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1 Introduction

Abstract. The understanding of biological reactions and evaluation of
the significance for living cells strongly depends on the ability to vi-
sualize and quantify these processes. Digital holographic microscopy
(DHM) enables quantitative phase contrast imaging for high reso-
lution and minimal invasive live cell analysis without the need of
labeling or complex sample preparation. However, due to the rather
homogeneous intracellular refractive index, the phase contrast of sub-
cellular structures is limited and often low. We analyze the impact of
the specific manipulation of the intracellular refractive index by mi-
croinjection on the DHM phase contrast. Glycerol is chosen as os-
molyte, which combines high solubility in agqueous solutions and bio-
logical compatibility. We show that the intracellular injection of
glycerol causes a contrast enhancement that can be explained by a
decrease of the cytosolic refractive index due to a water influx. The
underlying principle is proven by experiments inducing cell shrinkage
and with fixated cells. The integrity of the cell membrane is consid-
ered as a prerequisite and allows a reversible cell swelling and shrink-
ing within a certain limit. The presented approach to control the in-
tracellular phase contrast demonstrated for the example of DHM
opens prospects for applications with other quantitative phase con-

trast imaging methods. © 2010 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.3449567]
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Improvements like the engineering of green fluorescent pro-
tein (GFP) fusion proteins allow an investigation in living

The understanding of biological reactions in a cellular system
exceedingly depends on the ability to visualize and quantify
the response inside a living cell. It is therefore one of the most
important but also most difficult tasks in life sciences to im-
age fast dynamic 3-D intracellular processes. A powerful and
widely used technique is the subcellular labeling of structures
with fluorescent dyes. In particular, immunofluorescence
staining has developed rapidly since specific antibodies have
been available." Great efforts have been made to improve

fluorescent dye stability and diminish bleaching effects.” Im-
munofluorescence staining indeed is mainly restricted to fix-
ated samples due to the need of membrane permeabilization
for intracellular target detection. Although new insights into
3-D cell structures are provided, fluorescence labeling is cur-
rently restricted to specific cellular components and to rather
slow processes due to time-consuming image acquisition.3
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cells,® but the generation of modified cells may fail and the
effects of protein overexpression are only partially predict-
able.

To overcome drawbacks of fluorescence dyes, label-free
methods for the application of quantitative phase contrast im-
aging have also been developed. Here the approach of digital
holographic microscopy (DHM) enables high resolution quan-
titative phase contrast imaging and minimally invasive quan-

titative live cell analysis.s_]1 In comparison to other phase
contrast rnethods,lz’13 interferometry-based techniques,m_]8
optical coherence tomography, or optical coherence
microscopy,lg_24 DHM provides quantitative phase contrast
with subsequent numerical focus correction (multifocus imag-
ing) from a single hologram. In combination with algorithms
for the quantification of image sharpness, numerical autofo-
cusing without mechanical focus realignment is possible.25
These DHM features are of particular advantage for measure-
ments on cellular specimens with high-magnification optics
and for the detection of fast cellular processes. Furthermore,
long-term measurements, where focus tracking is required due
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to mechanical instability or thermal effects,26 and 3-D track-
ing of living cells”’ are enabled. However, like all quantitative
phase contrast methods, imaging of subcellular components
requires a spatial inhomogeneous distribution of the cellular
refractive index. Thus, a rather homogeneous distribution lim-
its the analysis of intracellular structures and processes. More-
over, the influence of sample preparation on the cellular re-
fractive index has to be implicated when interpreting results
from fixated cells.

The manipulation of the extracellular refractive index in-
deed has a long history and was initially used to reduce the
turbidity of liquid caused by light scattering.28 This technique,
known as the immersion method, is based on surrounding the
cells by a protein containing solution matching the refractive
index of the cytosol. By adjusting the extracellular refractive
index to the cellular value, the content of intracellular pig-
ments could be identified due to optical density.” A similar
procedure was used recently in optical coherence tomography
(OCT) to enhance the contrast for imaging biological
samples.’m’31 This approach of optical clearing is based on the
principle of matching the refractive indices of scatterers and
ground material. The application of optical clearing agents
(OCAs) with high refractive indices and hyperosmolarity”‘33
results in an improved imaging depth and contrast for differ-
ent tissues and cells.**® Various substances like glycerol,
glucose, polyethylenglycol, and x-ray contrasting reagents
have been used as OCAs to control the optical properties of
tissue, whereas glycerol is the most commonly used. ™

In this study we investigated the impact of the directed
alteration of the cytoplasm refractive index with the aim to
enhance the intracellular phase contrast in living cells. There-

fore glycerol, a prevalently applied mounting medium in his-

tology and substrate for transport studies,””*® is used as a

medium with a high refractive index compared to phosphate
buffered saline. First, the effects of extracellularly offered
glycerol and the impact of the substance injected directly into
the cytoplasm were examined. Afterward, we analyzed the
influence of glycerol on the intracellular contrast in chemi-
cally fixated cells.

