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ABSTRACT 

Label-free radiation pressure force analysis using a microfluidic platform is applied to the 

differential detection of innate immune cell activation. Murine-derived peritoneal macrophages 

(IC-21) are used as a model system and the activation of IC-21 cells by lipopolysaccharide (LPS) 

and interferon gamma (IFN-) to M1 pro-inflammatory phenotype is confirmed by RNA gene 

sequencing and nitric oxide production. The mean cell size determined by radiation pressure force 

analysis increases slightly after the activation (4 to 6 %) and the calculated percentage of 

population overlaps between the control and the activated group after 14 and 24 h stimulations are 

at 79% and 77 %.  Meanwhile the mean cell velocity decreases more significantly after the 

activation (14% to 15%) and the calculated percentage of population overlaps between the control 

and the activated group after 14 and 24 h stimulations are only at 14 % and 13 %. The results 

demonstrate that the majority of the activated cells acquire a lower velocity than the cells from the 

control group without changes in cell size.  For comparison label-free flow cytometry analysis of 

living IC-21 cells under the same stimulation conditions are performed and the results show 

population shifts towards larger values in both forward scatter and side scatter, but the calculated 

percentage of population overlaps in all case are significant (70% to 83 %).  Cell images obtained 

during radiation pressure force analysis by a CCD camera, and by optical microscopy and atomic 

force microscopy (AFM) reveal correlations between the cell activation by LPS/IFN-, the 

increase in cell complexity and surface roughness, and enhanced back scattered light by the 

activated cells. The unique relationship predicted by Mie’s theory between the radiation pressure 

force exerted on the cell and the angular distribution of the scattered light by the cell which is 

influenced by its size, complexity, and surface conditions, endows the cell velocity based 
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measurement by radiation pressure force analysis with high sensitivity in differentiating immune 

cell activation. 

Keywords Radiation Pressure Force, Innate immune cells, Macrophages, Label-free, Living cells, 

Scattered light

INTRODUCTION

The innate immune system is composed of first responder cells including neutrophils, 

macrophages, dendritic cells, and natural killer cells.  The response of innate immune cells to 

pathogen are typically rapid and can be triggered without the selective events that underlie 

adaptive immunity, which is characterized by antigen-specificity and immunological memory.1 

Hence innate immune cells may be able to serve as living sensors for early stage detection of 

pathogen infection. Macrophages, distributed widely in organs and connective tissue, play 

central roles in innate as well as adaptive immunity. Macrophages operate in host defense 

through phagocytosis, secreting cytokines to initiate pro-inflammatory reaction against the 

invading microbes, presenting antigen to activate the T lymphocytes in adaptive immunity, and 

promote the repair of damaged tissues and the restoration to homeostasis.2 Macrophages have 

remarkable plasticity and take a variety of phenotypes based on the stimuli and their functions.3 

They can be classically activated (M1 pro-inflammatory phenotype) in the presence of microbial 

products such as lipopolysaccharide (LPS), with interferon gamma (IFN-)  produced by innate 

immune cells such as natural killer (NK) cells and by adaptive immune cells such as T helper 1 

cells and CD8+ cytotoxic T cells.4, 5 During an inflammatory response to pathogenic stimulation, 

macrophages undergo striking changes in their  morphology as well as metabolism.6,7,8 
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Conventional approaches to detect the activation of macrophages by infectious agents involve 

identification and quantification of cell surface markers, cytokines, and transcription factors, 

based on prior knowledge on the infectious agents.  These approaches normally are limited to the 

known targets and require cell labeling. Furthermore the process of labeling the cell with 

biomarkers may alter the physiological states of the cells. Label-free detection and 

characterization methods overcome these obstacles and allow for living cell analysis by detecting 

the changes in cell intrinsic properties such as morphology, refractive index, compressibility, and 

deformability upon exposure to infectious agents.  Label-free living immune cell detection holds 

the potential to rapidly detect an early onset infection manifested by a cell population shift based 

on these intrinsic properties without relying on specific antibodies or targeting specific 

molecules. If a population shift has been confirmed, more specific analyses can be initiated to 

reach a correct diagnosis.

