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Abstract 

Macrophages are well known for their role in immune responses and tissue 
homeostasis. They can polarize towards various phenotypes in response to biophysical 
and biochemical stimuli. However, little is known about the early kinetics of 
macrophage polarization in response to single biophysical or biochemical stimuli. Our 
approach, combining optical tweezers, confocal fluorescence microscopy, and 
microfluidics, allows us to isolate single macrophages and follow their immediate 
responses to a biochemical stimulus in real-time. This strategy enables live-cell imaging 
at high spatiotemporal resolution and omits surface adhesion and cell-cell contact as 
biophysical stimuli. The approach was validated by successfully following the early 
phase of an oxidative stress response of macrophages upon PMA stimulation, allowing 
detailed analysis of the initial macrophage response upon a single biochemical stimulus 
within seconds after its application, thereby eliminating delay times introduced by other 
techniques during the stimulation procedure. Hence, an unprecedented view of the 
early kinetics of macrophage polarization is provided.  
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Introduction 

Macrophages are known to be versatile cells, playing an important role in innate immune 
responses as well as in tissue homeostasis. Traditionally, macrophages were divided into two 
main phenotypes based on their marker expression or function: M1 (classically activated or 
pro-inflammatory) or M2 (alternatively activated or anti-inflammatory) [1,2]. However, in the 
past years, especially the single-cell omics technologies have led to the understanding that a 
whole spectrum of macrophage polarization states exists [1,3,4]. Many biochemical factors 
such as cytokines have been shown to influence the polarization state of macrophages and 
more recently the role of biophysical stimuli is gaining attention [5–7]. However, during 
experiments numerous biochemical and biophysical stimuli are present that can affect 
macrophage polarization. Macrophages are also known to be very heterogeneous cells and 
consequently their responses to any stimulus may differ from cell to cell [8,9]. Additionally, 
macrophages possess a high degree of plasticity and, therefore, their activation status after a 
stimulus largely depends on the time point studied [10]. This plasticity, sensitivity to stimuli, 
and heterogeneity of macrophages make it very challenging to study macrophage polarization 
properly.  

The most common methods to study macrophage polarization are flow cytometry, 
immunohistochemistry, enzyme-linked immunosorbent assays, quantitative polymerase 
chain reaction (qPCR), and omics technologies [11]. Although these techniques contribute 
greatly to our understanding of macrophage activation, most of them have a low temporal 
resolution due to the time required for sample handling. In addition, for in vitro experiments, 
macrophages are attached to a stiff cell culture substrate during stimulation, which serves as 
an unnatural biophysical stimulus to them and will likely interfere when studying the response 
to physiological biochemical stimuli. Therefore, in order to improve our understanding of 
macrophage polarization, we are in need of techniques that allow us to study the response of 
a single macrophage to a single biophysical or biochemical stimulus with high spatiotemporal 
resolution.  

In this context, optical tweezers technology has proven its strength to study living cells 
at the single-cell level soon after its invention [12,13]. Particularly, its combination with 
fluorescence microscopy has proven very successful to perform surface-free measurements 
on eukaryotic cells [14–16]. Modern optical tweezers use highly focused laser beams to trap 
and manipulate objects in a non-invasive manner. It has been shown that optical trapping of 
monocytes occurs by their nucleus, the most condensed region of the cell, without 
compromising their viability for up to one hour [17]. The main strengths of optical trapping 
rely on its ability to isolate and immobilize individual living cells while maintaining them in 
suspension [14–18]. Therefore, the biophysical stimuli coming from a surface are eliminated. 
These features are especially advantageous for the study of macrophages as they are known 
to show heterogeneous responses to a broad set of stimuli. Furthermore, the trapped cells 
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can be exposed suddenly to different biochemical stimuli by using microfluidic systems, thus, 
eliminating the delay times introduced by other techniques during the stimulation procedure.  

In this study, we applied a combination of optical tweezers, confocal fluorescence 
microscopy, and microfluidics to visualize macrophage activation with unprecedented 
spatiotemporal resolution. Optical trapping of the macrophages allows us to eliminate effects 
of surface adhesion and cell-cell interactions as biophysical stimuli, whereas the microfluidics 
facilitate controlled addition of biochemical factors. We demonstrate that this methodology 
enables the study of early macrophage activation kinetics at the single-cell level, allowing 
further elucidation of the initial mechanisms of macrophage responses. For the verification 
and validation of this new method, we studied the levels of reactive oxygen species (ROS) in 
optically trapped RAW264.7 macrophages upon activation with phorbol 12-myristate 13-
acetate (PMA). Implementation of this technique in macrophage polarization research will 
allow studies of the very first responses, which is not achievable by any other technique, and 
thereby gain novel insights into the mechanisms involved in macrophage activation. 

