生劣化，影响岩石的物理

力学性质。因此，分析和了解岩石在冻融循环条件

下微观结构的变化特征，对于研究岩石冻融损伤的

规律和寒区岩体工程的破坏机制有重要意义。 
国内外许多学者就冻融循环作用对岩石材料的

影响进行了大量有益的研究：D. T. Nicholson 和 F. H. 
Nicholson[2]对 10 种含有原生裂隙的岩石进行了冻融

循环试验，研究了原生裂隙对岩石冻融损伤劣化程

度的影响；徐光苗[3]研究 2 种岩石在开放饱水条件

下的冻融循环试验，分析了相应的力学特性，并建

立了岩石冻融的温度–渗流–应力损伤本构模型；

M. Bellanger 等[4]采用岩石物理学方法，通过研究法

国东北部 Lorarine 地区石灰岩的孔隙率、饱和含水

量、渗透率、毛细吸水率等，得出了它们之间的相

互关系；吴 刚等[5]研究了大理岩循环冻融后的质

量、体积以及超声波纵波波速特性，归纳出循环冻

融下大理岩的物理力学特性；张继周等[6]对岩石冻

融损伤劣化的影响因素进行了归纳总结，并研究了

岩石在冻融条件下的损伤劣化机制和相应的力学特

性。 

目前观测岩石微观结构主要是利用图像分析技

术、电镜扫描和 CT 扫描等手段，也有许多学者开

展了冻融循环后岩石微观结构方面的研究：R. V. G. 
De Argandona 等[7]对采自西班牙的 Laspra 白云岩进

行了循环冻融，利用 CT 技术对岩样进行扫描，分

析岩样的孔隙结构在冻融条件下的演化；杨更社

等[8-10]应用 CT 技术研究了不同冻结速度、冻结温度

和冻融循环次数等条件下岩石内部的细观损伤扩展

机制及损伤结构的变化和影响；刘成禹等[11]利用电

镜扫描对冻融循环后的花岗岩进行了冻融损伤机制

研究。 
核磁共振技术已经成功应用在医学诊断、石油

勘探开发、农业、食品和生物医药等领域，在岩石

孔隙结构、储层岩石孔隙流体特性研究等方面也已

得到广泛的应用[12-14]，但目前将其应用于岩石冻融

损伤机制方面的研究还较少。笔者选取了黑龙江省

黑河地区的花岗岩，在进行不同冻融循环次数试验

后，采用核磁共振分析仪进行弛豫测量和成像测量，

对花岗岩的 T2 谱分布、T2 谱面积的变化特征和岩

石的内部孔隙分布特性进行了分析和讨论。 
 
2  试验概况 
 
2.1 岩样的选取 

花岗岩岩样取自黑龙江省黑河市某金矿，按高

径比 2∶1 要求加工成圆柱体标准试件，物理参数如

表 1 所示。岩样共 15 个，编号从 N–1～N–15，每

3 个岩样为一组，共 5 组，每组对应一个冻融循环

次数。 
 

表 1  花岗岩岩样的物理参数 
Table 1  Physical parameters of granite samples 

物理参数 
循环 
次数 

试件

编号 高度/
mm 

直径/
mm

冻融前 
质量/g 

冻融后 
质量/g 

冻融前、后质量

变化率/% 

N–1 96.32 48.62 448.69 – 0.00 

N–2 96.82 48.56 454.54 – 0.00  0 

N–3 98.64 48.44 475.10 – 0.00 

N–4 98.84 48.52 457.52 463.09 1.22 

N–5 99.72 48.56 463.72 468.08 0.94 10 

N–6 97.32 48.44 460.32 462.67 0.51 

N–7 98.28 48.62 461.82 464.53 0.59 

N–8 95.76 48.59 456.42 460.24 0.84 20 

N–9 98.12 48.52 470.12 472.76 0.56 

N–10 98.16 48.50 464.12 469.41 1.14 

N–11 98.30 48.54 465.82 470.16 0.93 30 

N–12 100.74 48.45 480.02 482.38 0.49 

N–13 95.60 48.61 457.92 467.30 2.05 

N–14 98.72 48.47 478.82 481.06 0.47 40 

N–15 100.00 48.53 478.52 480.54 0.42 

      

岩样为中粗粒碱长花岗岩，呈肉红色，块状构

造，中粗粒花岗结构。碱长石主要由微斜长石和正

长石组成，呈他形粒状，粒度 0.2～7.0 mm，卡式

双晶发育，呈弱绢云母化、泥化，碱长石含量 46%～

56%。部分花岗岩岩样如图 1 所示。 
2.2 试验仪器 

试验中使用的主要仪器有：冻融循环试验机、

真空饱和装置、核磁共振成像分析系统等，各种仪

器参数指标如下： 
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图 1  部分花岗岩岩样 
Fig.1  Part of granite samples 

 