2 Materials and Methods
2.1 Cell Culture and Sample Preparation

The investigated human pancreatic ductal adenocarcinoma
cell line PaTu 8988T was obtained from the German Collec-
tion of Microorganisms and Cell Cultures (DSMZ, Braunsch-
weig, Germany). It is one of two cell lines established from a
liver metastasis of a primary pancreatic adenocarcinoma from
a 64-year old woman in 1985, representing a poorly differen-
tiated adenocarcinoma with high metastatic potential.39 Pan-
creatic tumor cells were cultured in Dulbecco’s modified Ea-
gle’s Medium (DMEM) supplemented with 5% fetal calf
serum, 5% horse serum, and 2-mM L-glutamine under stan-
dard cell culture conditions (37 °C and 5% CO,). For digital
holographic cell imaging, cells were trypsinized and
1 X 10* cells/ml were seeded on petri dishes (u-dishes Grid-
500, ibidi GmbH, Munich, Germany). Cells were cultured for
24 h and rinsed twice with Dulbecco’s phosphate buffered
saline (PBS) (DPBS, Lonza, Verviers, Belgium). Live cell im-
aging experiments were conducted using petri dishes filled
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with either PBS or a mixture of glycerol/PBS (50%, v/v) and
a climate chamber (ibidi GmbH, Munich, Germany), allowing
for temperature-stabilized analysis at 37 °C and normal atmo-
spheric conditions. Chemically fixated cells (30 min at room
temperature) using 4% neutral buffered formalin were ana-
lyzed after mounting with PBS and glycerol, respectively.

The refractive indices of PBS (n: 1.337), glycerol
(n: 1.474), and the 50% (v/v) mixture of glycerol/PBS
(n: 1.408) were measured with a digital Abbe refractometer
(WYA-2S, Ningbo Hinotek Technology Company, Limited,
Ningbo, China).

2.2 Digital Holographic Imaging and Experimental
Setup

Live cell imaging experiments as well as analysis of fixated
cells were performed using an inverse fluorescence micro-
scope Olympus IX81 (Olympus Deutschland GmbH, Ham-
burg, Germany) with attached DHM module based on a prin-
ciple described in Ref. 40. The coherent light source is a
frequency-doubled Nd:YAG laser (Compass 315M-100,
Coherent, Luebeck, Germany, A=532 nm). Figure 1(a) illus-
trates the general concept for the integration of DHM into the
microscopy system. Microinjection was performed using an
Eppendorf InjectMan NI 2 and FemtoJet system (both Eppen-
dorf GmbH, Hamburg, Germany) and an injection needle of
approximately 0.5 wm inner and 0.7 um outer diameter, re-
spectively. An overview of the experimental setup is shown in
Fig. 1(b), whereas Fig. 1(c) presents the microscope con-
denser with DHM unit, the opened climate chamber, and the
micromanipulator under operating conditions in detail.

2.2.1 Intracellular microinjection

For imaging, a 60X /1.35 oil immersion microscope objec-
tive (Olympus UPlanSApo, Olympus Deutschland GmbH,
Hamburg, Germany) was used. Bright field images (5 V, ex-
posure time 20 ms) were captured directly prior to and after
microinjection of PaTu 8988T cells. In time-laps series
(15 fps, exposure time 15 ms), digital off-axis holograms of
selected cells were captured throughout the microinjection
process (injection pressure p;=20 hPa, injection time #;=1 s,
and compensation pressure p.=15 hPa) with a mixture of
glycerol/PBS (50%, v/v) with a charge-coupled device (CCD)
sensor (1280X 960 pixels, The Imaging Source, DMK
41BF02, Bremen, Germany). Numerical evaluation of the re-
sulting digital holograms was performed by spatial phase
shifting reconstruction as described in detail in Refs. 6 and 41
using dcHolo and Phaselllustrator software (both developed at
the Center for Biomedical Optics and Photonics, Muenster,
Germany, based on the PV-Wave programming environment,
Visual Numerics, Stuttgart, Germany).

