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简介

纳米技术正在快速增长，

据美国纳米技术消费品目录

（Nanotechnology Consumer 

Products Inventory），目前市

作者：

利用单颗粒-电感耦合等离子体
质谱（SP-ICP-MS）研究
生物体液中纳米粒子的去向

ICP - Mass Spectrometry

场上已有超过1600种以纳米材料为基础的消费品。银和金是消

费品和生物医学应用中最常用的纳米材料。由于人类可能通过

多种来源（消费品、环境和工作场所）和多种方式（呼吸道，胃肠

道，皮肤）接触到纳米材料，所以急需生物体液中纳米材料的定

性和定量分析方法。
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单颗粒-电感耦合等离子体质谱（sp-icp-ms）能够定量区分

离子和纳米粒子，能在一次分析中为用户提供离子浓度(微

克/毫升)、颗粒物浓度(颗粒/毫升)及粒径和粒径分布等重

要测量结果。此外，SP-ICP-MS可以检测低浓度的颗粒（可

能存在于生物体液中），分析速度快（通常是1-2分钟）。凭

借如此非凡的分析能力，SP-ICP-MS正成为研究者们研究

纳米颗粒在各种样品基质中去向和衍变的不二之选。

前期工作中，阐述了如何利用SP-ICP-MS检测血液中的金和

银纳米粒子。当前工作在前期工作的基础之上，深入研究

了SP-ICP-MS评估生物体液中纳米粒子的去向，76小时以

上跟踪血和尿液中银和金纳米粒子的去向，包括粒径的变

化、离子浓度和纳米粒子的聚集/团聚。

实验部分

仪器

所有样品均由PerkinElmer NexION 300S/350S ICP-MS

分析，由Syngisitx软件中的Nano应用模块负责数据采集

和自动数据处理，仪器条件见表1。为获得最大的银和金

离子强度，对操作条件进行了优化。每个样品之间为了清

洗并除去所有残留的纳米粒子，以冲洗液（1%硝酸 + 1% 

HCl + 0.1%的Triton-X）冲洗1分钟，然后用去离子水冲洗

去除酸。

向稀释过的血液和尿样处理样品溶液中加入一定量经过5

分钟超声处理的金或银纳米粒子(Ag - 40和80 nm, Ted 

Pella Inc., Redding, California, USA; Au – 30和60 nm, 

NIST. 8012, 8013,National Institute for Standards and 

Technology, Gaithersburg, Maryland, USA)，加标浓度为

250,000 颗粒 /毫升。对照样品（空白）以40 nm的Ag和

30nm的Au粒子按照相同的程序制备，但没有基质（尿液或

血液）加入。稀释溶液（血液用氨水和尿用硝酸）的选择理

由是它们在血液和尿液中的金属和非金属研究分析中经常

使用。对样品进行分析之前，手动摇匀。

溶解离子的校准曲线（从0到5 ppb）分别用1000 ppm的金

标准溶液(VHG Labs, Manchester, New Hampshire, USA)