 

 
Materials and Methods 

Macrophage culture, staining and stimulation 

RAW264.7 macrophages (ATCC® TIB-71) were cultured in high glucose DMEM containing 
GlutaMAXTM and sodium pyruvate, supplemented with 10% heat-inactivated FBS, 2 mM L-
Glutamine and 10 µg/mL gentamicin (Gibco Laboratories, Grand Island, USA) in an incubator 
at 37 °C and 5% CO2. Cultures were reseeded twice a week at a density of 2×104 cells/cm2, 
after detaching by careful scraping. RAW264.7 macrophages were used for experiments 
between passage number 8 and 12. Before the start of each experiment, macrophages were 
stained in Live Cell Imaging Solution containing 5 µM CellROX Deep Red Reagent (Invitrogen, 
Carlsbad, USA) for 30 minutes at 37 °C. Macrophages were stimulated with 16 µM phorbol 12-
myristate 13-acetate (PMA) (Sigma-Aldrich, Zwijndrecht, The Netherlands) and unstimulated 
macrophages were included as control. 

 

Optical tweezers set-up with confocal fluorescence microscopy 

The dual-trap optical tweezers with 3-color confocal fluorescence microscopy set-up [19] (C-
trap, LUMICKS, Amsterdam, The Netherlands), was used for the single-cell kinetic 
experiments. A 5-channel microfluidic cell (LUMICKS) mounted on an automated XY-stage was 
used to isolate individual cells under different conditions. The microfluidic cell was coated with 
BSA (0.1% w/v) and Pluronic F127 (0.5% w/v) solutions to avoid cell adhesion. Cell trapping 
was performed by a 1064 nm wavelength laser with maximum output power of ~10 W. 
Fluorescence images were generated by scanning the confocal volume over a region of 20 × 



 

 111 

20 µm at 2.6 frames per minute. Excitation was performed by a 532 nm and 638 nm 
wavelength lasers at ~1 µW and ~7 µW, respectively. Fluorescence emission was recorded by 
single photon counters (Avalanche Photodetectors, APDs). 

 

Cell trapping and kinetic measurements of macrophage activation 

A suspension of 0.5×106 cells/mL in live cell imaging solution was flushed into the microfluidic 
cell. The solution was supplemented with 0.1% w/v Pluronic F127 and 5 mM EDTA (Sigma-
Aldrich) to avoid cells sticking to the microfluidic system. In the absence of flow, cells were 
trapped using a dual beam separated by 2 nm 10% laser power (< 50 mW). With these settings, 
cells were isolated by moving to a different channel in the microfluidic cell for activation and 
imaging in the absence of Pluronic F127 and EDTA. Once in the activation channel, the trapping 
laser power was lowered 10 times (1% laser power) prior to measurements. Cell viability was 
monitored in real time by adding 125 nM SYTOXTM Orange (Invitrogen) to the live cell imaging 
solution. The dynamic stain of nucleic acids by SYTOX has demonstrated its suitability for 
continuous imaging applications over temporal scales of minutes to hours [20,21]. Stimulation 
was carried out with 16 µM PMA, and 5 µM CellROX Deep Red Reagent was added to follow 
the ROS signal. Control experiments were carried out under the same conditions, but in the 
absence of PMA.  

 

Flow cytometry 

For flow cytometric analysis, macrophages were seeded into flow cytometry tubes at a 
concentration of 2×106 cells/mL. PMA-stimulated and unstimulated samples were measured 
with a CytoFLEX S Flow Cytometer (Beckman Coulter, Woerden, The Netherlands) 0, 10, 20 
and 30 minutes after addition of PMA. Data analysis was performed using FlowJo Software 
(Tree Star, Ashland, USA). An example of the gating strategy is shown in Supplementary 
figure 3.  