(1) 苏州市东华试验仪器有限公司生产的 TDS–
300 型冻融循环试验机见图 2。该设备采用空气中

冷冻、水中解融的工作原理，冻融过程实现自动控

制。 

 
图 2  TDS–300 型冻融循环试验机 

Fig.2  TDS–300-typed freezing-thawing cycles testing  
machine 

 

(2) 真空饱和装置采用上海纽迈电子科技有限

公司研制的设备，设置抽气时间和压力后，自动运

行，压力值读数为 0.1 MPa。 
(3) 核磁共振测试采用上海纽迈电子科技有限

公司生产的 MiniMR–60 核磁共振成像分析系统，

见图 3。该设备的主磁场为 0.51 T，H 质子共振频

率为 21.7 MHz，射频脉冲频率为 1.0～49.9 MHz，
磁体控温 25 ℃～35 ℃，磁体均匀度为 12.0 ppm，

射频功率 300 W。 
 

 
图 3  MiniMR–60 核磁共振成像分析系统 

Fig.3  MiniMR–60 type of NMR imaging analysis system 

2.3 试验方法及方案 
(1) 冻融循环试验 
参照冻融循环试验的操作规程[15]，以取样地

最低气温(－40 ℃)为冻结温度，夏季平均气温(20 ℃)
为融解温度，进行冻融循环试验。岩样在－40 ℃温

度下冻结 4 h，然后在 20 ℃的水中融解 4 h，即每个

冻融循环周期为 8 h，如此反复。每 3 块岩样为 1
组，分别进行 5 组冻融循环，循环次数分别为 0，
10，20，30 和 40 次。 

(2) 核磁共振测试试验 
核磁共振测试试验在苏州市低场核磁共振仪器

工程技术研究中心完成，首先采用 MiniMR–60 型

核磁共振成像分析系统对冻融后的岩样进行一次常

温自然饱和(将样品在水中浸泡 48 h)条件下的核磁

共振弛豫测量；然后采用真空饱和装置对岩样进行

饱和，真空压力值为 0.1 MPa，抽气时间为 4 h，抽

完后再将样品放入蒸馏水中浸泡 24 h；最后再次进

行核磁共振弛豫测量，用于对比分析。 
(3) 核磁共振成像测试 
为消除测试过程中水分挥发对试验结果的影

响，将样品从水中取出后，擦干表面水分，用保鲜

膜包好再做测试。 
 
3  试验现象及结果分析 

 
3.1 质量变化 

对经历不同冻融循环次数后的岩样剩余质量进

行了测定，见表 1，结果表明：各岩样的质量在冻

融后均出现了增大，其中 N–13 岩样变化最大，增

大值为 2.05%。这主要是由于岩样在冻结后，孔隙

中的水冻结成冰，体积膨胀，对孔隙的壁面产生挤

压力，导致已有微孔隙的扩展和新微孔隙的产生；

而当处于融解阶段时，冰融解成水，水会进入到新

的微孔隙中，外部的水分也会沿着孔隙通道向岩石

内部迁移，如此反复，从而导致质量增大。 
3.2 核磁共振 T2谱分布 

核磁共振 T2 谱分布与孔隙尺寸相关，T2 值越

小，代表的孔隙越小，孔隙大，T2 值也大[16]，所以

T2 谱分布反映了孔隙的分布情况。峰的位置与孔径

大小有关，峰面积的大小与对应孔径的孔隙数量有

关。图 4 为经历不同冻融循环次数后，自然饱和和

真空饱和 2 种情况下岩样的 T2 谱分布。 
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驰豫时间 T2/ms 