In the case of intracellular injection of 2,7-dichloro-
fluorescein (DCF), images were taken directly after microin-
jection (p;=20 hPa, f;=1s, and p.=15 hPa) with 10-mM
DCF in a mixture of glycerol/PBS (50%, v/v) with the CCD
sensor F-View II (1376 X 1032 pixels) and processed using
the cellAp software (both Olympus Deutschland GmbH, Ham-
burg, Germany).
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Fig. 1 General setup of a digital holographic microscopy system with an inverse microscope arrangement and microinjection unit: (a) schematic
setup, (b) inversed Olympus 1X81 fluorescence microscope with DHM module in transmission mode, (c) condenser with the DHM unit for
coherent illumination, opened climate chamber (ibidi GmbH, Munich, Germany) and micromanipulator InjectMan NI2 (Eppendorf GmbH,

Hamburg, Germany).

2.2.2  Extracellular buffer replacement

In analogy to the microinjection experiments, bright field im-
ages (5 'V, exposure time 20 ms) and digital off-axis holo-
grams (exposure time 15 ms) of selected cells were captured
prior to and in definite intervals after the exchange of the
extracellular buffer from PBS to a mixture of glycerol/PBS
(50%, viv).

3 Results
3.1 Cell Injection Process Monitoring

First, the microinjection process is analyzed to assure the ap-
plicability of DHM in combination with the injection unit. In
general, the microinjection process of a liquid into a living
cell has to be performed fast to minimize cell membrane in-
jury. Also, the applied injection pressure should be as low as
possible to avoid a high flow stream inside the cell. This re-
sults in special demands for the experimental conditions.
Thus, in an initial experiment, we performed a cell free ap-
proach to optimize our setup in respect to the acquisition rate
of holograms, bright field images, and fluorescence images, as
well as in respect of the presentability of the injection process
and data processing. Due to high viscosity and refractive in-
dex of the pure substance, glycerol has been diluted with PBS
(50%, v/v), leading to a refractive index of n: 1.408. Figure 2
shows bright field images (first row), the quantitative DHM
phase contrast images (second row), and the corresponding
false color plots (third row) that result from the injection pro-
cess into pure PBS. Figures 2(a), 2(e), and 2(i) depict the
micrographs before the injection with the tip of the injection
needle extending into the section. To avoid a buffer influx into
the needle due to capillary effects, the compensation pressure
was set to 15 hPa. The images in Figs. 2(a), 2(e), and 2(i)
indicate no efflux of liquid into the buffer solution at the same
time. After triggering the efflux (500 hPa, 1 s), the glycerol/
PBS mixture was injected into the buffer [Figs. 2(b), 2(f), and
2(j)]. The effectively released amount of liquid depends on
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Fig. 2 (a)-(I) Injection of a glycerol/PBS mixture 50%, v/v in pure PBS.
The injection pressure (p;) was set to 500 Pa with an injection time (t;)
of 1 s. (a)-(d) Bright field images, (e)-(h) DHM phase contrast images,
and (i)-(I) corresponding false color plot; (m) and (n) microinjection
of a PaTu 8988T cell (p;=20 hPa, t;=1s) with 10-mM DCF 2,7-
dichlorofluorescein in a glycerol/PBS mixture (50% v/v). (m) Bright
field image of a PaTu 8988T cell after microinjection. (n) Correspond-
ing fluorescence image (exposure time 1000 ms) after microinjection.
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injection pressure, duration (time), viscosity of the injected
substance, and the actual inner diameter of the needle. Thus,
the injected volume cannot be absolutely controlled and quan-
tified. However, the different gray levels (256) in the DHM
phase contrast images [Figs. 2(e)-2(h)] represent the local
change refractive index distribution. High gray values corre-
late with a high refractive index, while the lowest values dis-
play a refractive index of the pure PBS (n: 1.337). Obviously,
the injection of the glycerol/PBS dilution leads to a maximum
concentration of the mixture at the tip of the needle, which is
indicated by the brightest gray levels and highest refractive
index, respectively [Figs. 2(f) and 2(g)]. The false color-coded
representation of the phase contrast images in Figs. 2(j) and
2(k) illustrate these findings. The gentle transition from the tip
to distant areas demonstrate the fast mixing process of both
liquids to a finally homogeneous mixture [Figs. 2(h) and 2(1)]
within three seconds.

To analyze the characteristics of the injected material flow
inside a cell, we injected the fluorescent dye DCF [2,7-
dichlorofluorescein in glycerol/PBS (50%, v/v)] into PaTu
8988T cells (30 hPa, 1 s). Figure 2(m) shows a bright field
image of a single cell prior to the injection. The fluorescence
micrograph immediately after the injection is depicted in Fig.
2(n). The results demonstrated that cell membrane integrity is
not affected by the microinjection. Furthermore, the homoge-
neous distribution of the fluorescent emission throughout the
cytoplasm supports the proposed concept that the entire cyto-
sol can be passed through by the injected mixture.

