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中  文  摘  要

	自组装是自然界乃至人类社会都普遍存在的一种现象。随着纳米科学技术的兴起，科学家们开始致力于以纳米颗粒为基本单元，利用各种方法将纳米颗粒组装为有序结构，一直以来，这都是纳米科学技术研究的基本范畴和热点所在。自组装技术在构筑纳米器件、形成功能结构以及调控目标行为等方面发挥着重要作用。因为生物大分子的尺寸与纳米颗粒尺度相当，因此自组装技术在生物与医学领域有着更为重要和独特的作用。本论文针对目前胶体纳米颗粒自组装中存在的较难控制、制备规模偏小、技术流程和条件控制较复杂的缺点，提出了利用电磁场辅助组装纳米材料的新设想，并研究了组装结构与场及胶体溶液参数间的关系，探索了相关的机理。研究表明通过外电磁场调控胶体颗粒的自组装过程，具有可控、简单方便、适宜大规模运用的优点。

具体说来，本论文开展了如下工作：
1、 提出了一种新的电极配置设计，可以使得无需光刻微电极，即可产生高梯度交变电场。并且这种新的设计可以使得用透射电子显微镜观察电场诱导的纳米颗粒组装。传统上，因为需要光刻微电极，所以一般都是用扫描电子显微镜对纳米颗粒在电场下的组装形态进行观察。但是扫描电镜只能通过样品表面信息成像，对于一些复合纳米颗粒是不适合的。透射电镜可以穿透样品，因而更适合一些复合纳米颗粒的表征。我们合成了哑铃状的金/苯胺聚合物异质复合颗粒，其中金颗粒的表面为苯胺聚合物包裹。这种复合颗粒在透射电镜下具有明显的灰度差异，但在扫描电镜下差别不甚明显。利用我们的设计，首次观察到了这种异质结构的纳米颗粒在交变电场诱导下具有两种组装形态，并且在特定的频率范围内金纳米颗粒和苯胺聚合物纳米颗粒会发生分离现象。我们用两种不同材料的球形颗粒在交变电场下的受力模型解释了这一现象，认为其原因在于金属部分和有机物部分对于交变电场力的频率响应的差异性。
2、 将时间可变性引入到磁场诱导的磁性纳米材料组装中，首次提出了用交变磁场组装磁性纳米颗粒。传统上一般是利用静磁场来组装磁性纳米颗粒。但是正如交变电场相对于静电场对于纳米颗粒组装具有更好的组装作用一样，交变磁场对于磁性纳米颗粒也有特殊的组装效果。我们在垂直于基片的方向施加高频大功率的交变磁场，与静磁场效果不同的是交变磁场在垂直方向也能够诱导纳米颗粒形成一维结构，不过这种一维结构是纤维状的。而传统的静磁场只有在平行于基片方向才能产生线状或链状的结构，在垂直方向只能产生分散聚集结构。进一步的，我们发现这种组装只对静电稳定的纳米颗粒有效，对于位阻稳定的纳米颗粒没有效果。具有不同ζ电位的胶体颗粒组装结果标明，这种纤维状的组装于颗粒的表面电荷有一定关系。由此我们推断了一个可能的机理，这种组装需要经过两个阶段，一是双电层被破坏形成小团簇；二是偶极矩间的相互吸引作用形成一维结构。最终的组装结构是磁力与表面静电相互作用共同作用的结果。
3、 进一步地，我们将交变磁场诱导的组装扩展到胶体金这种非磁性的纳米颗粒上去。在交变磁场作用下，金纳米颗粒不是在基片上形成三维聚集状的结构，而是形成了分散的颗粒单层，并且随着场强的增加，分散性得到增强。但是在场强过大的情况下，胶体金颗粒又会发生聚集。电镜观察的结果也得到紫外光谱的证实。紫外光谱显示，金颗粒的光学特征吸收峰具有明显的随组装形态变化的趋势，从双峰变为单峰再变为双峰。这就提示我们可以利用交变磁场调控金属纳米颗粒组装体的光学性质，这在实际中将具有重要的作用。我们用电致湿润现象引起的颗粒间毛细力的变化解释了这个现象。交变磁场感应产生的电场在其中发挥了重要的作用。感应电场极化金颗粒表面，从而诱发电致湿润现象，将颗粒间毛细力由引力变为斥力。但是场强过大又会破坏胶体颗粒双电层，直接导致颗粒聚集。
4、 基于第三章的结果，我们认为当前的磁性纳米颗粒应用中经常会碰到外场诱导产生的聚集问题，这会干扰设备的正常工作状态，影响检测或治疗结果的可靠性。为了解决这个问题，我们提出了用蛋白质大分子阻止外场诱导产生各向异性聚集的想法。实验表明简单地在磁流体样品中加入BSA蛋白质溶液，即可阻止交变磁场诱导产生纤维状的聚集。其原因在于蛋白质分子吸附在颗粒表面，形成位阻层，抑制了外场的作用。红外光谱和图像观察表明并不是所有情况都有蛋白质分子吸附在颗粒表面。但是，即使在颗粒表面没有蛋白质分子吸附的条件下，蛋白质分子的存在仍然阻止了一部分磁性颗粒在外场下的聚集。
5、 将电磁场诱导的纳米材料组装扩展到生物领域，利用结合了静磁场和交变电场的发生装置组装了辣根过氧化酶分子。我们设计了一种新的电极配置方式，无需光刻微电极，即可以同时产生高梯度静磁场和交变电场用来组装纳米颗粒。用这种静磁场和交变电场叠加的场组装了相对具有较高磁化率的辣根过氧化酶分子，首次发现了在交变电场和磁场的共同作用下，酶分子可以组装成很长的单层分子带，并且组装结构与交变电场的频率以及静磁场和交变电场的相对位置有关。单纯的交变电场或者静磁场都不能产生这种效果，因而我们认为同方向施加的静磁场对于作用于辣根过氧化酶分子上的交变电场力有增加作用。更重要的是外加电磁场没有对辣根过氧化酶分子的生物活性产生明显影响，这就为利用电磁场操控蛋白质分子进行实际应用奠定了基础。尽管酶分子非常小，超过了理论上双电泳力作用的极限，但是结果发现仍然有一维的蛋白质线形成，并且，相对于没有外加场的状态下的酶分子的聚集，酶分子在外场作用下是以单分子层的形式组装的。这其中静磁场也是有一定作用的。我们认为电磁场能对这么小的蛋白质分子起作用，是因为随着溶剂蒸发，蛋白质分子形成了小团簇的缘故。
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The study of some nanoparticles assembly controlled by electromagnetic field
Sun Jianfei
ABSTRACT
	Self-assembly is a universal phenomenon among the world. With the emergence of nanoscience and nanotechnology, there have been increasingly attentions paid to the area using nanoparticles as building blocks to construct more complex architectures, including nanodevices, functional structures and behavioral manipulation. This is especially important in the biomedical area because the biological macromolecules share the same size scale with the nanoparticles. However, the self-assembly of nanoparticles nowadays is lacking of controllability and the procedure is too complicated. In this thesis, we proposed a novel approach to overcome the disadvantages. That is employing the electromagnetic field to assist the assembly of nanoparticles. The results exhibite that the field-assisted assembly has the advantages of simple operation, ease of controlling and facilitation of large-scaled application.

