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Abstract: In pregnancy during an inflammatory condition, macrophages present at the feto-
maternal junction release an increased amount of nitric oxide (NO) and pro-inflammatory
cytokines such as TNF-α and INF-γ, which can disturb the trophoblast functions and pregnancy
outcome. Measurement of the cellular and sub-cellular morphological modifications associated
with inflammatory responses are important in order to quantify the extent of trophoblast
dysfunction for clinical implication. With this motivation, we investigated morphological, cellular
and sub-cellular changes in externally inflamed RAW264.7 (macrophage) and HTR-8/SVneo
(trophoblast) using structured illumination microscopy (SIM) and quantitative phase microscopy
(QPM). We monitored the production of NO, changes in cell membrane and mitochondrial
structure of macrophages and trophoblasts when exposed to different concentrations of pro-
inflammatory agents (LPS and TNF-α). In vitro NO production by LPS-induced macrophages
increased 22-fold as compared to controls, whereas no significant NO production was seen
after the TNF-α challenge. Under similar conditions as with macrophages, trophoblasts did
not produce NO following either LPS or the TNF-α challenge. Super-resolution SIM imaging
showed changes in the morphology of mitochondria and the plasma membrane in macrophages
following the LPS challenge and in trophoblasts following the TNF-α challenge. Label-free QPM
showed a decrease in the optical thickness of the LPS-challenged macrophages while TNF-α
having no effect. The vice-versa is observed for the trophoblasts. We further exploited machine
learning approaches on a QPM dataset to detect and to classify the inflammation with an accuracy
of 99.9% for LPS-challenged macrophages and 98.3% for TNF-α-challenged trophoblasts. We
believe that the multi-modal advanced microscopy methodologies coupled with machine learning
approach could be a potential way for early detection of inflammation.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Macrophages play an important role in immune response, tissue development, remodelling and
repair [1,2]. They are generally classified into two categories depending on how they respond
to the various environmental signals: classically activated macrophages (M1) and alternatively
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activated macrophages (M2). M1 macrophages are stimulated by the virus infections, endotoxin
(LPS) or some cytokines e.g. TNF-α, INF-γ, etc. Important cytokines, such as IL-1, IL-6, IL-12
and TNF-α are released in response. M2 macrophages help in the tissue remodelling and repair
and are characterised by the release of the cytokines such as IL-2β and IL-10 [3,4]. In a pregnant
woman placental decidua contains 20-30% macrophages of the total population of the leukocytes.
During peri-implantation period, the decidual macrophages are inclined towards M1 phenotype.
Their profile predominantly shifts towards M2 macrophage phenotypes during the pregnancy.
Macrophages play important role in the spiral artery remodelling and the trophoblast invasion by
clearing the apoptotic cells in the decidua [5,6].
Better communication between the fetal trophoblast and maternal immune cells is very

important for the successful outcome of a pregnancy. The trophoblast, just like an innate immune
cell, expresses pattern recognition receptors (PRR) that act as ‘sensors’ of the surrounding
environment [7]. Through PRR, the trophoblast can recognize the presence of pathogens, dying
cells and damaged tissue [8]. Upon recognition, the trophoblast secretes certain cytokines that
in turn, will act upon the immune cells within the decidua (i.e. macrophages, T regulatory
cells, NK cells), recruiting and educating them to work together in support of the growing
fetus [7–9]. A viral or bacterial infection may perturb the harmony of the cross-talk between
macrophages and trophoblasts which might lead to various pregnancy complications [10]. One
of the major pathogens causing these infections is gram negative bacteria. These bacteria
colonise the genitourinary tract of women, where they continuously release an endotoxin called
lipopolysaccharide (LPS). LPS is present on the outer membrane of the gram-negative bacteria
which induces inflammation by stimulating the immune system, particularly macrophages [11].
Classically activated macrophages produce TNF-α and nitric oxide (NO) in abundance which
has been linked with pre-eclampsia, preterm delivery and early abortion [12,13].
Several studies have been conducted to understand the mechanisms of inflammation in

macrophages and trophoblasts following stimulation with various cytokines. However, we have
insufficient information about the effect of LPS and other cytokines released in its effect on
the morphology of these cells at the sub-cellular level. Plasma membrane play an important
role during inflammation. PRR are generally expressed on the plasma membrane and after
recognising any foreign molecule, signalling cascade is initialised which instructs a cell to
produce cytokines. In addition to the plasma membrane which is the first point of contact to
inflammatory agents, mitochondria are another important sub-cellular organelle responsible for
generating energy and thus well-being for the cell. Mitochondria produces reactive oxygen species
(ROS) continuously during respiration [14]. In pathological state ROS can be overproduced and
thus can cause oxidative stress (OS) [15]. OS can lead to mitochondrial swelling and initiate an
apoptotic cascade [16,17]. Superoxide radical (O2

.−) may also react with NO produced during
infection to produce a toxic substance peroxynitrite (ONOO−) damaging the cells [18]. There
have been few studies carried out using electron microscopy which suggest that the mitochondrial
morphology of trophoblasts is altered under pathological conditions [19,20], but these studies
are limited to fixed cell due to incompatibility of electron microscopy with live cell imaging. So
far, to the best of our knowledge super-resolution microscopy has not been explored for studying
inflammation in live macrophages and trophoblasts. Therefore, the study of plasma membrane
and mitochondria is crucial to mark the changes during inflammation. Many important details in
the inflammation-related sub-cellular processes in these cells could have not been observed due
to the limited spatial resolution of conventional fluorescence microscopy systems. Moreover,
multi-modal imaging complemented with the chemical analysis are required to obtain better
understanding of the inflammation related changes in macrophages and trophoblasts.