Progresses and innovations in microfluidic technologies have accelerated the development of 

label-free microfluidic techniques towards single-cell analysis and sorting. Carey et al. classified 

these techniques under four broad areas: 1) electrical, 2) optical, 3) hydrodynamic, and 4) 

acoustic.9 Label-free optical cell analysis can be divided into two classes. Optical tweezers, 

invented by Ashkin,10 traps and manipulates living cells using a tightly focused laser beam,11  

stretches the cell and measure its deformability12 or rotates the cell and allows for tomographic 

reconstruction of the 3D structure of the cell through continuous imaging13 using two divergent 

laser beams.  Optical chromatography, invented by Imasaka et al.,14 utilizes two opposing forces: 

radiation pressure force from a loosely focused laser beam and viscous drag force from a fluid 

flow in a microfluidic channel. It has been used in the measurements of  erythrocyte elasticity by 

deform cells using a shear stress generated by the fluid flow,15 and to monitor vesicular 
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stomatitis virus infection in Vero (African green monkey kidney) cells by size normalized 

velocity.16 Recently, a microfluidic based label-free high-speed imaging method was applied to 

the drug susceptibility testing of leukemia with extreme-throughput (>1 million cells per s) and  

enabled image-based identification of the drug susceptibility of every single white blood cell in 

whole blood within 24 hours.17 

In this study, applying the principle of optical chromatography on a microfluidic device, the 

immune response of murine-derived peritoneal macrophages (IC-21) to inflammatory stimulation 

and their activation to M1 pro-inflammatory phenotype is sensitively detected. The activation of 

IC-21 cells to M1 type cells induces negligible changes in cell size and refractive index but marked 

increases in cell complexity and surface roughness. Cell velocity, a key parameter obtained from 

label free radiation pressure force analysis, directly correlates to the magnitude of the radiation 

pressure force which is influenced by cell size, refractive index, complexity and surface roughness. 

Collectively M1 type IC-21 cells form a distinctly “slower” population separated from the cells of 

the control group. The data collected during the analysis also includes the image of each cell which 

provides information about the cell size and morphology.  The population shift upon activation 

detected by label-free radiation pressure force analysis based on the cell velocity is compared with 

that detected by the standard label-free flow cytometry based on forward and side scatter. Because 

of the strong dependence of radiation pressure force on the angular distribution of the scattered 

light by the cells predicted by Mie theory,18 radiation pressure force analysis demonstrates much 

higher sensitivity to changes in cell complexity and surface condition. 

MATERIALS AND METHODS

Cell culture and stimulation
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Murine-derived peritoneal macrophages (IC-21) were obtained from ATCC (Manassas, VA, 

USA). Cells were cultured in RPMI-1640 medium supplemented with 10% fetal calf serum 

(ATCC) and maintained in a 5% CO2, 37°C humidified  incubator. Stimulated cells were cultured 

in 6-well plates (USA Scientific, Ocala, FL) in the presence of 1µg/ml LPS from Escherichia coli 

(Sigma-Aldrich, St. Louis, MO) and 50 U/ml murine recombinant (IFN- (Sigma-Aldrich) for a 

period of 14 and 24 h. Control cells were cultured in a similar manner in the absence of LPS and 

IFN-.  

RNA isolation and sequencing
 
Cells cultured in 6-well plates were first washed twice with PBS (1X, Life Technologies, Carlsbad, 

CA) and then were dislodged from the well surface by incubating with 2 mL PBS for 7 min at 

37°C. Dislodged cells were transferred to centrifuge tubes and centrifuged at 150  g for 5 min. 

The cell pellets were collected and RNA extraction was performed with the miRNeasy Mini Kit 

(Qiagen, Germantown, MD), according to the manufacturer’s protocol. Quality and quantity of 

RNA were initially determined by the value of absorbance ratio A260nm/A280nm using a NanoDrop 

2000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). All six samples (3  control 

and 3  LPS/IFN- 24 h stimulation) have an A260nm/A280nm ratio  2.05. The qualities of the 

samples were further assessed using Agilent Tapestation (Agilent Technologies, Palo Alto, CA) 

for RNA integrity number ( 9.7). The RNA-Seq analysis (n = 3/group) was performed by 

GENEWIZ (South Plainfield, NJ).