3.2 Impact of the Intracellular Injection of Glycerol/
Phosphate Buffered Saline on the Quantitative
Phase Contrast

In the next experimental step, the influence of the intracellular
contrast on quantitative phase contrast images of a living cell
was investigated by injection of a glycerol/PBS mixture. It is
expected that the injection causes changes in the cytosolic
composition, either directly by the injected liquid or indirectly
by the triggered cellular reaction. For the experiment, digital
holograms were recorded before, during, and after the injec-
tion process. In addition, micrographs in the bright field mode
were captured as a reference. Due to the experimental setup,
the minimum delay between image acquisition in the two dif-
ferent modes amounted in the range of 1 to 2 s. Following the
settings of the cell free approach in Sec. 3.1, the compensa-
tion pressure was set to 15 hPa and the injection pressure was
adjusted to 20 hPa for 1 s. Considering the results of Sec. 3.1,
a very gentle influx into the cell can be expected. Figure 3(a)
shows an exemplarily bright field image of a PaTu 8988T cell
24 h after seeding. Flat membrane extension and lamellipodia
are typical for healthy cells under cell culture conditions. The
corresponding DHM phase contrast image in Fig. 3(e) dis-
plays the cell in different gray levels (8-bit). The gray level
map represents the optical path length changes that are af-
fected by the cell in comparison to the surrounding medium
due to its thickness and inner refractive index distribution.
Thin membrane extensions are resolved and the cell borders
can be identified. However, due to a rather homogeneous in-
tracellular refractive index, the phase contrast inside the cell is
low. Only a few intracellular structures are visible, and a cor-
relation to specific intracellular compartments is not possible.

Journal of Biomedical Optics

041509-4

cross section 2

60 80 100 120
s (pixel)

Fig. 3 Injection of a glycerol/PBS mixture (50%, v/v) into a PaTu
8988T cell. (a)-(d) Bright field images and (e)-(h) corresponding DHM
phase contrast images showing a PaTu 8988T cell (a) and (e) before,
(b) and (f) directly after, (c) and (g) 1 min after, and (d) and (h) 8 min
after injection (p;=20 hPa, t;=1 s). (e) through (h) Black arrowheads
indicate the positions of two cross sections to quantify the relative
phase contrast of two different nucleoli (1 and 2) at each time step.
The black arrow in (f) marks the nuclear envelope. (i) The plots for
cross section 1 and (j) cross section 2 illustrate the alteration of the
relative phase contrast Ad(rad) per pixel, with the solid line repre-
senting the nucleolus prior to injection, the triangle line representing
the nucleolus directly after injection, the circle line representing the
nucleolus 1 min after injection, and the asterisk line representing the
nucleolus 8 min after injection. The phase range of 6.6 rad is coded
to 256 gray levels. Scale bar: 10 um.

Figure 3(f) represents a DHM phase contrast image immedi-
ately after the injection of a glycerol/PBS mixture in the peri-
nuclear region. Lamellipodia at the cell border are defined
with almost similar details in comparison to the situation be-
fore the injection. However, the central part of the cell around
the nucleus appears with enhanced phase contrast, and areas
of brighter gray levels become visible. These structures are
surrounded by an area with only smooth gray value changes
and with a partly visible border to the ambient cell body [ar-
row, Fig. 3(f)]. Comparisons with the bright field image [cap-
tured 1 s after the hologram, Fig. 3(b)] allow the identification
of these structures as the nucleus with nucleoli. Moreover, this
image verifies the successful injection of the glycerol/PBS
mixture, as a fluid-filled membrane bleb occurs in the right
part of the cell. Additionally, small blebs at the distal parts of
the membrane extensions are visible, revealing a direct con-
nection to the main part of the cytosol. After one minute
[Figs. 3(c) and 3(g)], the cellular reaction appears increased
and the membrane curled. Because of the rather low local
differences of the refractive index inside the blebs and the
cytosol, the injected liquid can be assumed to have immedi-
ately mixed with the intracellular compounds. Eight minutes
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after the microinjection, blebs have degenerated and the cell
surface appears a little rougher in the bright field image [Fig.
3(d)] compared to the unaffected cell in Fig. 3(a). Fine, long
membrane extensions are still visible and indicate a living
cell. In the corresponding DHM phase images [Fig. 3(h)], the
contrast of the cytosol to the surrounding buffer is low com-
pared to the results of the prior measurements.