  The following points are mainly involved in the dissertation:
1. A novel configuration of electrodes free of lithography had been designed to generate alternating electric field for assembly of heterostructured nanoparticles. The equipment was composed by a probe and a copper grid so that the electrically-induced assembly can be characterized by TEM (Transmission Electronic Microscopy). Traditionally, the field-mediated assembly was observed by the SEM (Scanned Electronic Microscopy) due to the lithographic microelectrodes. We synthesized the dumbbell-liked Au/aniline polymerid nanoconposites. The material had remarkable difference under the observation of TEM rather than SEM. Using our design, we found two assembled modes for the nanoparticles due to the shape anisotropy and we additionally observed the phenomenon that two components were detached from each other. We employed the dielectrophoretical theory to explain the results.
2. We added the complexity of magnetic field in time domain, introducing the time-varied magnetic field into the assembly of APTS-modified Fe3O4 nanoparticles. The magnetic nanoparticles were subject to a vertically-applied time-varied magnetic field and the fibrous aggregates of nanoparticles formed. This was a unique phenomenon from the time-variety because the magnetostatic field can only induce the chain-like or wire-like structures in the parallel direction while the vertically-applied magnetostatic field will induce the discrete aggregates. The time-varied magnetic field was found able to mediate electrostatically stabilized nanoparticles rather than sterically stabilized nanoparticles. Also, we proved the assembled nanoparticles conformation had relationship with the surface charges. We proposed a possible mechanism that the assembled structures resulted from both the electromagnetic force and the electrostatic interaction between surfaces.
3. We further expanded the application of time-varied magnetic field into the assembly of non-magnetic nanoparticles—colloidal Au. It was observed that the Au nanoparticles were dispersed on the substrate forming a particulate monolayer rather than the 3-dimensional aggregates in the absence of time-varied magnetic field. When the intensity was too high, the Au nanocrystals were re-aggregated into small clusters. These results were also proved by UV-visible spectrum, which exhibited the transition from the dual-peaks to single peak and back to the dual-peaks. The theory of capillary force combined with electrowetting effect was used to explain the phenomenon. The induced electric field polarized the surfaces of Au nanoparticles so that the meniscus shapes were changed and the capillary force turned from attractive force into repulsive force.

4. The fibrous aggregation of magnetic nanoparticles induced by external magnetic field was not favored in the practical biomedical application because this aggregation may disturb the results of biological detection and therapeutic plan. We managed to overcome the problem by addition of BSA protein into the ferrofluid so that the aggregation of magnetic nanoparticles was distinctly prohibited. The IR spectrum showed there were protein molecules absorbed on to the nanoparticles in the acidic condition. The absorption formed a steric layer on the nanoparticulate surfaces, prohibiting the effect of time-varied field. However, we found even in the basic condition, the protein can also prohibit the aggregation.
5. We further extended the application of electromagnetically-mediated assembly into the biomacromolecules. We designed equipment capable of simultaneously generating alternating electric field and magnetostatic field. The assembly of protein molecules with electromagnetic force was beyond the prediction of current theory and experiments. However, due to the addition of magnetostatic field, the horseradish enzyme molecules can also assemble into long linear structures. Interestingly, the assembled wires were single-molecule thick. We proved the conformation had relationship with magnetic field by changing the distribution of magnetic field to obtain different results. Here, the magnetostatic field may play an enhancing role in the effect of dielectrophoretic force. More important, we proved the electromagnetic interaction had little influence on the biological activity of HRP molecules, showing the feasibility of electromagnetic field application in the control of biological molecules.
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