Griess assay for nitric oxide production

The assay was performed using Promega Griess Reagent System (Promega Corporation

Madison, WI) on a SPECTRONIC™ 200 Spectrophotometer (Thermo Scientific™). 
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Cell culture supernatants from IC-21 cells before and after stimulated with LPS/IFN- for 14 and 

24 h were collected in centrifuge tubes (n = 3/group) and centrifuged at 300  g for 5 min to remove 

any debris. In a 1-cm path length cuvette 300 µl clear supernatant was first mixed with 300 µl 

sulfanilamide solution and incubated in the dark at room temperature for 10 min. 300 µl N-1-

napthylethylenediamine dihydrochloride (NED) solution was added to this mixture and incubated 

another 10 min in the dark before the absorbance of the final mixture at 545 nm was recorded by 

the spectrophotometer. The concentration of nitric oxide was determined from a calibration curve 

created from sodium nitrite concentrations ranging from 0 - 100 µM prepared in the same culture 

medium (RPMI 1640 containing 10% serum). Cell counts (~ 6 x 105 cells) were obtained using a 

hemocytometer by counting the dislodged cells after the cell culture supernatant was removed. 

Cell preparation for radiation pressure force and flow cytometry analyses

Adherent cells (control and stimulated) were first washed twice with PBS and then were dislodged 

from the well surface by incubating with 2 mL PBS at 37°C for 7 min. The cells were transferred 

to centrifuge tubes and centrifuged at 150  g for 5 min. After discarding the supernatant, the cell 

pellet was re-suspended in PBS and transferred to a 2 mL screw cap tube. A cell density of 2  105 

cells/ml was used for radiation pressure force analysis and a cell density of 1  106 cells/ml was 

used for flow cytometry.

Microfluidic system of cell analysis using radiation pressure force 

Microfluidic system comprises the following components.  (1) A microfluidic flow cell is 

constructed with a serpentine channel to disperse cells enabling single-file cell injection, a 3D 

focusing nozzle connecting to the serpentine channel and three sheath flow channels to focus the 

cells at the center of a focusing channel, and a detection channel in which cells encounter the laser 
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beam (Figure 1).  (2) A pneumatic flow system consists of five electronic pressure controllers 

(OEM-EP, Parker Hannifin, Hollis, NH) to pressurize fluid reservoirs connected to the three sheath 

flow channels, the serpentine injection channel, and the outlet channel of the flow cell, enabling 

the pulseless and reproducible fluid flow. 3) An optical system includes a continuous wave (CW) 

1064 nm ytterbium fiber laser (IPG Photonics, Oxford, MA) and a 75 mm focal length lens to 

provide a mildly focused laser beam. (4) An imaging system consists of a 10 × objective (Mitutoyo, 

Kawasaki, Japan) and a lens tube system (Infinity Photo Optical, Boulder, CO) connected to a 

CCD camera (piA 1600-35 gc, Basler, Inc. Exton, PA), facilitating the alignment of the laser beam 

into the detection channel and the observation of cell movement. (5) A data collection and analysis 

system includes a CCD camera and in-house software developed using LabView. Cells carried by 

the fluid travel through the detection channel in single file and their movements were decelerated 

by an incident laser beam propagating in the opposite direction of the fluid flow. Cell velocities 

were calculated from the captured cell images and their positions relative to the flow path of the 

detection channel. The average particle size was determined by counting the number of pixels in 

the images captured by a CCD camera using an OD = 3.0 NIR absorptive ND filter (Thorlabs Inc. 

Newton, New Jersey). Images of cells with observable scattered laser light were captured using an 

OD = 2.0 NIR absorptive ND filter. The throughput of the analysis was  500 cells/min. 

Flow cytometry

The control and stimulated cells were suspended in 1 ml ice-cold PBS.  Each sample was analyzed 

by a BD Accuri C6 plus flow cytometer (BD Biosciences, San Diego, CA, USA) with a limit of 

100000 events. The forward scatter (FSC) and side scatter (SSC) data were analyzed using BD 

Accuri C6 plus software (version 1.0.23.1) and Origin 2015. 

Cell fixation and staining
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Fixed suspension cells were prepared as described below. The adherent cells (control and 

stimulated) were first washed twice with PBS and then were dislodged from the well surface by 

incubating with 2 mL PBS at 37°C for 7 min. Cells were transferred to the centrifuge tubes and 

centrifuged at 150 x g for 5 min. After discarding the supernatant, the cell pellet was re-suspended 

in PBS. An equal volume of 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO) was added to 

the cell suspension and the resulting mixture was incubated for 10 min at room temperature before 

the mixture was centrifuged at 150 x g for 5 min. The supernatant was discarded and the fixed cell 

pellet was re-suspended in 2 ml PBS. The cell suspension was transferred to a poly-D-lysine coated 