Structured illumination microscopy (SIM) is a wide-field super resolution optical microscopy
technique having the twice resolution enhancement in all the three axis compared with the
conventional optical microscopes [21]. Among the existing super-resolution optical microscopy
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techniques, SIM offers advantage of relatively high-speed, three-dimensional imaging and most
importantly compatible for the live cell imaging [21,22]. Recently, super-resolution imaging
of three different sub-mitochondrial regions of living cells is reported using 3D SIM with a
resolution of the order of 100-130 nm [23]. SIM can therefore be used to visualize and to quantify
the change in the mitochondrial morphology when treated with different pro-inflammatory agents.
Additionally, SIM is also compatible with wide range of conventionally used bright and stable
fluorophores making it popular choice for imaging and optical sectioning of live biological cells
[22,24]. SIM is fluorescence-based technique and therefore requires exogenous labelling agents
for imaging cells. In label-free optical imaging, quantitative phase microscopy (QPM) is a popular
technique for the quantitative analysis of live biological specimens [25]. QPM techniques are
capable to quantify various parameters associated with biological specimen, such as cell dynamics
(fluctuations in cell thickness and/or RI), cell morphology and cell dry mass (non-aqueous content)
[25–28]. Digital holographic microscopy (DHM) is one of the interferometric QPM techniques
to extract the quantitative information of the live cell [27]. It is very useful technique for the
single cell analysis with ease of operation and compatibility [28,29]. In connection with vigorous
algorithms of numerical reconstruction of interferograms for data measurement, DHM provides a
fascinating window in modern microscopy for quantitative analysis of the specimen. In addition,
single shot DHM techniques can be used for the measurement of dynamic fluctuation of the live
cells [30]. The 3D cell shape can be obtained from quantitative phase which having information
about the integral cell refractive index and the cell thickness [27]. This enables to determine
various parameters of the cells such as volume, surface area, sphericity, etc [27,31], which could
be studied as bio-marker of cell inflammation. Several machine learning approaches were also
aided to QPM in order to interpret large-scale and high-dimensional data for classification and
diagnosis [27,32,33].
In this work, we have applied different optical modalities for the observation of various

morphological changes on cellular and sub-cellular levels in macrophages and trophoblasts after
inducing inflammation with LPS or TNF-α at different concentrations. We observed the effects
of various concentrations of LPS or TNF-α on NO production, cell membrane and mitochondria
of macrophages and trophoblasts at different time intervals. The inflammatory responses of the
macrophages and trophoblasts were observed by measuring the production of nitric oxide (NO),
changes in cell membrane and mitochondrial structure when exposed to different concentration of
pro-inflammatory agents. We measured a 22-fold increase in LPS-induced in vitro NO production
by macrophages as compared to controls, whereas no significant NO production after TNF-α
challenge. While trophoblasts did not produce significant amount of NO following either LPS or
TNF-α challenge under similar conditions as with macrophages. The morphological changes in
the plasma membrane and mitochondria were observed under super-resolution SIM microscopy.
A significant change in the morphology of mitochondria and plasma membrane is observed in
macrophages following LPS challenge and in trophoblasts following TNF-α challenge. QPM
suggested a decrease in the optical thickness of the LPS-challenged macrophages, while TNF-α
having no effect. The vice-versa is observed for the trophoblasts in label-free manner. Further,
we have applied support vector machine (SVM) based algorithm on the morphological and
texture parameters extracted from phase images for the classification of control and inflammation
state [34,35]. The results suggest that these techniques together provide the clear visual and
quantitative insights about the morphological and sub-cellular level changes in macrophages
and trophoblasts in normal and pathological conditions. The basic information obtained in the
present study could be useful for the treatment strategy in the future for the cases of the infection
and inflammation in pregnancy.
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2. Materials and methods

2.1. Materials

RPMI (Roswell Park Memorial Institute) 1640 medium (#R8758), LPS (#L2880), TNF-α
(#T5944), sulphanilamide (#S9251), naphthalene diamine dihydrochloride (#N91250) and
Dulbecco’s PBS (Phosphate-buffered saline #D8537) were bought from Sigma-Aldrich, St Louis,
MO, USA. Agilent 8453 UV-Visible Spectrophotometer, Agilent Technologies, Santa Clara, USA.
FALCON 24-Well cell culture plates, Corning Incorporated, New York, USA. Zeiss standard
binocular microscope, Carl Zeiss, West Germany with 10X and 40X objective lenses. CellMask
Green (CMG) (#C37608), MitoTracker Green (MTG) (#M7514) and live cell imaging solution
(#A14291DJ) were bought from Thermo Fisher Scientific (Waltham, USA). #1.5, 25mm round
coverslips (#631-0172) were bought from VWR international. Human fibronectin purified from
human plasma by affinity chromatography on Gelatin Sepharose 4B was a kind gift from Vascular
Biology Research Group, Department of Clinical Medicine, UiT-The Arctic University of Norway.
Commercial OMX3D-SIM v4 blaze system (GE Healthcare, USA) and custom build quantitative
phase microscopy system are used for SIM and QPM, respectively, at Optical Nanoscopy Lab,
UiT-The Arctic University of Norway.

2.2. Cell culture

Macrophages (RAW 264.7, murine cell lines) and trophoblasts (HTR-8/SVneo, human cell lines)
were used in the experiments and bought from ATCC. Cell culture was carried out in laboratory
of Women’s Health and Perinatology Research group, UiT-The Arctic University of Norway.
Both cell lines were cultured separately in a humidified atmosphere of 95% air and 5% CO2
at 37 °C with glutamine containing RPMI-1640 medium supplemented with 10% fetal bovine
serum and antibiotics (penicillin and streptomycin). The cells were subcultured every 2-3 days by
transferring the cells to the next passage and were utilized for experiments at 80-90% confluency.