(a) 自然饱和条件下 

 
驰豫时间 T2/ms 

 (b) 真空饱和条件下 

图 4  不同饱和条件下 T2谱分布 
Fig.4  T2 spectrum distribution under different saturation  

conditions 
 

从图 4 可以看出，经过 40 次冻融循环后，花岗

岩的 T2 谱分布主要表现为 3 个峰图，部分为 4 个峰

图，随着冻融次数的增加，T2谱形态上发生了左移，

即向小孔隙的 T2 谱方向偏移，小孔隙 T2 谱的核磁

共振信号强度增加。这也说明了在冰的冻胀和融缩

作用下，岩石内部产生了新的微孔隙。随着冻融次

数的增多，第一和第二个峰的幅度均明显增大，尤

其是岩样经过真空饱和后，第一个峰的幅度增大得

更为明显，表明在花岗岩中产生了新的微孔隙，并

且水分进入了微孔隙中，因此核磁共振信号强度增

大。 
随着冻融次数的增加，右侧的第三个峰所对应

的稍大尺寸微孔隙，变化并不明显，而且由表 2 可

知，第三和第四个峰的峰面积之和所占比例小于

2%，表明在岩样内部并未出现明显的裂纹扩展、孔

隙尺寸大幅度增大的现象，据此推测出岩样内部还

未出现较为严重的冻融损伤。根据A. C. Iñigo 等[17]的

试验结果，冻融循环对花岗岩这类致密型岩石的损

伤较小，核磁共振试验结果得出了相似的结论。 
3.3 T2 谱面积分析 

 
表 2  不同冻融循环下真空饱和岩石核磁共振谱面积 
Table 2  NMR spectrum area under vacuum saturation  

condition with different freezing and thawing  
cycles 

循环

次数

峰总

面积

第一个峰所

占百分比/%
第二个峰所 
占百分比/% 

第三个峰所

占百分比/%
第四个峰所

占百分比/%

 0 8 442 59.150 38.963 1.887 – 

10 9 821 66.814 31.814 1.372 – 

20 9 914 66.287 31.519 2.194 – 

30 11 830 64.358 33.524 2.117 0.001 

40 12 019 63.225 34.810 1.951 0.014 

     

核磁共振的全部 T2 谱面积可以视为核磁共振

孔隙度，是反映孔隙结构变化的一个重要参数，它

等于或略小于岩石的有效孔隙度。弛豫时间谱积分

面积的大小，与岩石中所含流体的多少成正比，因

此岩样在经历不同的冻融循环次数后，T2 谱分布积

分面积的变化，反映了岩石孔隙体积的变化[18]。不

同冻融循环次数后，花岗岩岩样 T2 谱面积的变化特

性及每个峰所占比例如表 2 所示。 
从表 2 可以看出，随着冻融循环次数的增加，

T2 谱面积逐渐增大，表明岩石的孔隙体积随着冻融

次数的增大而增大。对应小尺寸微孔隙的第一个峰

和第二个峰的峰面积之和占峰总面积的 98%以上，

表明小尺寸的微孔隙占绝大多数。在经历 10 次冻融

循环后，岩石的孔隙有一个明显的增大，孔隙率增

大了 14.0%，而在经历从 10 次到 20 次冻融循环过

程中，T2 谱面积均未发生明显的变化，真空饱和情

况下的孔隙变化率也仅为 0.9%。总体而言，在经历

20 次冻融循环后，岩石的内部结构受冻融循环的影

响较小，因而孔隙体积变化不大。在经历 30 次冻融

循环后，真空饱和后的 T2 谱面积有一个较为明显的

变化，增大了 16.2%，但经历 40 次冻融循环后，谱

面积的变化趋势又变得缓慢，变化率仅为 1.6%。 
图 5 为岩样在经历不同冻融次数后自然饱和和

真空饱和 2 种条件下 T2谱面积的变化情况。随着冻

融循环次数的增加，2 种条件下的 T2 谱面积均会增

加，表明岩石内部产生了新的微孔隙，从而使得岩

石中的总孔隙体积也逐渐变大。在 20 次冻融循环

后，2 种条件下的 T2 谱面积差别很小，但经过 30，
40 次冻融循环后，增加的幅度出现了明显的差距，

表明在自然饱和条件下，水分无法迁移到小尺寸的

微孔隙中，并未达到完全意义上的饱和。从图 5 可 

幅
度

 

冻融 0 次 
冻融 10 次 
冻融 20 次 
冻融 30 次 
冻融 40 次 

幅
度

 

冻融 0 次 
冻融 10 次 
冻融 20 次 
冻融 30 次 
冻融 40 次 
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冻融循环次数/次 

图 5  不同冻融循环次数 T2谱面积变化情况 
Fig.5  T2 spectrum area variation under different freezing  

and thawing cycles 
 
知，经历 30，40 次冻融循环后，真空饱和条件下的

谱面积比自然饱和条件下的谱面积分别增大了

11.9%和 12.0%，据此推算出岩石中微孔隙体积分别

增大了 11.9%和 12.0%。 
 
4  核磁共振成像分析 

 
对经历不同冻融循环次数后的岩样进行了核磁

共振成像测量，获得了沿岩样轴向方向依次排列 4
个不同位置的横截面二维成像，图 6 为每组冻融循

环中典型岩样的核磁共振成像结果。在图 6 中，横 
 

 
(a) N–3 岩样 

 

(b) N–6 岩样 

 

(c) N–9 岩样 

 

(d) N–11 岩样 

 

(e) N–13 岩样 

(注：(1) 各截面图中下侧半月型较亮部分为试验中用于托放样品的载

床；(2) 沿岩样轴向方向依次成像，4 个成像图查看方向为：从左至右，

先上后下，依次排列) 

图 6  冻融循环后典型岩样的核磁共振成像结果 
Fig.6  NMR images of some typical samples under freezing 

and thawing cycles 
 

向切片图像为岩样形状(因岩样中含有微量铁质成

分，对核磁共振信号有所干扰，图像稍有变形)，图

像中亮色区域为水分子所在区域，周围黑色区域为

底色，图像的亮度反映了岩石中含水量的多少，即

色泽越亮，代表此区域水分就越高，说明此区域孔

隙越大。 
图 6(a)为未经过冻融循环的岩样，图像较暗，

含水量少，各个截面的图像亮暗均匀，说明孔隙分

T 2
谱
面
积

 