 

Live-cell fluorescence microscopy 

RAW264.7 macrophages were seeded in a CELLviewTM glass bottom petri dish (Greiner Bio-
One, Alphen aan den Rijn, The Netherlands) at a density of 0.91×105 cells/cm2 (high density) 

or 0.91×103 cells/cm2 (low density). After 24 hours, the cell culture medium was replaced with 
live-cell imaging solution containing 5 µM CellROX Deep Red Reagent. After 30 minutes 
incubation at 37 °C, macrophages were stimulated with 16 µM PMA or not stimulated 
(control). Fluorescence and bright-field images were obtained at 37 °C on fixed positions with 
a DeltaVision Elite microscope (GE Healthcare, Illinois, United States) every five minutes, up 
to one hour after stimulation.  
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Image analysis 

Mean fluorescence intensities were extracted from the fluorescence microscopy images using 
Fiji [22]. Cell contours for the CellROX channel were calculated by applying the 2-D meshes 
plug-in [23]. Further quantification of the morphological parameters such as perimeter, area, 
sphericity, roundness, and homogeneity were performed by the ROI statistics plug-in build in 
ICY software [24]. Explicitly, homogeneity is defined as the inverse difference moment, from 
0 to 1, based on Haralick texture features [25]. 

 

Statistical analysis 

Kinetic differences were quantified by calculating the area under the curve (AUC) of the 
normalized data, followed by statistical testing as indicated per graph to detect significant 
differences (p<0.05). Statistical analyses were performed in GraphPad Prism 8.0 (GraphPad 
Software, La Jolla, USA). 

 

 

Results 

Optically trapped RAW264.7 macrophages are responsive and viable 

Single RAW264.7 macrophages were trapped by a dual-beam laser with a beam-to-beam 
distance of 2 µm (Figure 1A and Methods). This configuration proved to reduce rotation of the 
cell within the optical trap and therefore to improve imaging quality [16]. Macrophages were 
consistently presenting a round shape, characteristic of cells that are in suspension (Figure 
1A).  

To investigate whether optically trapped macrophages are still responsive to stimuli, we 
activated the macrophages with PMA (a known inducer of ROS) [26,27]. ROS levels were 
visualized using CellROX Deep Red Reagent, a non-fluorescent dye that becomes fluorescent 
upon oxidation by ROS. Cell viability was monitored using SYTOX Orange Nucleic Acid stain, 
impermeable to living cells. Both the cell viability and intracellular ROS levels were monitored 
continuously by confocal fluorescence microscopy for 20 minutes (Figure 1B-C). All PMA-
activated macrophages showed a fast increase in ROS levels within 5 minutes after 
stimulation, whereas this significant increase was not observed in unstimulated macrophages 
(Figure 1D). After approximately 10 minutes and a more than two-fold increase in ROS levels 
(Figure 1E), ROS levels stabilized in the PMA-stimulated macrophages. The unstimulated 
macrophages showed a minor decrease in ROS levels over time, suggesting that the optical 
trap is not generating ROS in macrophages. From these results, we can conclude that optically 
trapped macrophages are still responsive to stimulation. 
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Figure 1. Responsiveness and viability of optically trapped RAW264.7 macrophages. A. A schematic 
representation of a macrophage immobilized by a dual-beam optical trap and a bright field image showing the 
round shape of an optically trapped macrophage. B. Time-lapse images of ROS (CellROX Deep Red) and SYTOX 
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(green) signals in a trapped macrophage stimulated with PMA. C. Time-lapse images of ROS (CellROX Deep Red) 
and SYTOX (green) signals in a trapped, unstimulated macrophage. The brightness in this panel is increased with 
respect to (B) for visualization purposes. D. ROS levels shown as mean fluorescence intensity measured in 
individual macrophages in the absence (black lines) or presence (red dotted lines) of PMA. E. Average fold change 
in ROS signal calculated from the single-cell curves shown in (D). Difference in area under the curve statistically 
tested with a Mann-Whitney U test (p=0.004). F. Mean fluorescence intensity of SYTOX signals in PMA-stimulated 
cells (red dotted line) and controls (black line) during real-time imaging (up to 20 min) and after the cell is 
damaged by a 2-minute dose of high intensity laser. The end points of the real-time imaging traces are connected 
to their respective laser damage point by dashed lines. Inserts on the right showing the localization of SYTOX in 
a stimulated and unstimulated macrophage after laser damage. Grey shades and error bars represent SEM for 
both PMA-stimulated (N=13) and control (N=11) macrophages. 