2.3. Measurement of NO production

For NO measurements, 1 × 105 cells/ml were transferred to each well of the 24-well culture
plates. The cells could stabilize and adhere for 24 h in an incubator at 37° C and 5% CO2.
The cells were then treated with three different concentrations of LPS (0.1 µg/ml, 1 µg/ml, 10
µg/ml). The production of NO released in the medium were measured spectrophotometrically
in terms of nitrite formation by Griess reagent [36,37] at 540 nm using NaNO2 as the standard.
The measurements were performed in triplets at different time points as the result shown in
Fig. 1. Similar plan was adopted to measure the NO after TNF-α challenge at three different
concentrations (10 pg/ml, 100 pg/ml and 1000 pg/ml).

2.4. Labelling and super resolution imaging of macrophages and trophoblasts

We optimised the labelling protocol for staining plasma membrane and mitochondria for both
cell types using CellMask Green (CMG) and MitoTracker Green (MTG), respectively. We found
that the concentration 1:1000 of CMG and 60 nM of MTG is optimum for good reconstruction of
SIM images for both the cell types. Both dyes are excited by the same wavelength (λex= 488 nm).
For labelling plasma membrane, live cells on the coverslips were washed once with RPMI and
then CMG (1:1000) is applied and sample is incubated for 10 min. For mitochondria labelling,
live cell sample is washed once with RPMI and then incubated with MTG (60 nM) for 30 min.
Then the sample is washed with RPMI thrice and mounted in imaging solution. For SIM imaging,
cells were seeded on #1.5 coverslips (170 µm thick) the day before imaging and were incubated.
Next day cells were challenged with an inflammatory agent and data were acquired at 2 h, 4 h, 6 h
and 24 h time points. Cells were imaged at these time-points on SIM afterwards.
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3D-SIM images of macrophages and trophoblasts were acquired at room temperature (T= 23
°C) and within 1 h after taking out of the incubator on a commercial structured illumination
microscope (DeltaVision|OMXv4.0 BLAZE, GE Healthcare). All the images were acquired
using 488 nm laser (Fiber coupled laser with output power of 65 mW) with power set to either
10% or 31.5%. The actual power reaching at sample plane is less than rated value as there is a loss
in the power going through the optics. The images shown in this study are the projected image of
z-section stacks. Each z-section is 0.125 µm thick and the thickness of samples imaged was kept
between 1.2-2.5 µm. Exposure time was generally kept between 10-40ms. After acquisition,
images were reconstructed using the SoftWorX package from GE Healthcare.

2.5. Quantitative phase imaging of macrophages and trophoblasts

For QPM measurements, the cells were seeded in PDMS chambers located on reflecting silicon
slides. Samples were incubated for 24 h and later cells were divided into two batches (a) control
and (b) challenged with inflammatory agents for the experiment. For time course imaging, cells
from same cell culture passage were seeded on different silicon slides. After 24 h incubation,
slides were divided randomly into five batches. One was kept as a control and four were challenged
with inflammatory agents to be imaged at 2 h, 4 h, 6 h and 24 h time points.

A Linnik type DHM setup was used for the imaging of the biological samples [27,29]. Unlike to
SIMmicroscopy, this technique does not require any labelling agent to quantify the morphological
features [38]. The details of the set up can be found elsewhere [25,27,28]. A 60 × microscope
objective (NA= 1.2) is used for the imaging of the control and inflamed live cells. Imaging
was performed at room temperature and under normal atmospheric conditions. For time course
imaging, one slide was chosen at random from the batches prepared to be imaged at a particular
time point and then discarded. He-Ne laser @632.8 nm was used to illuminate the object and
record the off-axis holograms with help of CMOS camera (Hamamatsu ORCA-Flash4.0 LT,
C11440-42U). These images were used further for the post processing. Fourier transform analysis
was used to extract the phase delay induced by the specimen, which represents the average
refractive index and thickness of specimen at all spatial points [25,27]. The experiment was
repeated several times on each set of the sample.

3. Results and discussion

3.1. NO production measurements

The response of macrophages and trophoblasts on NO production was studied after challenging
them with various concentrations (0.1 µg/ml, 1 µg/ml, 10 µg/ml) of LPS and TNF-α (10 pg/ml,
100 pg/ml and 1000 pg/ml). NO produced has physiological relevance. The range of concentration
(dosage) used both for LPS (NO concentration) and TNF-α had been previously reported in
the literature for inflammation related studies [39–42]. Various studies have shown that in
preeclamptic women, the concentration of NO in serum can vary from 16 µM to 39 µM. In normal
human serum, TNF-α is approximately 10 pg/mL and higher under inflammatory conditions [43].
Kupferminc et.al found 210 pg/ml of TNF-a in the sera of preeclamptic women as compared
to 65 pg/ml in controls [42]. We performed measurement at different time points (0 h, 4 h, 8
h, 12 h, 24 h). After inflammation induced by LPS, the macrophages produce a large amount
of NO after 24 h as shown in Fig. 1(a1). It can be observed from Fig. 1(a1) that the challenged
cells already started producing NO compared with control, but they were below the detection
limit so the results up to 4 h are not conclusive. After 8 h, the macrophages produce a significant
amount of NO to be detected. The maximum increase in the NO production is seen between
12 h-24 h. An increase in the NO production was expected and is in accordance with the previous
studies [44,45]. Figure 1 demonstrates that the concentration of NO produced by macrophages
even after 24 h upon challenging with various concentrations of LPS (0.1, 1, and 10 µg/mL)
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Fig. 1. The production of NO by macrophages and trophoblasts after challenging with
two inflammatory agents. (a1) macrophages and (a2) trophoblasts challenged with various
concentrations LPS, (b1) macrophages and (b2) trophoblasts following TNF-α challenge
at various concentrations. Bar graph shows the mean value (+S.D.) of three experiments.
Considerable amount of NO was produced only in case of macrophages stimulated by LPS.
The horizontal red line shows the limit of significant amount of NO production.