和10000 ppm的银标准溶液(SCP Science, Baie D’Urfé, 

Quebec, Canada)制备而成。纳米粒子的校准曲线分别由银

纳米粒子（40和60 nm）和金纳米粒子（30和60 nm）制备，

浓度为250,000颗粒/毫升。

结果和讨论

研究Ag和Au纳米粒子的去向，可以通过对血液和尿液中的

纳米粒子粒径的变化，以及纳米粒子部分或完全溶解所产

生的离子态的浓度进行跟踪。通过长期跟踪每个样品中纳

米粒子的浓度，以期找到纳米粒子浓度与粒径的变化和离

子形态浓度的相关性。为了验证纳米粒子粒径和浓度的的

变化是否是由生物基质（尿液或血液）或稀释液所引起，以

相同方法制备了40 nm的银纳米粒子（40 nm的Ag样品空

白）和30 nm的金纳米粒子（30 nm的Au样品空白），但不

添加生物基质（尿液或血液）。

如图1所示，76小时后血液稀释样中40和80 nm的银纳米

粒子粒径减小，在样品空白中也发现了类似的趋势，但是减

小趋势与血液稀释样相比稍微更明显一些。这表明，纳米

粒子粒径的减小主要是由稀释溶液造成而非基质（血液），

血液反而具有一些轻微的防止银纳米粒子溶解的作用。样

品空白中发现银离子（Ag+）浓度非常轻微的增加。从这些

现象出发并虑及将纳米粒子稀释的复杂介质（血），可以推

测，在某种程度上粒径小的纳米粒子可以溶解，而离子也可

能再次形成粒径更小的纳米粒子。其他现象如纳米粒子在

样品管中沉淀或沉积也可能发生，尤其在缺少血液基质而

造成更不稳定状态的样品空白中。
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Single particle ICP-MS (SP-ICP-MS) is capable of quantitatively 
differentiating between ionic and particulate fractions, providing 
the user with several important measurements such as the ionic 
concentration (µg/mL), the particles' concentration (part/mL),  
size and size distribution in the same sample analysis. In addition, 
SP-ICP-MS can detect low concentrations of particles (as might be 
expected in biological fluids) and can perform rapid analyses 
(typically 1-2 minutes). With such capabilities, SP-ICP-MS is 
becoming "The" technique of choice for researchers studying the 
fate/transformation of nanoparticles in various sample matrices.4, 5

The present work explores the ability of SP-ICP-MS to assess  
the fate of nanoparticles (NPs) in biological fluids, building on the 
initial work which demonstrated the ability of SP-ICP-MS to detect 
gold and silver nanoparticles in blood.6 The transformation (fate) of 
silver and gold nanoparticles in blood and urine was tracked over 
76 hours by following the change in size, the ionic concentration, 
as well as the aggregation/agglomeration of the nanoparticles.

Experimental

Instrumentation
All samples were analyzed with a PerkinElmer NexION® 300S/350S 
ICP-MS. The Nano Application Module from Syngisitx™ software 
was used for data acquisition and automated data treatment. 
Instrumental conditions used for all measurements are shown in 
Table 1. Operating conditions were optimized in order to get the 
maximum Ag+ and Au+ intensities. A rinse solution (1% HNO3  
+ 1% HCl + 0.1% Triton-X) was aspirated for 1 minute between 
each sample in order to wash and remove any residual 
nanoparticles. This rinse solution was followed by deionized  
water to remove the acid. 

Materials and Sample Preparation
Blood samples were prepared by diluting 20 times a certain  
volume of human blood from a non-exposed person with an 
aqueous solution of 0.5% ammonium hydroxide + 0.1% 
octylphenol ethoxylate (Triton-X). Urine samples were prepared  
by diluting 20 times a certain volume of human urine from a  
non-exposed person with an aqueous solution of 0.5% HNO3. 

Parameter Value

Sample uptake rate 0.44 mL/min

Nebulizer Quartz concentric

Spray chamber Quartz cyclonic

RF power 1600 W

Nebulizer gas flow Optimized for maximum Ag and Au signal

Dwell time 50 µs

Analysis time 60 sec

Table 1. NexION 300S/350S ICP-MS Parameters.

Diluted blood and urine were then spiked with a 5-minute 
sonicated stock solution of Ag or Au NPs (Ag - 40 and 80 nm  
from Ted Pella Inc., Redding, California, USA; Au - 30 and 60 nm, 
NIST™ 8012, 8013 from National Institute for Standards and 
Technology, Gaithersburg, Maryland, USA) to reach a concentration 
of 250,000 particles/mL. A control sample (blank) was prepared 
with 40 nm Ag and 30 nm Au NPs following the same procedure, 
but no matrix (urine or blood) was added. The dilution solutions 
(ammonium hydroxide for blood and nitric acid for urine) were 
chosen based on their regular use in research analysis of metals 
and metalloids in blood and urine respectively. The samples were 
manually shaken prior to analysis. 

Calibration curves for dissolved species (from 0 to 5 ppb) were 
prepared using a 1000 ppm Au standard solution (VHG Labs, 
Manchester, New Hampshire, USA) and a 10,000 ppm Ag 
standard solution (SCP Science, Baie D’Urfé, Quebec, Canada), 
respectively. Calibration curves for particles were built with  
40 and 60 nm Ag NPs and 30 and 60 nm Au NPs respectively,  
at 250,000 particles/mL.

Results and Discussion
The fate of Ag and Au NPs was studied in blood and urine by 
following the change in size of the NPs, as well as the concentration 
of the ionic species which could be generated by partial or 
complete dissolution of NPs. The NP concentration in each sample 
was followed over time in order to attempt a correlation with the 
change in size and increase in concentration of the ionic species.  
In order to check if a change in size and concentration of NPs is 
caused by the biological matrix (urine or blood) or by the dilution 
solution, blank samples were prepared for 40 nm Ag NPs (40 nm 
Ag blank) and 30 nm Au NPs (30 nm Au blank) following the 
same procedure as for the other samples but without adding the 
biological matrix (urine or blood). 