自然饱和
真空饱和
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布均匀，未见较大孔隙。图 6(b)为经过 10 次冻融循

环后的图像，图像亮度增大，在左上方截面图中的

下部区域出现了一个较大孔隙，其余各个截面图像

亮暗均匀。 
图 6(c)为经历 20 次冻融后的岩样，图像亮度明

显增大，亮暗均匀，但未见较大孔隙。右上截面图

中图像较暗，表明岩样轴向中部的岩石结构致密。 
图 6(d)表明，经历 30 次冻融循环后，在左侧 2

个截面图中的周边位置上出现了明显的大孔隙结

构，亮度较强，可以明显看出孔隙的大小和形状。

在右上截面图中的上部区无亮点，表明该处为无孔

隙结构。 
从图 6(e)可以看出，经历 40 次冻融循环后，在

岩心的中心、周边都出现了较大的孔隙，而且孔隙

沿岩样的轴向方向延伸，2 个截面图之间的大孔隙

是连通的。图像亮暗不均，均匀度也非常差，孔隙

分布非常不均匀，孔隙的分布情况进一步解释了表 1
中该岩样为冻融前后质量变化最大的原因。 

由图 6(d)和 6(e)可知，在试件的周边和中心都

出现了大孔隙结构。笔者分析有 2 个原因导致大孔

隙出现在周边位置：一是试件表面存在着微裂隙(尤
其是肉眼可辨的微裂纹)，冻融作用下，裂隙向内扩

展产生孔隙，外部水分也容易进入这些孔隙中；二

是在冻融过程中，试件表面位置受冻融温度变化的

影响最大，而温度变化是影响岩石冻融损伤劣化的

重要因素之一[19]，因此也会导致大孔隙先出现在试

件周边。 
大孔隙出现在试件的中心主要是由于岩石为多

孔介质材料，岩石内部有存在着大孔隙结构的可能

性；此外，图 6(e)中左上图截面对应于试件的轴向

端部位置，可以视为试件的周边位置，因此在冻融

作用下产生了损伤，在截面中心处出现了大孔隙。 
 
5  结  论 

 
(1) 花岗岩的核磁共振 T2 谱分布主要为 3 个

峰，部分为 4 个峰，第一个峰和第二个峰的面积占

峰总面积的 98%以上，表明微裂隙占绝大多数。随

着冻融循环次数的增大，第一个峰和第二个峰面积

均逐渐增大，说明低温冻融循环作用使花岗岩中产

生了新的孔隙，但在经历了 40 次冻融循环后，较大

尺寸的孔隙所占比例仍然极少，表明未出现孔隙明

显变宽的现象，可以推测，岩样内部还未出现较为

严重的冻融损伤。 
(2) 在分别经历 10，20，30 和 40 次冻融循环

次数后，岩石的 T2 谱面积发生了明显变化，孔隙率

分别增大了 14.0%，0.9%，16.2%和 1.6%。不同的

冻融阶段，谱面积变化幅度不同，但总体变化趋势

是不断增大的，表明随着冻融次数的增加，岩石内

部产生了新的孔隙，小孔隙所占比例逐渐增大。 
(3) 核磁共振成像结果展现出了不同冻融循环

次数后岩样内部孔隙的分布情况，直观地看出了岩

石的内部微观结构，为分析岩石的冻融损伤过程提

供了信息，这也是核磁共振技术特有的优势。 
(4) 冻融循环条件下岩石核磁共振特征的变化

规律，为岩石冻融损伤的研究提供了可靠的试验数

据。核磁共振成像技术的发展与应用，为岩石物理

试验研究提供了一种新的无损检测方法，必将推动

岩石物理试验技术的发展。 
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煤中水可动性的核磁共振响应及其影响因素

吕玉民1，胡爱梅2，汤达祯1，宋  波2，梁  为2，许  浩1，林文姬2，胡 雄2

1. 中国地质大学（北京） 煤储层实验室，北京 100083；2. 中联煤层气国家工程研究中心，北京 100095

摘要：依托韩城地区主要煤层，开展了饱和水煤岩在两种不同离心速率下离心 1.5 h 后的核磁共振实验。同时，结合称重测

煤芯饱和度的方法，分析了不同离心速率下煤岩内部可动流体和束缚流体的消长关系。实验表明，离心速率增大，煤岩核

磁整体信号衰减，横向弛豫时间（T2）的几何均值和截止值逐渐下降。与饱和水煤岩相比，2000 r/min 速率离心后的煤岩T2

谱强度下降 5.14%~52.39%，几何均值下降 24.72%~71.22%；4000 r/min 速率离心后的煤岩T2 谱强度下降 49.51%~63.36%，几