remain below or within the physiological range. In contrast, trophoblasts did not produce any
significant amount of NO even after 24 h following LPS challenge as shown in Fig. 1(a2). Further,
macrophages and trophoblasts were challenged with different concentrations of TNF-α (10 pg/ml,
100 pg/ml and 1000 pg/ml) and measured the corresponding amount of NO production in the
cell culture media. Both macrophages and trophoblasts did not produce any significant amount
of NO production even after 24 h of stimulation as shown in Fig. 1(b1)–(b2). Some values are
above the significant amount of NO production, but the standard deviations for these readings are
also large. Some negative values in the results might be due to the blank error.

In Table 1, we have listed the production of NO by macrophages and trophoblasts after inducing
by the inflammatory reagents i.e. LPS and TNF-α. Only LPS challenged macrophages produced
NO after 8 h of inflammation and remained maximum after 24 h. We could not measure any
significant amount of increased NO production from trophoblast after LPS treatment. TNF-α
could not induce the NO production to macrophages as well as trophoblasts. The red boxes of the
table show the time point of the inflammation where the significant amount of NO is produced by
cells and green boxes of the table showing the no significant level of NO production.

Table 1. Nitric oxide measurement results obtained from Griess method for LPS and TNF-α
challenged macrophages and trophoblasts for different time points
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3.2. SIM imaging of the cell membrane and mitochondria

To detect the changes at cellular and sub-cellular level during inflammation in macrophages and
trophoblasts, SIM imaging is performed to obtain the super-resolved images of cell membrane
and mitochondria. Initially, both the macrophages and trophoblasts were challenged with LPS (1
µg/ml) and TNF-α (1000 pg/ml) for 24 h. The plasma membrane and mitochondria were labelled
with Cell Mask Green (CMG) and MitoTracker Green (MTG), respectively. Both dyes are excited
by the same wavelength (λ= 488 nm). Cell Mask, is an amphipathic molecule containing a
lipophilic part for membrane loading and a negatively charged dye for membrane anchoring.
The plasma membrane of the cells were imaged with SIM imaging. The results show a drastic
change in cell membrane morphology of LPS-challenged macrophages and TNF-α-challenged
trophoblasts compared to the control cells as shown in Fig. 2. Figure 2(a) shows the control
macrophages with defined boundaries and villi-like projections on the plasma membrane while
Fig. 2(b) show the spreading and the membrane disintegration after inflammation. Figure 2(c)-(d)
show the images of plasma membrane of control and TNF-α challenged trophoblasts. After
inflammation, the cell membrane boundaries are disintegrated and the filopodia are less in
numbers as compared to controls.

Fig. 2. 3-D projected images of plasma membrane labelled with CMG (λex= 488 nm) of
(a) control and (b) LPS-challenged macrophages. Similar results obtained from (c) control
and (d) TNF-α challenged trophoblasts. Comparing (a) vs. (b) and (c) vs. (d), it is observed
clearly that the cell membrane integrity is lost with reduced number of filopodia after
inflammation.

In addition to the cell membrane which is the first point of contact to inflammatory agents,
mitochondria are another important sub-cellular organelle responsible for generating energy. The
small size of mitochondria limits its visualization using diffraction limited optical microscope.
Hence, super-resolution SIM imaging can reveal the changes in the morphology of mitochondria,
especially in a live cell. Macrophages stimulated with LPS show different mitochondrial
morphology as compared to the control cells. Figure 3 depicts the comparison between the
mitochondrial morphology of control, LPS-challenged and TNF-α challenged macrophages.
Figure 3(b) suggest that the mitochondria appear to be fragmented, round and shorter in LPS-
challenged macrophages compared with control. Further, Fig. 3(e)-(g) show the magnified
images of the mitochondria of selected region of Fig. 3(a)-(c). Contrarily, it was found that
TNF-α challenge does not produce any remarkable change in the morphology of the mitochondria
comparing to control. Further, we also performed statistical analysis on these mitochondrial
images to visualize the changes due to inflammation. The quantification of mitochondrial number
and footprint area was done using Mitochondrial Network Analysis (MiNA) Single Image macro
[46]. We have quantified the counts of mitochondria and their footprint area. The footprint is
defined as the total area covered by mitochondria (from SIM images) after separating from the
background in the image. It is the number of pixels in the image containing information of the
mitochondria multiplied by the area of a pixel, which is pre-calibrated. A total of 36, 33 and
40 cells for control, LPS challenge and TNF-α challenge macrophages were used to perform
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statistical analysis as shown in Fig. 3(d), (h). Mitochondria counts in LPS challengedmacrophages
increases while TNF-α does not affect it. Interestingly the footprint of the mitochondria is also
increased after LPS challenge macrophages while TNF-α challenge does produce any significant
changes in the mitochondrial morphology of macrophages.

Fig. 3. 3-D projected SIM images of the mitochondria labelled with MTG (λex= 488 nm)
in (a)-(c) control, LPS-challenged and TNF-α challenged macrophages, respectively. (e)-(g)
are mitochondrial images of the region marked with red dotted box in (a)-(c). Mitochondria
in LPS-challenged macrophages are shorter and rounded as compared to control and TNF-α
challenge. (d), (h) show the variation in mitochondria counts and mitochondrial foot print
area, respectively after LPS or TNF-α challenge in macrophages. * shows the outliers data
points in dataset. The red horizontal line is median, the top and bottom edge of box show
the 75th and 25th percentile of the distribution.