 

Cell viability was followed in real-time by imaging and quantifying the SYTOX signal and 
localization in every cell. We observed that the SYTOX signal was mostly found on the cell 
membrane and, to a lesser extent, in the cytosol (Figure 1B-C). Figure 1F shows the average 
fluorescent signal obtained for both the control and PMA-stimulated cells. We noticed that 
the stimulated macrophages showed an increase in SYTOX signal during the initial 5 minutes, 
in contrast to the slight decrease that was found for the non-stimulated cells. Control 
experiments carried out without CellROX staining suggested that the increasing SYTOX signal 
is due to emission crosstalk between the fluorescence detectors (Supplementary figure 1). 
CellROX signal was found to be also detected by the green channel, while SYTOX signal showed 
negligible bleed-through to the red channel (Supplementary figure 1). As internal positive 
control for our viability assay, we damaged every trapped macrophage with a 2-minute dose 
of high intensity trapping laser (~10 W) at the end of each experiment. This treatment 
significantly increased the overall SYTOX signal, as compared to the signal recorded within the 
first 20 min and was mostly localized in the nucleus (Figure 1F). The differences found in SYTOX 
intensity and localization allowed us to clearly distinguish between live and dead cells. Our 
observations indicate that the mild laser intensities used for cell trapping are not affecting 
macrophage viability and thereby support the applicability of optical tweezers for live-cell 
studies. 

 

High spatiotemporal resolution visualizes ROS localization in trapped macrophages 

The high spatiotemporal resolution of the confocal fluorescence microscope provides further 
insights into the response mechanism of optically trapped macrophages upon PMA 
stimulation. Figure 2A shows representative images of a trapped macrophage during an 
activation experiment and the fluorescence intensity profiles obtained from a cross section of 
the cytoplasm. The ROS signal clearly spread rapidly within the first few minutes and stabilized 
after approximately 6 minutes. Indeed, ROS expression was found to be distributed in clusters 
at the beginning of the experiment and new clusters appeared across different parts of the 
cell, eventually merging until the cytosol was fully occupied (Figure 2A, upper panel). The 
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cross-sectional intensity profiles presented in Figure 2A (lower panel) provide quantitative 
measurements that support these observations. The most dramatic changes in the overall 
intensity were found within the first 2 minutes, during which we also find the most 
heterogeneous fluorescent signal. Then, the ROS signal gradually became more homogeneous 
across the cytosol, remaining evenly distributed after 6 minutes.  
 

 
Figure 2. ROS localization and morphology of optically trapped macrophages. A. Upper panel, selected time-
lapse images of a PMA-stimulated macrophage showing a fast spread of ROS signal across the cytosol. Lower 
panels, mean fluorescence intensity obtained from the cross sections presented in the upper panel (dashed white 
lines in upper panels). The intensity profiles show heterogeneous distributions of ROS at early time points, which 
rapidly evolves to a well distributed cytosolic signal within the first few minutes (lower panel). B. Images of a 
macrophage at an early (left) and late (right) time point of the activation experiment. Blue lines represent the 
calculated cell contours generated by analyzing the recorded ROS signal. C. Homogeneity of the fluorescent signal 
calculated for the area contained within the contour shown in (B). Lines represent the average curve obtained 
for PMA-stimulated cells (red) and controls (black). Difference in area under the curve statistically tested with a 
Mann-Whitney U test (p=0.0003). D. Average area of PMA-stimulated cells (blue) and controls (black), calculated 
based on the cell contours as shown in panel B. Difference in area under the curve statistically tested with a 
Mann-Whitney U test (p=0.0001). Grey shades represent SEM for both PMA-stimulated (N=13) and control 
(N=11) macrophages. The analyses in B-D were performed using ICY software [22]. 

 

In addition, we analyzed several morphological parameters that may be connected to 
these changes in ROS signal (see Figure 2B-D and Supplementary figure 2). Cell contours were 
calculated by analyzing the distribution of ROS across the macrophages at different time 
points during the activation experiment (Figure 2B). Figure 2C shows the macrophage 
response to PMA activation in terms of changes in homogeneity of the fluorescence signal 
(see Methods). This parameter gives information about the distribution of the signal within 
the area of interest, from 0 to 1, with 1 representing an ideally uniform distribution. The PMA-
stimulated macrophages displayed a fast increase in homogeneity within the first 5 minutes, 
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whereas the non-stimulated cells showed lower values of homogeneity during the entire 
experiment (Figure 2C). Homogeneity levels were significantly higher in the PMA-stimulated 
macrophages, supporting the previous observations of cluster formation (Figure 2A) by ROS 
in the early stages of activation.  