To quantify the enhanced intracellular contrast, the DHM
phase contrast images were analyzed by cross sections
through the nucleoli and surrounding parts of the nucleus
[cross sections between the arrowheads in Figs. 3(e)-3(h)].
Figures 3(i) and 3(j) depict the relative phase contrast differ-
ences [A® (rad)] for the cross sections before and after mi-
croinjection. The solid line in Fig. 3(i) represents the situation
before the injection, and the relative phase contrast of nucleo-
lus 1 is about 1.2 rad higher than the surrounding area. Di-
rectly after the injection of the glycerol/PBS mixture, A®
raises to 1.8 rad in maximum, one minute later to 2.0 rad, and
eight minutes after the injection process to 2.3 rad. The re-
sults for the second analyzed nucleolus confirm this measure-
ment. Here, before the injection, the relative phase contrast
amounts to 1.2 rad in maximum, and eight minutes after the
injection it shows an increase to 1.7 rad. These results of
quantitative phase contrast analysis support the effect of con-
trast enhancement for the nucleoli inside the living cell after
injection of a glycerol/PBS mixture.

Figure 4 represents another exemplarily pancreatic tumor
cell before and after the injection process under the same
experimental conditions described before and confirms the re-
sults. Similar to the results in Fig. 3, the cell body with its
lamellipodia and membrane extensions is silhouetted against
the environmental buffer, but on the contrary, the phase con-
trast of intracellular structures of the unaffected cell is low
[Fig. 4(e)]. After the injection of the glycerol/PBS mixture,
two individual structures can be distinguished in the central
part of the cell [Fig. 4(f)]. One minute after the injection, a
small bleb occurs in the lower cell extension [Fig. 4(c)], but
disappears within the next few minutes [Fig. 4(d)]. The recon-
structed phase images documented the cellular reactions as
well, and in contrast to the first cell (Fig. 3), even thin mem-
brane extensions at the cell borders stay visible. The differ-
ences of the phase contrast between the two nucleoli and the
surrounding area were analyzed quantitatively and are de-
picted in Figs. 4(i) and 4(j). The findings are in good agree-
ment with the results for the described first cell, and show an
increasing difference in the phase contrast for the nucleoli and
the environmental area after the injection of a glycerol/PBS
mixture into the cell.

3.3 Influence of the Extracellular Buffer Composition
on the Quantitative Phase Contrast

As shown in Sec. 3.2, the direct injection of a glycerol/PBS
mixture into a living cell increased the intracellular contrast.
In the next experimental step, the influence of an extracellu-
larly offered mixture on the DHM phase contrast was inves-
tigated. Pancreatic tumor cells were first incubated in PBS,
and bright field images as well as digital holograms were
captured with a delay of 1 to 2 s. Figure 5 illustrates the re-
sults for an exemplarily selected PaTu 8988T cell. Flat lamel-
lipodia and membrane extensions documented the healthy sta-
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Fig. 4 Injection of a PaTu 8988T cell with a mixture of glycerol/PBS
(50%, v/v). (a)-(d) Bright field images and (e)-(h) corresponding DHM
phase contrast images showing a PaTu 8988T cell (a) and (e) before,
(b) and (f) directly after, (c) and (g) 1 min after, and (d) and (h) 8 min
after injection (p;=20 hPa, ;=1 s). Indication of the two cross sec-
tions [black arrowheads in (e)-(h)] plot lines [solid, triangle, circle,
and asterisk in (i) and (j)] is conformed to Fig. 3. The phase range of
6.6 rad is coded to 256 gray levels. Scale bar: 10 um.

tus of the cell. Two nucleoli can be identified in the central
part of the nucleus [Fig. 5(a)]. Particularly, the DHM phase
contrast image allows the identification of these structures de-
spite a weak contrast [Fig. 5(c)]. After the initial bright field
and DHM imaging, the complete buffer medium was changed
from PBS to a glycerol/PBS mixture (50%, v/v). The cellular
reaction was rapid (within seconds) and resulted in a distinct
shrinkage of the cell body [Fig. 5(b)]. In the bright field mi-
crograph, lamellipodia could still be identified, but especially
in the central part of the cell a correlation to specific cellular
compartments was not possible. In the corresponding DHM
phase contrast image [Fig. 5(d)], cell boundaries and wide
parts of lamellipodia are not displayed properly. The central
part of the cell was silhouetted against the background, but a
homogeneous refractive index inhibited the identification of
subcellular structures.