Similarly, the mitochondria of the LPS or TNF-α-challenged trophoblasts were also imaged
and some representative images are depicted in Fig. 4. We did not observe significant changes
on the morphology of mitochondria of trophoblasts while inducing LPS as compared to control
(Figs. 4(a,b)). While, the morphology of the mitochondria changes when treated with TNF-α as
shown in Fig. 4(c). The mitochondria appear fragmented and shorter in size compared to the
control sample. Figure 4(e)-(g) show the magnified images of the mitochondria of selected region
of Fig. 4(a)-(c), respectively. Figure 4(d),(h) provides the statistical analysis to show the variation
using data of 33, 25 and 38 cells for control, LPS and TNF-α challenge trophoblasts, respectively.
For trophoblasts, LPS does not produce any kind of morphological changes in mitochondria as
observed from Fig. 4(d) while TNF-α changes the count of mitochondria after inflammation.
Although, mitochondrial footprint seems to remain similar in all three cases as seen in Fig. 4(h).
Further statistical analysis has been carried out with the SIM images to measure the experiment
to experiment variation in the same class of the data. The result of statistical analysis is listed in
the form of a table of all classes of data from 3 different experiments. The standard procedure
for the statistical analysis can be found elsewhere [47]. The detailed information about all 3
experiments and their analysis is provided in appendix A. Table 2 provides an overview of the
statistical analysis of 3 different experiments of the same kind of cell lines.
After confirming the direct inflammatory effects of LPS to macrophage and TNF-α to

trophoblasts but not vice-versa, we performed experiments to visualize the rate of morphological
changes during inflammation progress. This study also provides the information on initial stage
of inflammation as detected by SIM. The results of SIM show that the changes in the morphology
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Fig. 4. 3-D projected SIM images of the mitochondria labelled with MTG (λex= 488 nm)
in (a)-(c) control, LPS-challenged and TNF-α challenged trophoblasts, respectively. (e)-(g)
are the region marked with red dotted box in (a)-(c). Mitochondria in TNF-α challenged
trophoblasts are having different morphology as compared to control and LPS. (d),(h) show
the change in mitochondria counts and mitochondrial foot print area, respectively after LPS
or TNF-α challenge trophoblasts, respectively after LPS or TNF-α challenge. * shows the
outliers data points in dataset. The red horizontal line is median, the top and bottom edge of
box show the 75th and 25th percentile of the distribution.

Table 2. Statistical analysis of the data for different classes of macrophages and trophoblasts.

Class
Macrophages Trophoblasts

Counts Footprint area (µm2) Counts Footprint area (µm2)

mean SD mean SD mean SD mean SD

Control 67.2 15.83 68.27 13.09 168.84 30.97 146.02 22.95

LPS challenged 117.63 6.68 130.38 26.95 171.84 12.28 132.33 21.55

TNF-α challenge 57.45 8.43 55.53 5.54 232.09 11.09 143.93 15.46

after 2 h inflammatory agent treatment, 20% of the cells are affected as shown in Fig. 5. This
figure show the change in mitochondrial morphology of the macrophages for different time points
of 2 h, 4 h and 6 h of inflammation (Figs. 5(b-d)) compared to control (Fig. 5(a)). Figure 5(e)-(h)
show the magnified view of the selected region of the Figs. (a)-(d), respectively, which provide
better visualization of the changes. From these images, it is observed that the morphology of the
mitochondria is changing even after 2 h of inflammation compared to the control. It is interesting
to note that at 2 h, NO measurements was not detected in LPS-induced macrophages, as shown in
Fig. 1.

3.3. Quantitative phase imaging of macrophages and trophoblasts

The QPM of the macrophages and trophoblasts allow us to analyse the optical topography of the
specimen and quantify different morphological parameters of the specimen. The quantitative
phase information and the details of the morphological changes occurring in the specimen caused
by LPS or TNF-α on the macrophages and/or trophoblasts could be a standard clinical application.
Figure 6(a)-(c) show the phase images for control, LPS-challenged and TNF-α-challenged
macrophages, respectively. From Fig. 6(b), it is observed that LPS exposed macrophages have



Research Article Vol. 11, No. 7 / 1 July 2020 / Biomedical Optics Express 3742

Fig. 5. Early time-point imaging of mitochondria of macrophages challenged with LPS. (a)
Control; (b), (c) and (d): macrophages challenged with LPS after 2 h, 4 h and 6 h, respectively.
(e)-(h) are the magnified image of selected areas of (a), (b), (c) and (d), respectively. The
change in mitochondrial morphology can be observed after 2 h of inflammation compared to
control.