Analysis of the cell contours indicated an increase in the cell area of approximately 50% 
upon PMA activation (Figure 2D), which is presumably associated with a proportional change 
in cell volume. Simultaneously, a significant increase in cell perimeter was detected 
(Supplementary figure 2A). These substantial changes in cell size are even appreciable by 
inspecting the images presented in Figure 2B. The control macrophages did not show 
detectable changes in cell size (Figure 2D). However, it has to be noted that we are tracking 
exclusively the ROS signal, which is not a direct measurement of the cell size. Although ROS 
saturated the cytosol at long activation times (more than 5 minutes), we expect that this 
parameter might be slightly affected by our analysis at earlier time points, as well as for control 
macrophages. Nonetheless, PMA has been described to increase cell size before, supporting 
our observations [28]. Other morphological parameters, such as roundness and sphericity, did 
not show any significant changes during activation (Supplementary figure 2). 

To summarize this part, single-cell activation experiments showed a spread of ROS 
clusters in the cytosol until a homogeneous distribution was reached simultaneously with a 
significant increase in cell size. Overall, these findings highlight the fast changes and complex 
behavior that macrophages adopt upon activation and the capability of our approach to 
visualize and analyze this behavior. 

 

Flow cytometry displays different kinetics of PMA-induced ROS production 

In order to verify the results obtained with our optical tweezers method, we studied the early 
kinetics of PMA-induced ROS production by flow cytometric analysis. Macrophages were 
stimulated and incubated with PMA inside flow cytometry tubes. PMA-stimulation resulted in 
higher intracellular ROS levels in the macrophages compared to the unstimulated 
macrophages (Figure 3A). These higher ROS levels were already observed 10 minutes after 
stimulation, the earliest time point due to sample handling time. The highest ROS levels were 
observed after 20 minutes, indicating a slower response compared to optically trapped 
macrophages (Figure 1D). Some technique-related aspects in the flow cytometry set-up, such 
as cell-cell contact and cell adhesion, could contribute to this difference as these factors do 
not play a role in our optical tweezers approach. However, in both cases the maximum 
increase in ROS levels was approximately two-fold, suggesting that the magnitude of the 
oxidative stress response is comparable and that only the kinetics are different (Figure 1E, 3A). 
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Figure 3. Effect of PMA-stimulation on ROS levels in RAW264.7 macrophages, as determined by flow cytometry 
and live-cell fluorescence imaging. A. Flow cytometry - Single-cell suspensions of RAW264.7 macrophages were 
stained and incubated in flow cytometry tubes. ROS levels were visualized using CellROX Deep Red reagent and 
measured 0, 10, 20 and 30 minutes after PMA-stimulation. Data displayed as min to max box-and-whiskers plots 
± SEM, normalized to the ROS levels at t=0 minutes. Difference in area under the curve statistically tested with a 
Mann-Whitney U test (p=0.0079, N=5). B. Live-cell fluorescence imaging - Attached RAW264.7 macrophages at 
two different densities were stained and incubated with CellROX Deep Red in a cell culture dish. ROS levels were 
measured every 5 minutes up to 60 minutes after stimulation with PMA. Representative images of macrophages 
in the four different conditions, at t=0 and t=60 minutes. C. Live-cell fluorescence imaging - Fold change in ROS 
levels over time in low and high cell seeding densities, respectively. Data displayed as mean fold change ± SEM 
(grey shades). Differences in area under the curve were tested with a Kruskal-Wallis test (NS, N=5).  

 

Macrophage adhesion affects the kinetics of PMA-induced ROS upregulation 

To investigate whether cell adhesion and cell density indeed affect the macrophage response 
to PMA, we performed widefield live-cell fluorescence imaging. Macrophages were seeded in 
glass-bottom petri dishes at low or high density and allowed to adhere for 24 hours, followed 
by staining with CellROX Deep Red. PMA was added after making images on fixed positions to 
determine the baseline ROS levels (t=0 minutes). Images were then obtained every 5 minutes 
up to 60 minutes (Figure 3B). No significant differences in ROS levels were found between 
PMA-stimulated cells and control cells, at both low and high seeding density (Figure 3c). 
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However, there was a slight trend towards increasing ROS levels starting 20 minutes after 
stimulation with PMA and this trend was more pronounced in macrophages seeded at low 
density. Interestingly, a slight increase in ROS levels over time was observed in all conditions, 
including the unstimulated macrophages (Figure 3C). This is likely caused by the well-known 
phenomenon of light-induced ROS production, which is enhanced in widefield fluorescence 
microscopy compared to confocal fluorescence microscopy [29,30]. Compared to the results 
obtained by optical tweezers and flow cytometry, the response of macrophages to PMA seems 
to be slower when the macrophages are attached on a surface. Furthermore, the magnitude 
of the oxidative stress response seems to be affected as no significant increases in ROS levels 
were detected, even after extending the imaging time up to 60 minutes.  