The decreased intracellular contrast was analyzed quanti-
tatively following the same protocol as described in Sec. 3.2.
The cross sections were selected to cut the nucleoli but also
the ambient area (sections marked with arrowheads). Figures
5(e) and 5(f) show the relative phase contrast (Ad) for the
two cross sections before and after the buffer exchange. In
PBS, in both cases AP was increased at the site of the
nucleoli and can be defined to 1.5 rad and to 1.9 rad, respec-
tively. After external buffer exchange, these differences of
relative phase contrast decreased to a maximum of 0.6 rad
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Fig. 5 Influence of the surrounding buffer conditions on the intracel-
lular contrast. (a) and (b) Bright field images and (c) and (d) corre-
sponding DHM phase contrast images showing (a) and (c) a PaTu
8988T cell in PBS, and (b) and (d) after change to a mixture (50%,
v/v) of glycerol/PBS as the surrounding media. (c) and (d) Black ar-
rowheads indicate the positions of two cross sections to quantify the
relative phase contrast of two different nucleoli (1 and 2) before and
after buffer exchange. (e) The plots for cross section 1 and (f) cross
section 2 illustrate the alteration of the relative phase contrast Ad(rad)
per pixel, with the solid line representing the nucleolus before and the
triangle line representing the nucleolus after change of buffer. The
phase range of 6.6 rad is coded to 256 gray levels. Scale bar: 10 um.

and 0.8 rad. Although in general those differences should be
sufficient to identify a cellular component, the irregular curve
profile clarifies that the maximum differences are caused by
local unspecific peaks and not by a solid nucleoli.

Figure 6 exemplifies another pancreatic tumor cell before
and after the change of the surrounding medium, demonstrat-
ing the reproducibility of the experiment. Before external
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Fig. 6 The surrounding buffer conditions influence the intracellular
contrast. (a) and (b) Bright field images and (c) and (d) corresponding
DHM phase contrast images showing (a) and (c) a PaTu 8988T cell in
PBS, and (b) and (d) after change to a mixture (50%, v/v) of glycerol/
PBS as the surrounding media. Indication of the two cross sections
[black arrowheads in (c) and (d)] and plot lines in [solid and triangle
in (e) and (f)] conform to Fig. 5. The phase range of 4.5 rad is coded
to 256 gray levels. Scale bar: 10 um.

buffer change, the cell has pronounced flat membrane exten-
sions and lamellipodia, which were visible in both bright field
[Fig. 6(a)] and DHM mode [Fig. 6(c)]. The intracellular con-
trast allowed the identification of nucleoli, although the con-
trast was low. Again, the change of the extracellular buffer to
the glycerol/PBS mixture started a rapid shrinking process of
the cell, leading to a reduced cell size displayed in Fig. 6(b).
Moreover, the central part of the cell appeared unstructured
and irregular. In the corresponding phase contrast image, the
contrast is quite low, the membrane extensions are displayed
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Fig. 7 Mean relative phase contrast of fixated cells. The column plot
displays the measurement of the mean relative phase contrast of
n=32 chemically fixated PaTu 8988T cells initially mounted with PBS
(left column) and then with glycerol (right column).

only partly in front of the background, and the nucleoli cannot
be allocated [Fig. 6(d)]. The analysis of the relative phase
contrast by cross sections is depicted in Figs. 6(e) and 6(f).
Solid lines show the status of the development of the relative
phase contrast before buffer exchange. Although the contrast
is low, the progression of the curve allows a correlation of the
high values to nucleoli and the lower ones to ambient areas of
the nucleus. After the cell shrinkage, however, the correlation
of the relative phase contrast to visible cellular compartments
is difficult.

The findings in Figs. 5 and 6 indicate that the change of the
extracellular PBS buffer to a mixture of glycerol/PBS leads to
cell shrinkage and to a decrease of the intracellular DHM
phase contrast.

3.4 Impact of the Mounting Medium on the
Intracellular Quantitative Phase Contrast
of Chemically Fixated Cells

In the last part of this study, the effect of the mounting reagent
on the intracellular contrast of chemically fixated cells was
analyzed. Therefore, PaTu 8988T cells were grown on a petri
dish (u-dish, ibidi, Munich, Germany) and 24 h after inocu-
lation the cells were fixated by an unspecific chemical protein
crosslink by formalin. This prevalently used method has been
chosen to provide stable samples for histological investiga-
tions, and in contrast to the incubation with methanol (e.g.),
the cell membranes are not completely eliminated.”” DHM
phase contrast images of the same cells were recorded in PBS
and in pure glycerol. In analogy to the previous sections, the
visibility of the nucleoli was used as a marker for the intrac-
ellular contrast that was quantified by the difference AD be-
tween the phase contrast of the nucleolus and the phase con-
trast of the surrounding area. Figure 7 shows the results for
the mean relative phase contrast obtained from n=32 indi-
vidual fixated cells that were subsequently embedded in PBS
and glycerol. The values of the relative phase contrast for PBS
(0.7+0.2 rad) and for glycerol (0.8 +0.3 rad) both indicate
that the nucleoli could be identified in the reconstructed im-
ages. Moreover, the data revealed that within the standard
deviation of the measurement, there was no definite influence
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of the two different mounting media on the intracellular con-
trast in the case of fixated pancreatic tumor cells.