changed cell morphology. The phase images clearly show that there is decrease in the maximum
phase of LPS challenged macrophages as compared to the normal one. The phase image of
cell maps the optical path length at each spatial point of the cell, which is a product of the
cell thickness and refractive index contrast of the cells and the culture medium. Assuming the
refractive index does not change significantly, the net decrease of the maximum phase suggests
the thickness of the cell has decreased after LPS challenge. It can also be observed from Fig. 6(b)
that there is an increase in the size of the cell after inflammation as also noticed in SIM images as
shown in Fig. 2(b). Thus, the LPS challenged inflammation on macrophages makes the cell flatter
(optically thin) and bigger in area. Contrary, TNF-α does not induce any changes in the phase
images of the macrophages as shown in Fig. 6(c) where the phase values of the TNF-α-challenged
cells are almost similar to normal one. Also, it does not induce any significant effects on the size
of the cells.
We have studied the effects of these inflammatory reagents in detail by performing the

experiment over different batches and passes of macrophages and trophoblasts and repeated
several times (around 200 cells of each case). Figure 6(d) show the box plots of maximum
phase of the macrophages challenged with different concentrations (0.1 µg/ml, 1 µg/ml and 10
µg/ml) of LPS. Results shows that as LPS concentration increased the phase values decrease.
There is no change in the maximum phase (optical thickness) of the macrophages observed after
challenging different concentrations (10 pg/ml, 100 pg/ml and 1000 pg/ml) of TNF-α as shown
in Fig. 6(e). The concentration dependent experiment was performed after 24 h of incubation of
the sample with inflammatory reagents. Further, the phase imaging at different time points for a
fixed concentration of 1 µg/ml of LPS, show that the QPM system is capable to detect the minute
changes in the morphology just after 2 h of LPS treatment as shown in Fig. 6(f). This is contrary,
under similar condition, measurable quantity of NO production was observed only after 8 h of
LPS-induced inflammation, see Table 1.
Similarly, the effect of various concentration of LPS (0.1 µg/ml, 1 µg/ml and 10 µg/ml) and

TNF-α (10 pg/ml, 100 pg/ml and 1000 pg/ml) on the morphology of trophoblasts are also
studied in detail using QPM. Figure 7(a)-(c) show the representative phase maps of control,
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Fig. 6. Quantitative phase images of the macrophages and change in the phase map after
LPS and TNF α induced inflammation. Figures (a)-(c) show the representative phase images
of macrophages for control, LPS-challenged and TNF-α-challenged, respectively. Figures
(d) and (e) show LPS and TNF-α concentration dependent change in the maximum phase of
macrophages, respectively. Figure (f) shows the time dependent change in the maximum
phase of macrophages after challenging with LPS (1 µg/ml). * shows the outliers data points
in dataset.

LPS-challenged and TNF-α-challenged trophoblasts, respectively. It is observed from Fig. 7(b)
that LPS does not change the trophoblasts morphology while TNF-α induces reduction of the
maximum phase of trophoblasts as shown in Fig. 7(c). An increment in the cell size is observed
after treatment with TNF-α which is otherwise not visible in LPS-challenged trophoblasts.
Further, the concentration dependent experiment was performed after 24 h and the variation in
the phase of trophoblast are also quantified as a function of concentration and shown in Fig. 7(d),
(e). From the result of phase image and quantitative data, it can be concluded that LPS do not
show direct effect on trophoblast while TNF-α affects trophoblasts by causing on reduction in the
maximum phase (optical thickness) of the specimen. Figure 7(f) show the change in the phase
of trophoblasts at different time points after inducing the 1000 pg/ml concentration of TNF-α.
The results show that the QPM system is also capable of detecting the early stage changes in the
morphology of the trophoblasts at initial time point of 2 h.

QPM provides the label-free imaging for the quantification of the effect of various inflammatory
reagents as well as it is capable to detect the changes in the morphology of the cells after
inflammation. These results have a good agreement with the outcomes of the SIM. QPM results
contain the information about the change in the optical thickness distribution of the cells as
well as various morphological parameters during inflammation. The quantification of these
parameters can be helpful for the classification control and inflamed cells in very early stage.
Therefore, exploiting machine learning, a support vector machine (SVM) [34,35] based classifier
has been developed and trained with the outcomes of QPM results for the classification of the
normal and inflamed cells.

3.4. Feature extraction and classification of control and inflamed cells

Application of machine learning tools to optical microscopy and medical imaging provided the
new dimension. Single shot phase images acquired using QPM can be used to acquire large
set of data without the need of extra-labelling step. This makes QPM an attractive route to
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Fig. 7. Quantitative phase images of the trophoblasts and change in the phase map after
LPS and TNF-α-induced inflammation. Figure (a)-(c) show the representative phase images
of trophoblasts for control, LPS challenge and TNF-α challenge respectively. Figure (d)
and (e) show LPS and TNF-α concentration dependent change in the maximum phase of
trophoblast, respectively and (f) show time dependent change in the maximum phase of
trophoblasts after inducing with TNF-α (1000 pg/ml). * shows the outliers data points in
dataset.

explore with machine learning. To this end, a support vector machine (SVM) based classifier was
developed for the classification of the inflamed macrophages and trophoblasts as the pathological
cells comparing to normal healthy cells. As the focus is to predict early stage of infection, we
measured the parameters of the cells with LPS treatment for macrophage and TNF-α treatment
for trophoblast after 2 h. A total number of 200 cells of each condition were used for this study.

Several morphological and texture parameters were derived from the acquired phase images of
control and inflamed macrophages or trophoblasts at 2 h time point. The steps and details of
cell segmentation for feature extraction from phase images were discussed in the appendix B.
We observed that TNF-α did not induce the cascades of inflammation in macrophages and
similarly, LPS does induce any direct cascades of inflammation in trophoblasts. Therefore, for
the classification of control vs. inflamed cells, we considered only two cases (a) control vs.
LPS-challenged macrophages and (b) control vs. TNF-α-challenged trophoblasts. We have
extracted number of morphological parameters such as optical thickness (OT), area (A) and
volume (V) as well as number of texture parameters (such as mean, variance, entropy, kurtosis
and skewness) of phase distribution over the cell structure, and the dataset can be found on
OSA figshare [42]. These parameters are extracted in order to measure the deformation in the
morphology and phase distribution of the specimen after inflammation. In Table 3 we have listed
morphological and texture parameters of the control and inflamed macrophages and trophoblasts
for the classification.
The SVM algorithm is a binary classifier which can detect the inflammation in macrophages

and trophoblasts. The receiver operating characteristic (ROC) curve is calculated for better
classification at early time points. We have used only non-correlated morphological (max phase,
OT and area) and texture (mean, variance, entropy, kurtosis and skewness) parameters as input
variables and the actual state of the inflammation as response variable i.e. 0 for control and 1
for inflammation state. For the training of the classifier, 60% of the total 400 cells are used by
random selection and rest 40% are used as testing data. The sensitivity, specificity and area
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Table 3. The morphological and texture parameters for controls vs. inflamed macrophages (1 µg/ml
concentration of LPS) and trophoblasts (1000 pg/ml concentration of TNF-α) at 2 h of time point.