何均值下降 44.69%~81.59%；T2 截止值下降 44.09%~74.30%。研究发现，离心前后煤岩内部残留水量变化率与T2 谱累计强

度变化率具有很好的一致性，但与几何均值之间的相关性明显较差。分析认为，离心速率和孔渗特征共同决定煤层水可动

性的 NMR 响应。

关键词：煤；束缚水；可动性；离心；核磁共振响应

中图分类号：P618.11　　　　　　　　文献标识码：A　　　　　　　　文章编号： 1006-7493（2012）03-0548-04

Abstract: Taking a case of major coal seams in the Hancheng area， the nuclear magnetic resonance （NMR） responses of water-

saturated coal samples were measured at two centrifugal rates for 1.5 hours. Weight-saturation method was applied to analyze 

the relationship between saturations of mobile and bound fluids at various centrifugal rates. It was shown that the NMR signal 

of coal samples weakens and geometric mean and cutoff value of the transverse relaxation time （ T2） descend as the centrifugal 

rate increases. Compared with water-saturated coal samples， the  T2 spectrum intensity of coal samples centrifuged at 2000r/min 

reduces by 5.14% to 52.39% and the geometric mean decreases by 24.72% to 71.22%， the T2 spectrum intensity of coal samples 

at 4000 r/min reduces by 49.51% to 63.36% and the geometric mean decreases by 44.69% to 81.59%， and the cutoff value of  T2 

spectrum drops by 44.09% to 74.30%. It was found that the change rate of residue water amount in centrifuged coal samples has 

a good saggesfed with the change rate of NMR accumulative intensity， but has a poor relationship with the change rate of cutoff 

value. It was suggested that the NMR response of mobile water in coal is controlled jointly by the centrifugal rate and porosity-

permeability of coals.

Key words: coal； bound water； mobile； centrifugation； nuclear magnetic resonance response
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　　核磁共振（NMR）作为一种先进的实验手

段，可直接探测煤层中流体及其与煤表面的相互

作用（王为民，2001；姚艳斌，2008）。国内引

入该项技术开展石油地质基础性实验（刘堂宴

等，2003；何雨丹等，2005；刘堂晏等，2004；

周宇等，2011），在煤层气赋存特点和吸附机

理、煤层气水两相渗流、煤层物性定量表征等方

面也取得较多研究成果（唐巨鹏等，2005；石强

等，2006；胡爱军等，2007；潘一山等，2008；

姚艳斌等，2008；杨正明等，2009）。本文考虑

煤岩易碎以及NMR在研究孔隙流体中的技术优势

等，针对性地设计了两种离心速率的离心实验，

对实验前后煤样进行核磁共振测试，在煤岩束缚

流体变化规律及其NMR响应方面取得新的认识。

1　样品与实验方法

　　3件贫煤样品采自韩城地区盛捷煤矿（SJ）

3号煤层、象山煤矿（XS）5号煤层和禹昌煤矿

（YC）11号煤层，在600 psi围压下测定了煤样的

水相孔隙度和氦气渗透率（表1）。 

　　实验采用的核磁共振分析仪磁场强度大于

0.5 T，共振频率21~23 MHz，磁场稳定工作温度

32℃。测试条件为：工作频率23.354 MHz，回波时

间175μs，恢复时间1500 ms，回波数8195，信噪

比控制在80∶1以上，T 2谱拟合点数64。实验过程

中，始终保持核磁共振仪测试参数前后测试的一

致性。

　　将煤样置于烘干箱内，在110 ℃的温度下烘干

4 h，冷却后对干燥煤样称重；将煤样置于真空泵

内抽真空负压饱和水4 h，再常压饱和水96 h，对

饱和水煤样称重，得出饱和水的重量。测试得到

饱和水煤样核磁共振T2弛豫时间及谱图。接着，分

别在离心速率2000 r/min和4000 r/min，32℃恒温条

件下离心1.5 h，分别对离心后的煤样称重得到残

余水的重量，并测试得到残余水煤样的T2弛豫时间

及谱图（表2，图1）。

表1　煤样基本性质
Table 1   Basic properties of coal samples

图1　煤样离心前后的核磁谱图
Fig.1　NMR spectra of coal samples before and after centrifugation

序
号

样品
编号

孔隙度(%)
渗透率

(mD)

工业分析 (%)

Mad Aad Vad

1 SJ-3 5.06 0.043 0.61 11.18 11.63 

2 XS-5 5.35 0.091 0.92 9.72 10.49 

3 YC-11 4.09 0.019 0.43 12.54 10.38 

煤样 对比项 水的重量 (g/g) 信号总强度(H) T2几何均值 (ms) T2截止值 (ms)