 
 

Discussion 

We showed that optical tweezers in combination with microfluidics and confocal fluorescence 
microscopy is a powerful method to investigate the early kinetics of macrophage activation at 
the single-cell level in real-time. The optical tweezers set-up allowed us to image a fast 
increase in ROS levels in RAW264.7 macrophages upon stimulation with PMA, as well as 
changes in subcellular ROS localization and cell size. Interestingly, kinetic studies by flow 
cytometry and live-fluorescence imaging suggested slower and/or smaller oxidative stress 
responses compared to our optical tweezers method. Although the use of high intensity 
trapping laser can cause serious damage on cells (Figure 1), our study provides strong 
evidences to dismiss any thermal effect or radiation damage due to direct cell trapping that 
would affect ROS production kinetics when working under low intensity laser conditions 
(Figure 1 and 3). It is otherwise likely that these kinetic changes are caused by the different 
levels of cell-cell communication and cell adhesion that are associated with these distinct 
methods. 

In our optical tweezers set-up, we study the response of a single macrophage without 
any cell-cell contact or cell-cell communication through paracrine signaling. Flow cytometry 
and live-fluorescence imaging do allow cell-cell contact and communication through soluble 
mediators. It is not unlikely that the presence of other macrophages and their secretome 
affect the kinetics of macrophage activation [31]. Xue et al. previously described that 
paracrine signaling is required for the attenuation of a pro-inflammatory macrophage 
response through an IL-10-mediated inhibitory feedback loop [31]. IL-10 has been shown to 
exert its anti-inflammatory effect on macrophages by reducing the amount of ROS produced 
upon a pro-inflammatory stimulus [32]. It is therefore not unlikely that a reduction in 
paracrine IL-10 signaling contributes to the augmented oxidative stress response in PMA-
stimulated, optically trapped macrophages. 

The varying levels of cell adhesion may also contribute to the kinetic differences 
observed between the methods. Optically trapped macrophages are in suspension, whereas 
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macrophages are fully adhered to a surface during live-cell fluorescence imaging. Although 
macrophages are also suspended for flow cytometric analysis, adhesion of macrophages to 
the wall of the tube cannot be prevented completely. Biophysical stimuli coming from the stiff 
tube wall or cell culture dish may therefore interfere with macrophage responses [5]. In 
addition, macrophage attachment contributes to a higher degree of spatial confinement, as 
described by Jain et al. [33]. Prevention of cell spreading (by micro patterning or cell crowding) 
can suppress inflammatory responses of macrophages. In our experiments, a higher degree of 
spatial confinement is indeed accompanied by a delayed oxidative stress response to PMA. 
Furthermore, adhesion of macrophages to a surface dramatically decreases the cell surface 
area that is exposed to the activating stimulus. This may also contribute to the accelerated 
oxidative stress response in trapped macrophages, as their membrane is fully exposed to the 
PMA. 

The method presented here provides several advantages over the conventional 
methods to study macrophage polarization. First, it allows us to study the response of single 
macrophages. We can therefore investigate the heterogeneity of macrophage activation, but 
also prevent cell-cell crosstalk that may influence responses. Second, the optical tweezers set-
up yields data with a very high resolution, both spatial and temporal. The same levels of spatial 
and temporal resolution can be achieved with other techniques, but simultaneously is 
generally challenging. However, the most important benefit of the optical tweezers approach 
is that we can take away the modulating effect of biophysical stimuli coming from a surface 
or cell-cell interactions. That way, it is possible to study the effect of one single biochemical 
stimulus. Expanding the optical tweezers set-up by adding extra trapping lasers will allow the 
introduction of various biophysical stimuli to the macrophages in a controlled manner. 

In conclusion, we showed that optical tweezers can be applied to study early stage 
macrophage responses on a single-cell level with high spatiotemporal resolution. The 
deviations that are observed compared to conventional techniques emphasize the ability of 
cell culture conditions to interfere with in vitro macrophage responses. Our optical tweezers-
based approach yields new insights in the response of macrophages to single biochemical or 
biophysical stimuli and thereby contribute to the much-desired better understanding of 
macrophage polarization. 