Parameter Definition
Macrophages Trophoblasts

Control 2 h Control 2 h

Max Phase (rad) φ 8.247 7.161 7.695 6.94

OT (µm) OT = φ(x, y) ∗ λ/4π 0.432 0.326 0.412 0.352

Area (µm2) dS = dxdy
√
1 + G2

x + G2
y 377.49 661.02 523.67 806.5

Volume(fl) V =
∫∫

OT(x, y)dxdy 49.91 51.98 57.372 119.432

Mean 1
N

N∑
i=1

φi 5.063 3.622 4.099 3.31

Variance 1
N

N∑
i=1
(φi − µ)

2 6.059 2.727 4.195 2.687

Entropy −
N∑

i=1
p(φi)log2p(φi) 1.389 1.615 1.011 1.787

Kurtosis 1
N

N∑
i=1

[
(φi−µ)

σ

]4
− 3 1.909 1.706 1.893 1.831

Skewness 1
N

N∑
i=1

[
(φi−µ)

σ

]3
−0.345 0.056 0.111 0.142

under curve (AUC) is calculated to measure the accuracy of the classifier. Figure 8 show the
ROC curve for the classification of control vs. inflamed macrophages or trophoblasts. The
accuracy for the classification of LPS-challenged macrophages is 99.9% as shown in Fig. 8(a).
For TNF-α-challenged trophoblasts, the accuracy of the classifier is achieved 98.3% as depicted
in Fig. 8(b).

Fig. 8. ROC curve for testing dataset for the classification of controls vs. inflamed (a)
macrophages or (b) trophoblasts. All the dataset for inflamed cells used for the classification
are at 2 h time point. See data-1 and data-2 for raw data set [48].

We have also used t-SNE (T-distributed Stochastic Neighbor Embedding) method for better
visualization of the distribution of data [49]. The results of t-SNE are provided in appendix C.
The raw data set is also available for the readers on OSA figshare and can be downloaded using
link provided in Ref. [48]. The results of t-SNE confirms that the data set is well separable and
having good accuracy for the classification of control and inflammation states as shown in Fig. 8.

4. Conclusion

In present study, we have quantified the cellular and sub-cellular morphological and functional
changes in macrophages and trophoblasts in response to two inflammatory agents i.e. LPS
and TNF-α. We observe that the LPS induces significantly large amount of NO production
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in macrophages which in turn also affects the morphology of mitochondria and the plasma
membrane as depicted by SIM images. It also affects either the thickness of the cell or the cellular
content (RI) as revealed by QPM results. Contrarily, using high-resolution SIM microscopy, it
was found that macrophages undergo morphological changes following LPS-challenge. However,
another inflammatory agent TNF-α did not show any direct effect to macrophages. Particularly
for trophoblasts, no significant amount of NO produced even after inflammation induced by
both inflammatory agents (LPS or TNF-α) because of iNOS presence, however, the cellular and
sub-cellular changes can be easily detected and quantified using SIM and QPM. Through SIM
and QPM, it was also found that the effect on the morphology changes of macrophages and
trophoblasts can be observed following just 2 h of incubation with LPS or TNF-α, respectively,
whereas the NO production in LPS-induced macrophage could not be detected at 2 h. SIM results
suggest that the damage in the plasma membrane was more prominent than in mitochondria
at early time-points compared with control samples, and the size of cells started to increase
following only 2 h of incubation. The statistical analysis of SIM images of mitochondria suggests
that the TNF-α does not produce a detectable level of inflammation in macrophages directly
while LPS changes the morphology at cellular and sub-cellular level. Similarly, LPS does not
produce detectable level of inflammation in trophoblasts while TNF-α does. QPM results show
that the morphology of LPS-challenged macrophages or TNF-α-challenged trophoblasts are
drastically changing. The effect of different concentration of LPS or TNF-α on the morphology of
macrophages or trophoblasts are also quantified with the phase imaging of the cells. Interestingly,
we have demonstrated that QPM could detect the cellular changes in inflamed macrophages even
before the production of nitric oxide. QPM detected the changes in the morphology just after 2 h
of inflammation, (Fig. 6(f)) while under similar condition, measurable quantity of NO production
was observed only after 8 h (Table 1).