SJ-3

饱和水 0.0193 16498.37 2.81 ─

2000 r/min离心 0.0158 7854.37 1.80 2.22

4000 r/min离心 0.0062 6044.98 1.55 1.25

XS-5

饱和水 0.0155 9222.67 6.99 ─

2000 r/min离心 0.0121 5227.56 2.01 12.68

4000 r/min离心 0.0105 4215.26 1.29 5.90

YC-11

饱和水 0.0140 8393.70 69.31 ─

2000 r/min离心 0.0099 7962.15 52.17 368.98

4000 r/min离心 0.0059 4238.25 16.42 95.06

表2　不同束缚水含量煤样的NMR特征参数
Table 2   NMR characteristic parameters of coal samples with various bound water content
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2　结果与讨论

2.1　含水量的NMR响应

　 　 实 验 结 果 显 示 ， 随 着 离 心 速 率 的 逐 步 提

高 ， 单 位 重 量 煤 样 的 含 水 量 、 核 磁 信 号 总 强

度以及T 2几何均值均出现不同程度的下降（图

2）。2000 r/min速率离心后，煤样残余水量下降

18.28%~29.04%，信号总强度下降5.14%~52.39%；

T 2几何均值下降24.72%~71.22%。4000 r/min离心

处理后，煤样残余水量下降32.32%~67.71%，信

号总强度下降49.51%~63.36%，T 2几何均值下降

44.69%~81.59%，T 2截止值下降44.69%~81.59%。

含水量大小与NMR响应强度一致，且随着离心速

率的增加，单位重量煤样含水量与T2几何均值及截

止值出现一致性下降。

　　SJ-3和XS-5饱和水煤样的弛豫谱为双峰形态，

且偏中部分布，显示煤中较大和较小孔径的孔隙

均较为发育，两者之间的连续性相对较稍差；

YC-11饱和水煤样的弛豫谱图为单峰形态且峰偏

右，表明较大孔径的孔隙十分发育，中-小孔径的

孔隙发育较差（图1）。

　　2000 r/min速率离心后，SJ-3和XS-5煤样弛豫谱

峰值信号明显减弱，但仍为双峰形态，且右峰比

左峰信号强度下降明显，表明较大孔隙内的束缚

水排出较多；YC-11煤样弛豫谱图单峰下降较弱，

表明该煤样孔隙的孔径虽然较大，但所含的束缚

水仍难以排出（图1）。

　　4000 r/min速率离心后，SJ-3和XS-5煤样较大孔

隙内的水基本排出，弛豫谱双峰消失，仅保留左

峰且该峰强度基本不变，指示较大孔隙内的水已

完全排出；YC-11煤样中的水大量排出，弛豫谱峰

值强度明显地降低（图1）。

2.2　孔渗特征对煤层水可动性的影响

　　随着离心速率的增大，煤样孔隙水突破毛管

力束缚而逐渐排出。一般来说，较大孔隙内的水

所受毛管力作用较弱，在同等离心力作用下较易

排出，较小孔隙内的水因毛管力束缚较强而残留

在煤岩内部。SJ-3和XS-5煤样均发育明显的大孔

和小孔，过渡孔发育较差，且离心前右峰比左峰

更为明显，但二次离心后右峰逐渐减弱，直至消

失。因此，孔隙度较大的煤样，其孔隙水可动性

较强，同等条件下离心后T2几何均值及截止值同样

消减得较为显著（图3）。

　　煤层水可动性也明显受到渗透性的影响。煤

样渗透率增高，NMR信号总强度、T 2几何均值、T 2

截至值均随之降低，但后两者的降低趋势更为明

显（图4）。渗透性差的煤层，其孔隙间吼道小、

连通性差，即使具有较大的孔径也难以排出水，

如YC-11煤样。核磁谱图显示，YC-11煤样大孔发

育、中小孔发育较差，但由于渗透率差（表1），

连通孔径间的吼道小、毛管力强（图1），造成煤

层水发生流动需要更大的离心力。

2.3　煤层水可动性NMR响应影响因素综合分析

　　综合上述分析，作者认为煤层水可动性受离

心速率（离心力）和孔渗特征的双重影响。离心

速率越大，即离心力越大，煤层水可动性越强。

同时，煤层孔渗性越好，其孔隙水越容易发生流

动。究其根本原因，煤层水可动性受控于离心力

与毛管力相互间的大小关系。离心力越大，能克

服的毛管力越大，造成大孔和小孔内煤层水易于

流出，导致煤层束缚水NMR响应强度越弱，T 2几

何均值和截止值越小，导致煤层水可动性NMR

图2　煤中束缚水含量与NMR特征参数之间关系
Fig. 2　Plots of bound water content to NMR parameters of coal samples
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响应的变化越强。煤层毛管力越小，煤层水流动