FluoroDish cell culture dish (World Precision Instruments, Sarasota, FL) and cells were ready to 

be imaged after they settled at the bottom of the cell culture dish. Fixed and stained adherent cells 

were prepared as described below. The adherent cells (control and stimulated) were washed twice 

with PBS and fixed with 3.7% methanol-free formaldehyde solution (Sigma-Aldrich, St. Louis, 

MO) in PBS for 15 min at room temperature. Fixed cells were then washed twice with PBS and 

permeabilized in 0.1% Triton™ X-100 (Sigma-Aldrich, St. Louis, MO) in PBS for 15 min. To 

reduce nonspecific background staining 1% BSA (ThermoFisher Scientific, Pittsburgh, PA) was 

added to the sample followed by 30 min incubation at room temperature. After washing the sample 

twice with PBS, 300 µl Alexa Fluor 488 phalloidin (495/518 nm, ThermoFisher Scientific) 

solution diluted in PBS, for the selective staining of F-actin, was added and the sample was 

incubated in the dark for 30 min at room temperature. The cells were washed twice with PBS and 

300 µl DAPI nucleic acid stain (Ex/Em: 358/461 nm, ThermoFisher Scientific) solution diluted in 

PBS was added on the cells. After 5 min the sample was washed twice with PBS and was ready 

for imaging.

DIC and confocal fluorescence microscopy 
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DIC images of fixed suspended cells were acquired on a Nikon Eclipse Ti inverted confocal 

microscope (Nikon Instruments Inc. Melville, NY) with a 100x oil-immersion objective lens (NA 

1.49, Nikon). DIC images and confocal fluorescence images of fixed and stained adherent cells 

were acquired on the same microscope equipped with a 405 nm OBIS laser and a 488 nm Sapphire 

laser (both from Coherent, Santa Clara, CA). 

Atomic Force Microscopy analyses of living IC-21 cells 

Cells (control and stimulated) were scanned using a NanoWizard 4a AFM (Bruker Nano GmbH, 

Berlin, Germany) mounted on an Eclipse Ti-E Inverted Microscopes (Nikon Instruments Inc. 

Melville, NY). Cell images were obtained in QI mode at 37 °C using qp-BioAC-CB3 AFM probes 

(NANOSENSORS, CH-2000 Neuchatel, Switzerland) with a set point of 400 pN.  

Statistical analysis

Each experiment was repeated at least three times. For differential gene expression analysis, the 

Wald test was used to generate p-values and log2 fold changes. Genes with an adjusted p-value < 

0.05 and absolute log2 fold change > 1 were called as differentially expressed genes. For data 

collected from radiation pressure force and flow cytometry, comparisons between the control 

groups and the activated groups were made by two-sample t-test. A p-value < 0.05 was 

considered to be statistically significant. 

RESULTS AND DISCUSSIONS

Confirming M1 pro-inflammation phenotype by RNA gene sequencing analysis and nitric 

oxide production

IC-21 macrophage cell line is derived from SV40 transformed mouse peritoneal macrophages.  It 

shares many properties with normal mouse macrophages including phagocytosis,19 cytokine 
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production,20, 21  and activation by LPS via toll-like receptor 4 (TLR4). When macrophages are 

classically activated by LPS/IFN- into M1 pro-inflammatory phenotype, they secrete pro-

inflammatory cytokines, such as tumor necrosis factor (TNF), IL-1β, IL-6, and IL-12β. RNA 

sequencing analysis of IC-21 cells before and after 24 h LPS/IFN- stimulation reveals that the 

genes encoding for TNF, IL-1β, IL-6, and IL-12β in the stimulated group are significantly 

upregulated (Figure 2a). In response to the stimulation of LPS/IFN- and the production of the 

pro-inflammation cytokines, the expression of inducible nitric oxide synthase (iNOS)22 in the 

stimulated group is also highly induced (Figure 2a). As a result of iNOS expressional induction, 

nitric oxide was produced continuously and its concentrations were measured by the Griess assay 

at 14 and 24 h LPS/IFN- stimulation (Figure 2d). It is noted that the production of nitric oxide is 

one of the most reliable ways to confirm the M1 pro-inflammatory phenotype in murine 

macrophages.23 

In addition to the upregulation of genes encoding the well-known pro-inflammatory cytokines, 

three newly identified novel distinct M1 genes, CD38, G-protein coupled receptor 18 (Gpr18), and 

formyl peptide receptor 2 (Fpr2),24 were also found to be upregulated in IC-21 after LPS/IFN- 

stimulation (Figure 2b). Under the condition and the concentrations of LPS and IFN- used in this 

work, IC-21 macrophages were indeed classically activated into M1 phenotype.