 

 
Acknowledgements 

This study was supported by the Graduate School of Medical Sciences of the University 
Medical Center Groningen (GFV and PvR) and the UMCG Imaging and Microscopy Center 
(UMIC), where part of the work has been performed. WHR is supported by a VIDI grant from 
the Nederlandse Organisatie voor Wetenschappelijk Onderzoek (NWO).



 

 120 

References

1  Murray PJ. Macrophage Polarization. Annu 
Rev Physiol 2017; 79: 541-566 

2  Murray PJ, Allen JE, Biswas SK, et al. 
Macrophage activation and polarization: 
nomenclature and experimental guidelines. 
Immunity 2014; 41: 14-20 

3  Xue J, Schmidt S V., Sander J, et al. 
Transcriptome-Based Network Analysis 
Reveals a Spectrum Model of Human 
Macrophage Activation. Immunity 2014; 40: 
274-288 

4  Aran D, Looney AP, Liu L, et al. Reference-
based analysis of lung single-cell sequencing 
reveals a transitional profibrotic 
macrophage. Nat Immunol 2019; 20: 163-
172 

5  Meli VS, Veerasubramanian PK, Atcha H, et 
al. Biophysical regulation of macrophages in 
health and disease. J Leukoc Biol 2019; 106: 
283-299 

6  Jain N, Moeller J, Vogel V. Mechanobiology 
of Macrophages: How Physical Factors 
Coregulate Macrophage Plasticity and 
Phagocytosis. Annu Rev Biomed Eng 2019; 
21: 267-297 

7  Martinez FO, Gordon S. The M1 and M2 
paradigm of macrophage activation: time 
for reassessment. F1000Prime Rep 2014; 6: 
13-13. eCollection 2014 

8  Ravasi T, Wells C, Forest A, et al. Generation 
of Diversity in the Innate Immune System: 
Macrophage Heterogeneity Arises from 
Gene-Autonomous Transcriptional 
Probability of Individual Inducible Genes. J 
Immunol 2002; 168: 44-50 

9  Gordon S, Plüddemann A. Tissue 
macrophages: Heterogeneity and functions. 
BMC Biol 2017; 15: 1-18 

10  Sica A, Mantovani A. Macrophage plasticity 
and polarization: In vivo veritas. J Clin Invest 
2012; 122: 787-795 

11  Gupta S, Dinasarapu AR, Gersten MJ, et al. 

Omics approaches to macrophage biology. 
In Macrophages: Biology and Role in the 
Pathology of Diseases. Springer New York, 
2014; 587-615. 

12  Ashkin A, Dziedzic JM. Optical trapping and 
manipulation of viruses and bacteria. 
Science (80- ) 1987; 235: 1517-1520 

13  Hashemi Shabestari M, Meijering AEC, Roos 
WH, et al. Recent Advances in Biological 
Single-Molecule Applications of Optical 
Tweezers and Fluorescence Microscopy. 
Methods Enzymol 2017; 582: 85-119 

14  Eriksson E, Enger J, Nordlander B, et al. A 
microfluidic system in combination with 
optical tweezers for analyzing rapid and 
reversible cytological alterations in single 
cells upon environmental changes. Lab Chip 
2007; 7: 71-76 

15  Werner M, Merenda F, Piguet J, et al. 
Microfluidic array cytometer based on 
refractive optical tweezers for parallel 
trapping, imaging and sorting of individual 
cells. Lab Chip 2011; 11: 2432-2439 

16  Wolfson D, Steck M, Persson M, et al. Rapid 
3D fluorescence imaging of individual 
optically trapped living immune cells. J 
Biophotonics 2015; 8: 208-216 

17  Fore S, Chan J, Taylor D, et al. Raman 
spectroscopy of individual monocytes 
reveals that single-beam optical trapping of 
mononuclear cells occurs by their nucleus. J 
Opt 2011; 13: 044021 

18  Zhang H, Liu KK. Optical tweezers for single 
cells. J R Soc Interface 2008; 5: 671-690 

19  Marchetti M, Kamsma D, Cazares Vargas E, 
et al. Real-Time Assembly of Viruslike 
Nucleocapsids Elucidated at the Single-
Particle Level. Nano Lett 2019; 19: 5746-
5753 

20  Meijering AEC, Biebricher AS, Sitters G, et al. 
Imaging unlabeled proteins on DNA with 
super-resolution. Nucleic Acids Res 2020; 
48: e34 



 

 121 

21  Backer AS, Lee MY, Moerner WE. Enhanced 
DNA imaging using super-resolution 
microscopy and simultaneous single-
molecule orientation measurements. 
Optica 2016; 3: 659 