Super-resolution SIM and QPM techniques can be applied directly to live-cell, a few cells
are sufficient to detect and distinguish the pathological conditions, multiple cell types can be
analysed at the same time, and the state of inflammation can be detected quantitatively in the
early stage. Multi-modal advanced microscopy techniques coupled with machine learning could
be the useful tools to evaluate sub-cellular mechanisms associated with inflammation-mediated
pregnancy complications. Fetal development depends on the proper functioning of trophoblasts
cells of placenta. On the course of pregnancy and fetal development, generally mother is exposed
to different kind of infections and inflammations. However, methods of studying the mechanisms
how inflammation could disrupt the function of trophoblast cells are scarce. Therefore, it
is of interest to develop tools that can elucidate behavior of trophoblast cells when exposed
to inflammatory agents and that of immune cells which are directly involved in modulating
inflammatory responses. In the current manuscript we present a tool that can structurally and
quantitatively map out the trophoblast cell behavior under inflammatory stress. We have however
used murine and human cell lines to establish the imaging methodology and to investigate the
usefulness of SIM and QPM for inflammation studies. In future, more experiments are necessary
to draw clinically relevant biological conclusion using human cell lines or primary cells wherever
possible. Nevertheless, our findings clearly demonstrate that two different types of cells exposed
to same type of inflammatory molecules for the same amount of time may respond differently
at subcellular level with distinct effects on cell organelles. These variations at the sub-cellular
level can be visualized structurally and quantified using SIM and quantitative phase microscopy.
Here, we demonstrated that a simple SVM based classifier can achieve an accuracy of 99.9% for
LPS-challenged macrophages and 98.3% for TNF-α-challenged trophoblasts.
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Appendix A: Statistical assessment of SIM images for experiment to experiment
variation

Number of experiments were performed to complete the study; therefore, we have performed the
statistical analysis to measure the variation in experiment to experiment data as listed in Table 2.
It is important to repeat experiment several times to ensure that the results are reproducible. We
have performed statistical analysis on data from 3 different experiments and due to inherent
biological variation, it is expected that variability between the mean of experimental data is high
in some cases [47,50]. The results for macrophages and trophoblast are shown in Figs. 9 and 10.

Fig. 9. Statistical analysis for measurement of experiment to experiment variation in
mitochondria counts and their footprint area for 3 different set of experiments. Data for
each experiment (Exp 1 to 3) are shown as a box plot. Fig. (a-c) show the experiment
to experiment variation in mitochondrial counts for control, LPS challenged and TNF-α
challenged macrophages, respectively. The red horizontal line is median, the upper bar
equals the 75th percentile and the bottom bar equals the 25th percentile of the distribution.
Fig (d-f) show the experiment to experiment variation in footprint area of mitochondria for
control, LPS challenged and TNF-α challenged macrophages.
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Fig. 10. Statistical analysis for measurement of experiment to experiment variation in
mitochondria counts and their footprint area for 3 different set of experiments for trophoblasts.
Data for each experiment (Exp 1 to 3) are shown as a box plot. Fig. (a-c) show the experiment
to experiment variation in mitochondrial counts for control, LPS challenged and TNF-α
challenged trophoblasts, respectively. The red horizontal line is median, the upper edge
of box equals the 75th percentile and the bottom edge corresponds to 25th percentile of
the distribution. Fig (d-f) show the experiment to experiment variation in footprint area of
mitochondria for control, LPS challenged and TNF-α challenged cases.

Appendix B: Image Analysis and feature extraction from QPI data

The phase image of the cells extracted from recorded off-axis holograms by writing a MATLAB
program for Fourier transform image analysis. The reconstructed phase map of the cells further
utilized to extract various parameters to describe the morphology of individual cells. Graphical
user interface (GUI) was developed to isolate the cell from the background by putting a threshold
value and region of interest (ROI) was selected as shown in figure below. In general the threshold
value is set to be the phase sensitivity of the QPI system which is 40 mrad. The phase image of
the cell is used as input of the GUI and image is converted in grey image for better boundary
detection of cells. Further, the image was segmented by selecting the boundary as depicted in
Fig. 11 and various morphological and statistical parameters were extracted from it. The GUI
provides the freedom to select a range of mask suitable for the structure and hence useful in exact
measurement of the features.

A GUI is developed for the selection cell boundary (i.e. ROI). Following steps are followed to
segment the individual cell [51]:

(i) A free hand binary mask is generated to segment the cell from background with the help
of expert biologist. The mask only selects region of the cell.

(ii) The pixel’s phase values of segmented image below the spatial phase noise level (peak to
valley noise value) of the system are set to zero to select only ROI containing cell. This
leads to accurate measurement of the phase and subsequently morphological parameters.
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Fig. 11. Graphical user interface developed in MATLAB. Visual presentation of the
selection steps for the isolation of the individual cell. (a) Phase map for whole FOV, (b)
selection of binary mask to isolate individual cell and segmented cell with threshold value
and (c) reconstructed phase map of isolated cells (color bar is in radian).

Appendix C: Visualization of data using t-SNE method

We performed T-SNE method for better visualization of the data plots [49,52]. We have used tsne
command inMATLABR2020a to convert high dimensional data in two-dimension. We have used
all default parameters set in tsne command. We have visualized data using ‘Mahalanobis’ and
‘Euclidean’ distance metrics to obtain a better separation between data sets. Class 0 corresponds
to control state and 1 corresponds to inflammated one. The results of both metrics are shown in
Fig. 12.

Fig. 12. Data visualization for control and inflammated cells using dimension reduction
T-SNE method. Fig. (a) is corresponding to macrophages and (b) is for trophoblasts. The
legend 0 is for control state and 1is for inflammated state. Data is well separable using
Mahalanobis and Euclidian distance metrics.

It is clear from the figure that data points are well separable for control and inflammated states
for both cell lines. Euclidean distance metrics give reasonably good separation of clusters as
compared to Mahalanobis distance metric for macrophages as shown in Fig. 12(a). In case of
trophoblasts, both the distance metrics having almost similar result (Fig. 12(b)). In conclusion our
data set is well separable in t-SNE visualization and having good accuracy for the classification of
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control and inflammation states. Also, we have uploaded the raw data on OSA figshare platform
in form of excel file corresponding to 400 cells of both cell lines [48].
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