的阻力越小，同等条件下离心出来的水也越多，

NMR响应变化也越显著。

3　结论

　　1）随着离心速率的增大，煤岩核磁整体信号

越来越弱，右峰逐渐消减，左峰逐渐凸显，同时

也造成横向弛豫时间（T2）的几何均值和截止值逐

渐下降，表明较大孔隙内的水在离心力作用下逐

步克服毛管力作用而逐渐排出，而较小孔径内的

水因受强烈的毛管力作用而难以排出。

　　2）离心前后煤岩内部残留水量与核磁T 2信号

强度变化具有很好的一致性，但与T2几何均值、截

止值间的相关性明显较差。

　　3）离心速率（离心力）和孔渗特征决定煤层

水可动性的NMR响应。离心速率越大和孔渗特征

越好，排出的煤层水越多，其可动性NMR响应的

变化幅度也越大。
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图3　煤样孔隙度与核磁共振响应之间关系
Fig.3　Plots of porosity to NMR responses of coal samples

图4　煤样渗透率与核磁共振响应之间关系
Fig. 4　Plots of permeability to NMR responses of coal samples
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附件 2（征文格式要求）： 

 

一种微型核磁共振探头的制作工艺 

陆荣生，吴卫平，周新龙，倪中华* 

（东南大学机械工程学院，江苏省南京市 211189） 

摘要：探头是微型核磁共振设备的重要组成部分，它在检测过程中有容纳样本、

将样本置于磁场空间、发射射频脉冲、接收磁共振信号等功能。提出了一种基于

PDMS 的螺线管线圈探头的制作工艺。该工艺首先将铜丝缠绕在均匀金属棒上，

利用已固化的 PDMS 均匀基底固定金属棒，用 PDMS 预聚物浇注固化金属棒，

固化后抽出金属棒，切割、打孔、封装后安装到设计好的电路板上，然后进行阻

抗匹配，匹配成功后既完成探头的制作。实验证明，依此法制作的螺线管线圈探

头具有较高的信噪比，能够获得较好的信号，进一步说明的该方法的可行性和有

效性。 

关键词：探头，PDMS，螺线管，微通道。  
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agar, 2% milk, 0.1% xanthan and 0.5% Sodium carboxy methyl cel-
lulose (CMC), were adopted in this study as stabilizers. We found
that regardless of the stabilizer agents used, the DT2 values
decreased while the concentration increased from 100 to 104.
(Fig. 7) All the stabilizers showed low DT2 values at a bacterial
concentration of 1.1 MPN: 65 ms for 2% milk, 45 ms for 0.05% agar,
58ms for 0.1% xanthan and 46ms in 0.5% CMC. However, increasing
the bacteria concentrations from 1.1 to 1100 MPN resulted in a
dramatic DT2 change from 20 to 55 ms, therefore demonstrating a
significant influence of the stabilizers on NMR detection. The in-
cubation time required to reach minimum detection limit for each
stabilizer tested varies. Low fat (2%) milk required the least amount
of incubation time (45 min), while the 0.1% xanthan and 0.5% CMC
required overnight incubation; 0.05% Agar required 2 h hr incu-
bation. Thus, low fat (2%) milk was adopted as the preferred sta-
bilizer agent by considering the detection limit, range and
preparation time.

3.4. Reaction conditions (pH and incubation period)

In this study, two important reaction conditions (pH and incu-
bation time) affecting DT2 values were studied. In terms of the
effects of pH (6e9) on DT2 values, we found that the highest DT2
value was detected at pH 6.5. However, DT2 values sharply
decreased from 90 ms to 2 ms as pH increased from 6.5 to 9.0
(Fig. 8a).

We also investigated the effects of the incubation period on DT2
(Fig. 8b). During the first 30 min (15e45 min), the DT2 value

increased from 40 to 50 ms. We believe that this phenomenon
reflects the stronger binding capacity and hybridization of the
magnetic beadebacterium complex. However, after the DT2 value
reached a peak of 50 ms, the value rapidly decreased from 50 to 20
with an extended incubation period of 45e90 min. It appears that
with the binary fission of the tagged bacteria, the size of the
nanoparticleebacterium complex becomes smaller which could
therefore decrease the DT2 value. Interestingly, during the last
15 min of this test, DT2 value increased. We speculate that the long
incubation time causes the deliquescence of bacteria cells resulting
in a discharge of magnetic nano-particles thereby causing a DT2
increase.

3.5. The sensitivity and detection limit of NMR method

To examine the sensitivity of this detection assay, seven
different concentrations of C. sakazakii (from 100 to 104) were
applied as targets for detection. When the concentrations of
C. sakazakii increased from 11 MPN to 11,000 MPN, the DT2 value
reduced from 82 ms to 10 ms. We observed a strong correlation
between the bacteria concentration and the DT2 value
(R2 ¼ 0.9958) (Fig. 9). Interestingly, when the concentration of
C. sakazakii was as low as 1.1 MPN, the value of DT2 could still be
detected with high changes (DT2 ¼ 75 ms). This result demon-
strates that C. sakazakii could be detected at very low concentra-
tions in our method.