22  Schindelin J, Arganda-Carreras I, Frise E, et 
al. Fiji: An open-source platform for 
biological-image analysis. Nat Methods 
2012; 9: 676-682 

23  Dufour A, Thibeaux R, Labruyère E, et al. 3-
D active meshes: Fast discrete deformable 
models for cell tracking in 3-D time-lapse 
microscopy. IEEE Trans Image Process 2011; 
20: 1925-1937 

24  De Chaumont F, Dallongeville S, Chenouard 
N, et al. Icy: An open bioimage informatics 
platform for extended reproducible 
research. Nat Methods 2012; 9: 690-696 

25  Haralick RM. Statistical and structural 
approaches to texture. Proc IEEE 1979; 67: 
783-804 

26  Gieche J, Mehlhase J, Licht A, et al. Protein 
oxidation and proteolysis in RAW264.7 
macrophages: Effects of PMA activation. 
Biochim Biophys Acta - Mol Cell Res 2001; 
1538: 321-328 

27  Zhao K, Huang Z, Lu H, et al. Induction of 
inducible nitric oxide synthase increases the 
production of reactive oxygen species in 
RAW264.7 macrophages. Biosci Rep 2010; 

30: 233-241 

28  Daigneault M, Preston JA, Marriott HM, et 
al. The Identification of Markers of 
Macrophage Differentiation in PMA-
Stimulated THP-1 Cells and Monocyte-
Derived Macrophages. Doherty TM, ed. 
PLoS One 2010; 5: e8668 

29  Icha J, Weber M, Waters JC, et al. 
Phototoxicity in live fluorescence 
microscopy, and how to avoid it. BioEssays 
2017; 39: 1700003 

30  Boudreau C, Wee TL, Duh YR, et al. 
Excitation light dose engineering to reduce 
photo-bleaching and photo-toxicity. Sci Rep 
2016; 6: 1-12 

31  Xue Q, Lu Y, Eisele MR, et al. Analysis of 
single-cell cytokine secretion reveals a role 
for paracrine signaling in coordinating 
macrophage responses to TLR4 stimulation. 
Sci Signal 2015; 8: ra59 

32  Dokka S, Shi X, Leonard S, et al. Interleukin-
10-mediated inhibition of free radical 
generation in macrophages. Am J Physiol - 
Lung Cell Mol Physiol 2001; 280: L1196-202 

33  Jain N, Vogel V. Spatial confinement 
downsizes the inflammatory response of 
macrophages. Nat Mater 2018; 17: 1134-
1144 

34  Wadell H. Volume, Shape, and Roundness of 
Quartz Particles. J Geol 1935; 43: 250-280



 

 122 

Supplementary figures 
 

 
Supplementary figure 1. SYTOX signal and ROS levels in the presence and absence of CellROX staining. A. SYTOX 
signal. B. ROS levels. Averaged time traces of PMA-stimulated cells (red), controls (black), PMA-stimulated cells 
without CellROX (orange), and controls without CellROX (blue). Panel (A) shows that the detected SYTOX signal 
is enhanced by the presence of CellROX, due to crosstalk between the fluorescence emission detectors. Without 
CellROX, PMA-stimulation does not increase the detected SYTOX signal. Panel (B) shows that SYTOX emission is 
only detected by the CellROX channel at background levels (<100 kHz). Error bars represent SEM for PMA-
stimulated (N=13), control (N=11), PMA-stimulated without CellROX (N=3), and control without CellROX (N=2) 
macrophages. 

 

 
Supplementary figure 2. Morphology parameters extracted from cell contour calculations. A. Perimeter of the 
calculated cell contour, p<0.0001. B. Sphericity [34], p=0.2829. C. Roundness, as defined by the ISO 1101 
standard, p=0.2579. Grey shades represent SEM for both PMA-stimulated (N=13) and control (N=11) 
macrophages. Differences in area under the curve were tested with a Mann-Whitney U test. 

 

 

Supplementary figure 3 (next page). Gating strategy and raw data flow cytometry. A. Gating strategy – Debris 
and dead cells were excluded by using an FSC/SSC gate, followed by doublet exclusion based on FSC-A/FSC-W. 
B. Pseudocolor plots of representative samples showing the ROS signal (CellROX Deep Red) versus FSC-A. 
Percentage of cells gated and mean fluorescence intensity (MFI) displayed inside gate. C. Raw MFI displayed as 
scatter plot. N=5. 
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