4 Discussion

Digital holographic microscopy enables a label-free analysis
of living and fixed cellular specimens. The contrast of the
captured holograms and reconstructed images rely on optical
path length changes that are affected by the cell due to its
thickness and the integral refractive index. This physical
background provides the opportunity to analyze living cells
quantitatively, and the rather homogeneous intracellular re-
fractive index allows the 3-D analysis of outer geometries of
adherent and suspended cells.**** At the same time, the slight
variations of the index limits the technique, since the intrac-
ellular contrast is low and cell structures are hard to distin-
guish. The results in Sec. 3 describe our approach to enhance
the intracellular contrast by the injection of a liquid directly
into the cell. The microinjection technique in general is an
established tool and has been successfully applied to bring
exogenous proteins, drugs, or oligomers into a cell.**® The
results in Figs. 2—4 showed that injected cells appeared mor-
phologically healthy after the process, and cellular volume
changes were low and only temporal, which is a prerequisite
for the successful injection and long-term cell Viability.‘w’49
The injected liquid seemed to disperse over the whole cell, as
the entire cytosol is passed through by the injected fluorescent
dye [Fig. 2(n)]. Because of the rapid mixing of the glycerol/
PBS composite with the surrounding buffer [Fig. 2(1)], we
conclude that the injected material, and in particular the glyc-
erol, mixed immediately with the cytosol.

Figures 3 and 4 showed that the injection of a glycerol/
PBS mixture into a pancreatic tumor cell leads to an increase
of intracellular contrast. Besides the nuclear envelope, the
nucleoli are visible and the quantitative analysis of the
nucleoli revealed an increase of the DHM relative phase con-
trast. In general, there are two possible reasons for this con-
trast enhancement: 1. the injection leads to an increase of the
refractive index of the nucleoli, and 2. the refractive index of
the ambient nucleoplasm or of the cytosol, respectively, is
decreased.

Nucleoli are the most dense and prominent structures in
the nucleus and, unlike other organelles in the cell, they are
not bound by a membrane. Owing to the difference in the
density between the nucleolus and the nucleoplasm, nucleoli
are often visible in conventional phase contrast micrographs.
There is still little knowledge about the forces that keep
nucleoli together and organized, but it is known these struc-
tures play a central role in the ribosome subunit biogenesis.
This is confirmed by the presence of many proteins involved
in different steps in rRNA transcription, TRNA processing,
and modification.”®" In regard to a possible interaction of the
nucleoli and glycerol, there are no indications of a preferential
accumulation in the nucleoli of living cells that could explain
the observed increase of the refractive index. Therefore, we
assume that glycerol causes a decrease of the refractive index
of the environmental cytoplasm. However, the injected
glycerol/PBS mixture has a higher refractive index (n: 1.408)
than the cytosol (n: 1.375).*' Due to that apparent contradic-
tion, a direct effect seems rather implausible.
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Glycerol is a prevalently used mounting medium in histol-
ogy due to its high refractive index. Furthermore, glycerol has
been reported to be an efficient OCA for the reduction of light
scattering in OCT and akin techniques that enhances the depth
resolution and the contrast in imaging of biological
tissue, 2133022 Beyond that and in a more physiological
context, glycerol is found in the blood and in the interstitial
ﬂuid,53 and therefore is recognized as a natural cell metabo-
lite. Regarding the permeability of lipid bilayers, glycerol is
considered a small uncharged polar molecule. Like a water
molecule, it is able to diffuse across membranes, but its per-
meability coefficient for the passage through a synthetic lipid
bilayer is much smaller (107°cms™!) than for water
(10725 cm's™!).> This imbalance is potentiated in a living
cell due to the presence of aquaporins (AQP) in the cellular
membranes.”* Some proteins of the AQP family have a very
high specificity to water, whereas few also allow the passage
of glycerol.55 Even though we do not know the exact expres-
sion in PaTu 8988T, aquaporins are considered as a preserved
instrument of living cells to deal with the osmotic and hydro-
static pressure changes in their environment.*®