The linear range of detection is estimated to range from 1 to
1100 MPN. At the lower limit of detection, the concentration of
C. sakazakii is estimated at 1.1 MPN (Point A; DT2 ¼ 75 ms). At the
upper limit of detection, the bacterial concentration is at 1100 MPN
(Point B; DT2< 12ms). The real-time PCR assay is the most popular
method to detect C. sakazakii. In previous reports, C. sakazakii could
be detected at 100 CFU/mL in pure culture in (Seo & Brackett, 2005),
and the quantitative detection range for pure cultures was 103e
108 CFU/ml, which were evidently higher than our values (Hyeon,
Park, Choi, Holt, & Seo, 2010). Therefore, it was supposed that us-
ing biofunctionalized MNPs based on NMR was a sensitive method
for the detection of C. sakazakii.

3.6. Results of tests on dairy samples

To examine the effectiveness of our method in practical appli-
cations, wemeasured the concentrations of C. sakazakii in two dairy
samples, milk powder and cheese. The results are shown in Table 1.
It is important to notice that the samples contaminated with
S. typhimurium and S. aureus were not detected (DT2 < 12 ms) in
any of the tested dilution levels, which proved the specificity of this
method only to C. sakazakii and not to any other bacterium.

Fig. 4. OD280 of the initial and the final supernatant of BSA solution.

Fig. 5. Specificity of the detection method using C. sakazakii and five control strains.
Error bars ¼ �SD (n ¼ 3).

Fig. 6. The concentration of C. sakazakii was fixed at 1.1 and 11 MPN. Error bars ¼ �SD
(n ¼ 3).

Y. Zhao et al. / Food Control 34 (2013) 436e443440
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While it was at lower diluted of 10�1 and 10�2 in milk powder
samples, C. sakazakii was optimally detected with an incubation
period of 45 min. And it was not detected at a higher dilution of
10�3 or with an increasing incubation period more than 4e8 h.

For cheese samples, the optimal detection of C. sakazakii was
similar to the milk powder samples. However, incubation periods
over 2 h led to a non-detect response to C. sakazakii, which sug-
gested that longer incubation periods might lower the sensitivity of
the NMR method.

Comparing detection results between NMR method and na-
tional standard procedure, the data indicated that the dilution rate
of sample would have no effect on the result obtained according to
GB 4789.40-2010, but greatly influence the stability and detectable

rate of NMR method. It is implied that pretreatment of sample is
important in the testing procedure. The standard procedure lasts at
least 24 h to obtain the result while NMR method only needs 1 h.

In addition, the result showed that high concentration
(>1100 MPN) of target bacteria induced low DT2 value. We reason
that the more bacteria exists in the solution means the higher
number of multiple bacterial epitopes compete with the available
number of nanoparticles. Consequently, the lower ratio of nano-
paticles bind to the bacteria causing that the quasi-dispersed state
and the lower changes of T2 are not detectable (DT2 < 20 ms).

In conclusion, we have demonstrated a highly specific, sensitive
and fast method for the detection of C. sakazakii. In this method,
biofunctionalized nano-magnetic beads were used for efficient

Fig. 7. Relationship between C. sakazakii concentrations on DT2 values for four stabilizers (A) 0.05% agar, (B) 2% low fat milk, (C) 0.1% xanthan, and (D) 0.5% CMC on DT2. Error
bars ¼ �SD (n ¼ 3).

Y. Zhao et al. / Food Control 34 (2013) 436e443 441
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target capture. C. sakazakii can be quickly detected in dairy samples
through nuclear magnetic resonance analysis. Although the
detection limit for this method could reach as low as 1.1 MPN, we
have set a limit ofDT2 value at 12ms and a concentration of 11MPN
in consideration of the reliability and efficiency of this method.
Evidently, this method provides a rapid and simple approach for
the detection of food-borne bacteria in different food matrices.
Moreover, the established detection system could bewidely used in
a broad range of fields including the medical, environment and
agricultural sectors.
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Fig. 8. Effects of (a) pH and (b) incubation period on the reaction between antibody
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Fig. 9. The detection limit of NMR method. Error ¼ �SD (n ¼ 3).

Table 1
Results of C. sakazakii detection in dairy samples.

Dairy
samples

Dilution
of sample

DT2 (ms) GB 4789.40-2010c

45 min 2 h 4 h 8 h 22 h 24 h

Milk powder 10�1 49.55a 51.5 47.6 NDb ND 21.02 þd

10�2 21.79 30.7 32.8 43.6 ND ND þ
10�3 ND ND ND ND ND ND þ

Cheese 10�1 37.07 21.73 ND ND ND ND þ
10�2 21.90 22.12 ND ND ND ND þ
10�3 ND ND ND ND ND ND þ

a DT2 value is the average of triplicate measurements.
b ND: not detected at DT2 < 12 ms; DT2 value was shown in bracket.
c Diluted samples contained 10�2 target bacteria.
d þMeans there is target bacterial showed on Cronobacter sakazakii Chromogenic

media.
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