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INTRODUCTION 
The imaging of dynamic 3-dimensional cellular processes in living cells is crucial for the understanding of 
physiological and pathophysiological cellular functions. However, the currently applied technologies depend on 
a labeling of cellular structures by mostly fluorescent dyes [1]. The labeling restricts the analysis to specific 
cellular components and, in case of the introduction of exogenous fluorescent molecules in living cells (e.g. 
GFP-labeling of proteins), the preparation is often difficult and time-consuming. Fluorescently labeled proteins 
can also be introduced directly by microinjection or cell permeable organelle specific dyes can be added to the 
medium. However, many cells are sensitive to photodamage, especially in the presence of fluorophores [2]. In 
addition, in a multi-step labeling procedure each of the steps holds the risk to alter the original cellular situation. 
To overcome these hurdles we applied digital holography microscopy (DHM) to live cell imaging. DHM is an 
excellent technology for the marker free online analysis of rapid dynamic cellular processes like cell migration 
or cell-cell contact regulation [3]. However, the rather homogenous cellular refraction index limits the 
technology in the imaging of intracellular structures and processes. Here we demonstrate the alteration of the 
refraction index of the cytoplasm by the microinjection of glycerol containing buffers. The alteration of the 
cytoplasmatic refraction index will enhance the intracellular contrast and allow the online imaging of cell 
organelles by digital holography [4].  
 
DIGITAL HOLOGRAPHY IMAGING 
Holographic interferometric metrology is an established tool in many industrial application areas. Moreover, 
there are also important application fields in biophotonics, life sciences and medicine as these techniques can be 
applied non-destructively, marker-free, “full-field” (no scanning required) and online simultaneously [3]. Fig. 1a 
illustrates the concept of a modular digital holographic phase contrast microscopy system for integration into an 
inverse microscopy system. Digital holography is based on the classic holographic principle, with the difference 
that the recording of the hologram is performed by a digital image sensor (e.g. a CCD-camera). The light of a 
frequency doubled Nd:YAG laser (�  = 532 nm) is divided into an object illumination wave (object wave) and a 
reference wave. The illumination of the sample is performed by coupling the object illumination wave into the 
microscope condenser for an optimized illumination of the sample. The reference wave is guided directly to an 
interferometric unit that is adapted to one of the microscope’s camera ports. Using a beam splitter, the 
holographic off-axis geometry is achieved that effects a slight tilt of the reference wave front against the 
objective wave front [5]. 
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Fig. 1: Setup of a digital holographic microscopy system in combination with an inverse microscope arrangement. a: schematic setup [6]; 
b: an inversed Olympus IX81 fluorescence microscope with DHM module in transmission mode, which was build up in cooperation with the 
Center for Biomedical Optics and Photonics, University of Muenster, Germany. The arrow points at the microinjection unit (InjectMan, 
Eppendorf GmbH, Hamburg, Germany) which is connected with the FemtoJet (Eppendorf GmbH). c: the condenser of the microscope with 
the DHM unit for coherent illumination and a miniaturized climate chamber (ibidi GmbH, Munich, Germany) for temperature stabilized live 
cell imaging. 
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Based on a commercial inverted microscope we have installed a system which allows us to characterize living 
cells under optimized conditions. Using a microinjection unit, we are furthermore able to manipulate or stimulate 
the cells while imaging them in parallel. Fig. 1b shows the applied setup of the combined digital holography and 
the microinjection system (arrow). Fig. 1c presents the condenser of the microscopy with DHM unit for coherent 
illumination and miniaturized climate chamber (ibidi GmbH, Munich, Germany) for temperature stabilized live 
cell imaging (opened during microinjection). 
The reconstruction of the digitally captured holograms is performed by a non diffractive reconstruction method, 
using spatial phase shifting for the retrieval to the complex object wave from digitally captured off-axis 
holograms in combination with subsequent numerical wave propagation [7, 8]. 
 
CELL CULTURE AND MICROINJECTION 
The investigated human pancreatic ductal andenocarcinoma cell lines PaTu 8988S and PaTu 8988T (results not 
shown) and the lung epithelium cell line A549 were obtained from the German Collection of Microorganisms 
and Cell Cultures (DSMZ, Braunschweig, Germany). Pancreatic cell lines were cultured under ordinary cell 
culture conditions (37 °C, 5 % CO2) in DMEM-medium supplemented with 5 % fetal calf serum (FCS), 5 % 
horse serum and 2 mM L-glutamine. A549 were cultured in DMEM supplemented with 10 % FCS. For digital 
holographic imaging the cells were trypsinized, seeded sub confluent on petri dishes and cultured for 24 hrs. The 
petri dish filled with phosphate buffered saline (PBS, with divalent cations Mg2+ and Ca2+) served as injection 
chamber on the platform of the microscope. Microinjection was performed using an Eppendorf InjectMan and 
FemtoJet system and various injection pressures (depending on the experiment) were applied (injection needle of 
0.5 µm inner diameter). For injection the needle was placed above a single cell and triggering caused an axial 
injection at the preset angle (30 to 45 degrees relative to the bottom of the injection chamber). Fig. 1b shows the 
injection system in the standby position. 
 
RESULTS 
The microinjection setup was first tested in a cell free approach to investigate whether the injection process of a 
liquid with a higher refractive index than the surrounding medium can be visualized in general. We show the 
injection characteristics of glycerol in water to demonstrate the flow, spreading and final mixing of glycerol with 
the surrounding aqueous medium. This experiment exemplifies the imaging of a fast glycerol distribution 
process by digital holography (Fig. 2).  
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Fig. 2: Injection of glycerol in water. a-d: DHM phase contrast images, e-h: false color plot. The figure demonstrates the visualization of the 
flow, spreading and mixing of glycerol in an aqueous environment. 

 
We then injected adherent A549 tumor cells in a perinuclear region with a glycerol-water mixture (50 %, v/v). 
Glycerol was diluted to allow a faster distribution of the viscous material within the cell. The microinjection at a 
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pressure of 50 hPa for 2 s resulted in a rapid distribution of glycerol in intracellular compartments (Fig 3). The 
cells were not damaged by the injection procedure. Interestingly the cell nucleus showed no alteration in the 
reconstructed phase contrast image indicating an impermeability of the nuclear membrane for glycerol.  
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Fig. 3: Images of a single epithelia cell (A549) before and after perinuclear injection. a: bright field image; b: reconstructed DHM-image 
before injection; c: reconstructed DHM-Image 10 s after injection of a glycerol-water mixture. The nucleus of the cell is indicated by a circle. 

 
CONCLUSION 
Digital holography was shown to record the rapid distribution of liquids in an aqueous solution by refractive 
index differences. The combined setup of digital holography imaging unit and a cell microinjection system on an 
inverse live cell imaging microscope was used to alter the intracellular refraction index of adherent cells by 
injection of a glycerol-water mixture. The perinuclear injection of glycerol resulted in a rapid alteration of the 
cytoplasmatic refraction index and generates an enhancement of the intracellular contrast. The exclusion of 
membrane enclosed compartments like the cell nucleus from the injected glycerol-water solution demonstrates 
the improved imaging of subcellular structures by digital holography. Thus, the cell compartment specific 
alteration of intracellular refraction index may lead to the development of a 3-dimensional imaging for dynamic 
intracellular processes in living cells. 
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