As a consequence of these basic biochemical principles,
we assume the following explanation for the intracellular con-
trast enhancement after the injection of the glycerol/PBS mix-
ture: the injection of the liquid directly into the cell leads to a
swelling of the cell, first, because of the injected amount of
liquid, and second, due to an influx of water from the external
buffer into the cell. The influx is driven by the osmotic dis-
equilibrium of glycerol and the preferred passage of water
into the cell compared to an efflux of glycerol. In addition to
the cell swelling, the influx of water causes a dilution of the
cytoplasm. The cytoplasm consists of the cytosol and the cy-
toplasmic organelles suspended in it. An estimation of the
protein concentration of the cytoplasm of mammalian tissue
culture cells indicates a value of 20 to 30%.”"® As the refrac-
tive index of a protein solution is directly proportional to its
concentr.':ltion,5 960 4 dilution leads to a decrease of the refrac-
tive index. Changes in the osmolarity of a solution in contrast
appear to have a negligible impact on its refractive index.®!
Barer and Tkaczyk show the linear correlation of the refrac-
tive index and the concentration for the bovine serum albu-
min; a dilution by 5% leads to a decrease of the refractive
index by about 0.01.%2 In our case, the refractive index de-
crease seems to overcompensate the effect of the injected
glycerol into the cytosol. Beyond that, the dense package and
the molecular interaction of the proteins in the nucleoli appear
to protect the structure and conserve the local high refractive
index.

Our suggestion that osmotic swelling of the cells is the
reason for an enhanced intracellular contrast is supported by
the results of the induction of cellular shrinkage (Figs. 5 and
6). The rapid efflux of water out of the cell when the glycerol
concentration in the surrounding buffer is increased leads to
visible shrinkage and to a strong rise of the protein concen-
tration inside the cell. As a consequence, the refractive index
increases and the intracellular contrast breaks down. More-
over, the loss of the contrast in the domains of the lamellipo-
dia reveal that the intracellular refractive index has ap-
proached the value of the glycerol/PBS mixture outside the
cell.

Journal of Biomedical Optics

041509-8

Our approach created an osmotic pressure by injecting
glycerol in cells, followed by an influx of water. Water influx
was identified to be responsible for the enhanced intracellular
contrast, and thus the process showed similarities to optical
clearing strategies‘%’63 In OCT, the diffusion of agents like
glycerol into the interstitial space of tissue leads to an in-
creased refractive index of the interstitial fluid and causes a
refractive index matching with extracellular scatterers (e.g.,
collagen and other tissue components), resulting in an en-
hanced tissue contrast and imaging of deeper layelrs.52

In contrast, the method presented here intends not to match
the surrounding structure’s refractive index but to amplify the
intracellular contrast for subcellular structure imaging, and
scattering effects like in tissue or cell suspensions are not
critical in cases of the used flat adherent cells. For subcellular
imaging, we needed to alter directly the cytosolic refractive
index to potentiate or even create small intracellular refractive
index differences originated by cellular components.

As mentioned, DHM was already used to analyze the outer
geometries of cells, and we therefore expected to investigate
the cell swelling and shrinkage concerning the cell height.
However, as we alter the intracellular refractive index, the
correlation of the optical path length changes the integral re-
fractive index and the thickness cannot be used directly. A
further verification of our results by decoupling of the cell
thickness and the integral cellular refractive index can be
achieved by DHM-based decoupling procedures,&"65 but re-
quires more complex experimental equipment or measure-
ments with different light wavelengths and a suitable disper-
sive dye. Rather simple approaches like the addition of an
extracellular dye and determination of the cell heights by con-
focal microscopy,66 on the contrary, seem to be inapplicable in
the case of flat single cell analysis.

The integrity of the cell membrane and therefore the un-
balanced permeability for water and glycerol is assumed to be
one of the key steps of our concept. Therefore, we performed
comparative experiments with formalin-fixated cells. The
fixation by formalin predominantly leads to a cross-link of the
proteins, whereas the membrane integrity is conserved only
partly.42 As a result, the quantification of the mean relative
phase contrast showed no impact of the mounting medium on
the intracellular contrast (Fig. 7). We assume that this is due
to the free influx of the media into all domains of the cell,
which inhibits the constitution of concentration dependent re-
fractive index differences.

We conclude that the microinjection of small amounts of
glycerol leads to significant enhancement of the intracellular
phase contrast of living cells in DHM. We assume an under-
lying process of gentle cell swelling due to a glycerol-induced
osmotic disequilibrium, resulting in a decrease of the refrac-
tive index of the cytosol. These changes of the refractive in-
dex are reproducible and controllable. In view of the achieved
results, we further assume the possibility to induce a contrast
enhancement by osmotic swelling of the cells in hypotonic
buffer, but this has to be proofed in further experiments. How-
ever, the injection of a glycerol mixture directly into the cell
might be preferred, because of the advantage to work with
established cell culture conditions in the extracellular me-
dium. Moreover, the swelling is a transient and reversible pro-
cess, as glycerol can diffuse slowly out of the cell and intra-
cellular pathways can be used to metabolize remaining
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material. Finally, due to the principles of our contrast en-
hancement approach, the method can be applied with other
quantitative phase contrast methods and interferometry-based
techniques, and thus prospects enhance application fields in
label-free live cell imaging.
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