As shown in Figure 1, a decrease in NP size is noticed for both  
40 and 80 nm Ag NPs in diluted blood after 76 hours. A similar 
trend is observed for the blank sample with a slightly more 
pronounced decrease when comparing with samples. This suggests 
that the decrease in size of the primary distribution is due mainly  
to the dilution solution and not to the matrix (blood). It seems that 
blood has a light-protecting role in preventing dissolution of Ag 
NPs. A very slight increase of the ionic Ag concentration (Ag+) was 
found for the blank. From these observations and considering the 
complex medium in which the NPs are being diluted (blood), it 
could be hypothesized that smaller-size NPs can undergo, to some 
extent, dissolution and that ions thus generated can reform smaller-
size NPs. Other phenomena can occur, like sedimentation and 
deposition of NPs in the tubes, giving rise to a non-homogeneous 
solution, especially in the blank sample where the lack of blood 
leads to a less stable solution. 

材料和样品制备

取一定量的未接触纳米粒子的人的血液，用0.5%氨水+ 

0.1%曲拉通(Triton-X)稀释20倍，即得血液处理样品溶液。

取一定量的未接触纳米粒子的人的尿样，用0.5%硝酸稀释

20倍，即得尿样处理样品溶液。



尿中的银纳米粒子粒径的降低更为明显（图2），特别是80 

nm的银纳米粒子。样品空白所受影响似乎稍微大于其他

样品，这应该与尿液稀释用的酸性溶液（稀硝酸）所具有

的溶出金属元素的能力有关。然而，由于纳米粒子溶解而

造成的Ag+的增加很低，可以忽略不计。纳米粒子粒径随

时间下降的曲线斜率（图1和图2），让我们可以预测在某

一基质种纳米粒子的溶解速率。当对比相同纳米粒子曲线

的斜率时，例如血液中（图1，斜率：-0.2414，R2 = 0.92）和

尿中80 nm的银纳米粒子（图2，斜率：-0.6743，R2 = 0.96

），很显然，纳米粒子在不同基质中溶解速率不同，尿液中

的溶解速度是血液中的3倍。

在血液和尿液Au纳米粒子也发现了类似的趋势（图3和

图4）。纳米粒子粒径的减小主要是由于稀释溶液，通过

在这两种情况下的空白样品可以确认。由于纳米粒子溶解

而造成的Au 离子的增加也很低，可以忽略不计。再次，当

对比相同纳米粒子曲线的斜率时，例如在血液中（图3，斜

率：-0.182，R2 = 0.86）和尿液中60 nm的金纳米粒子（图4，

斜率：-0.118，R2 = 0.97），纳米粒子在不同基质中溶解速率

不同，实际上，血液中的溶解速度是尿液中的1.5倍。

结论

生物体液中纳米粒子的去向或衍变对于研究者理解纳米粒

子在人体中的行为至关重要。本研究表明SP-ICP-MS有能力

评估银和金纳米粒子在血液和尿液中的去向，而从毒理学

的角度来看血液和尿液又是两个最重要的体液。通过76小

时以上跟踪纳米粒子粒径和离子浓度的变化发现，血液和

尿液中纳米粒子粒径都有所减小，而离子浓度变化不一定

显著，没有观察到明显的聚集/团聚现象。从样品空白得出

的结果来看，纳米粒子粒径的减小是由血液和尿液的稀释

溶液引起的，很可能是通过溶解效应。血液和尿液样品的

分析需要在稀释完后立即进行，以免纳米粒子发生衍变。
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A more pronounced decrease in size was observed for Ag NPs in 
urine (Figure 2), especially for 80 nm Ag NPs. The blank sample 
seems to be slightly more affected than the other samples. This 
can be expected as the acidic solution used to dilute urine (diluted 
nitric acid) has the potential to dissolve metals. However, the 
increase in Ag+ due to dissolution of NPs is negligible.

A linear fit for the curves that show the decrease in NP size over 
time (Figures 1 and 2) allows us to estimate the dissolution rate  
of the NPs in a certain matrix. When comparing the slopes of the 
curves for the same NP, e.g. 80 nm Ag NPs in blood (Figure 1, 
slope: -0.2414, R2 = 0.92) and urine (Figure 2, slope: -0.6743,  
R2 = 0.96), it is clear that the dissolution rate is different in both 
matrices. A three-times-higher dissolution rate is obtained in urine 
than in blood. 

Similar trends were found for Au NPs in blood and urine  
(Figures 3 and 4). The decrease in NP size is due mainly to the 
dilution solution, as confirmed by the blank sample in both cases. 
The increase in Au+ due to dissolution of NPs is negligible.

Again, when comparing the slopes of the curves for the  
same NP, e.g. 60 nm Au NPs in blood (Figure 3, slope: -0.182,  
R2 = 0.86) and urine (Figure 4, slope: -0.118, R2 = 0.97), it can  

Figure 1. Size change for Ag NPs (40 and 80 nm) and Ag+ concentration over time in blood. 
Ag+ from 40 nm Ag appears under Ag+ from 80 nm Ag. 

Figure 2. Size change for Ag NPs (40 and 80 nm) and Ag+ concentration over time in urine. 
Ag+ from 40 nm Ag and Ag+ from 40 nm Ag blank appear under Ag+ from 80 nm Ag.

Figure 3. Size change for Au NPs (30 and 60 nm) and Au+ concentration over time in blood. 
Au+ from 30 nm Au and Au+ from 30 nm Au blank appear under Au+ from 60 nm Au.

Figure 4. Size change for Au NPs (30 and 60 nm) and Au+ concentration over time in urine. 
Au+ from 30 nm Au and Au+ from 30 nm Au blank appear under Au+ from 60 nm Au.

be seen that the dissolution rate is different in both matrices. 
Actually, the dissolution rate for 60 nm Au NPs is 1.5 times  
faster in blood than in urine. 

Conclusion

The fate/transformation of nanoparticles in biological fluids is of 
crucial importance to help researchers understand their behavior 
in the body. The present study demonstrates the capability of 
SP-ICP-MS to assess the fate of Ag and Au NPs in blood and 
urine, two important biological fluids from a toxicological point of 
view. The change in size and the ionic concentration were tracked 
over 76 hours. A certain decrease in size was noticed for all NPs  
in blood and urine with a more or less significant increase in the 
ionic concentration. No significant aggregation/agglomeration was 
observed. From the results obtained with the blank samples, it is 
clear that decrease in size occurs because of the dilution solution 
employed to dilute blood and urine, probably by dissolution.  
The analysis of blood or urine samples should be done right after 
dilution to avoid any transformation of NPs.



 

要获取全球办事处的完整列表，请访问http:// www.perkinelmer.com.cn/AboutUs/ContactUs/ContactUs

版权所有 ©2014, PerkinElmer, Inc. 保留所有权利。PerkinElmer® 是PerkinElmer, Inc. 的注册商标。其它所有商标均为其各自持有者或所有者的财产。

012008_CHN_01

珀金埃尔默企业管理（上海）有限公司

地址：上海 张江高科技园区 张衡路1670号
邮编：201203
电话：021-60645888
传真：021-60645999
www.perkinelmer.com.cn

For a complete listing of our global offices, visit www.perkinelmer.com/ContactUs

Copyright ©2015, PerkinElmer, Inc. All rights reserved. PerkinElmer® is a registered trademark of PerkinElmer, Inc. All other trademarks are the property of their respective owners.
 
012008_01 PKI

PerkinElmer, Inc. 
940 Winter Street 
Waltham, MA 02451 USA 
P: (800) 762-4000 or 
(+1) 203-925-4602
www.perkinelmer.com

References

1. http://www.nanotechproject.org/cpi/
2.  M. Ahamed, M.S. AlSalhi, M.K. Siddiqui, Silver nanoparticle 

applications and human health, Clin. Chim. Acta 2010, 411, 
1841-1848.

3.  L. Dykman, N. Khlebtsov, Gold nanoparticles in biomedical 
applications: recent advances and perspectives, Chem. Soc. 
Rev. 2012, 41, 2256-2282.

4.  Mitrano, D. M.; Ranville, J.; Bednar, A.; Kazor, K.; Hering,  
A. S.; Higgins, C., Tracking dissolution of silver nanoparticles at 
environmentally relevant concentrations in laboratory, natural 
and processed waters using single particle ICP-MS (spICP-MS) 
Environmental Science: Nano 2014.

5.  Mitrano, D. M.; Ranville, J; Stephan, C., Quantitative  
Evaluation of Nanoparticle Dissolution Kinetics using Single 
Particle ICP-MS: A Case Study with Silver Nanoparticles  
www.perkinelmer.com.

6.  Neubaeur, K., Stephan, C., Determination of Gold and  
Silver Nanoparticles in Blood Using Single Particle ICP-MS 
www.perkinelmer.com.

For research use only. Not for use in diagnostic procedures.