Furthermore, response gene to complement 32 (RGC-32), an important regulator in phagocytosis 

and F-actin formation/assembling,25 and vasodilator-stimulated phosphoprotein (VASP) involved 

in the assembly of actin filament networks,26 were also upregulated (Figure 2c). The upregulation 

of these two genes implicate that stimulated IC-21 cells undergo the actin cytoskeleton 

modification.

Label-free living cell analysis using radiation pressure force and flow cytometry
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 The results from radiation pressure force analysis of living IC-21 cells before and after 14 and 24 

h LPS/IFN- stimulation are given in Figure 3 and Figure 4. Figure 3a and 3b present the 

histograms of the distribution of cell diameters within each group and between the groups. A small 

but statistically significant (p < 0.001) population shift to larger cell diameters after LPS/IFN- 

stimulation is detected. In the 14 h stimulation experiment, the mean cell diameter value for the 

control group (582 cells) is 10.44  1.19 m.  An increase of ~ 4 % (10.87  1.20 m) is measured 

for the activated group (604 cells).  In the 24 h stimulation experiment, the mean cell diameter 

value for the control group (511 cells) is 10.14  0.82 m, and an increase of ~ 6 % (10.77  0.73 

m) is measured for the activated group (513 cells). Figure 3c and 3d present the histograms of 

the distribution of cell velocity within each group and between the groups. In the 14 h stimulation 

experiment, the mean cell velocity for the control group (582 cells) is 625.95  26.02 m/s, a 

decrease of 14 % to 538.91  32.37 m/s for the activated group (604 cells) is detected.  In the 24 

h stimulation experiment, the mean cell velocity for the control group (511 cells) is 653.58  49.59 

m/s, and a decrease of 15 % to 553.28  30.07 m/s for the activated group (513 cells) is detected. 

The separation between the activated group and the control group based on cell size and cell 

velocity can be assessed by the calculated percentage of population overlap. In terms of the cell 

diameter significant population overlaps, > 77 %, are present at 14 and 24 h stimulations, 

suggesting a minor population shift to larger cell size upon LPS/IFN- stimulation. On the contrary 

the population shifts based on cell velocity at both 14 and 24 h are much more prominent. The 

calculated percentage of population overlap between the control and the activated groups are only 

at 13 % and 14% for 14 h and 24 h stimulation, respectively, with the cells from the activated 

group displaying lower velocities. The plots of cell diameters vs. cell velocities are given in Figure 

3e and 3f. Evidently the majority of cells from the activated group shift away from the control 
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group to a lower cell velocity even though their cell diameters fall within the same range of the 

control group,  suggesting that other characters of the cells, other than the cell size, must have 

changed and are sensitively detected by the measurement in cell velocity. Figure 4a shows cell 

images captured by a CCD camera during the analysis when the cell is traveling through the 

detection channel using an OD = 3.0 NIR absorptive ND filter for attenuating the laser light at 1064 

nm. These images together with their recorded positions relative to the flow path of the detection 

channel are used to calculate the cell velocities and sizes. The cells from both the control and the 

activated groups are nearly spherical-shaped, but the “contour” of the cells from the activated 

group are much rugged. Cell images in Figure 4b are captured with an OD = 2.0 NIR absorptive 

ND filter to allow observation of the scattered laser light. Cells from the activated group display 

increased laser light scatter, especially in the direction opposite to the laser beam (backward 

scatter).

For comparison, label-free flow cytometry analysis of living IC-21 cells are performed. The results 

are presented in Figure 5 as the histograms of the distribution of FSC-A (Forward Scatter Area) 

and SSC-A (Side Scatter Area) within each group and between the groups. Both FSC-A and SSC-

A recorded for 14 h and 24 h stimulations show small but statistically significant (p < 0.001) 

population shift towards larger FSC-A and SSC-A values after LPS/IFN- stimulation. The 

intensity of FSC-A, detected along the direction of propagation of the incident laser beam, reflects 

the size of the cells. Thus the shifts in Figure 5a and 5b again show a minor increase in cell size in 

the activated groups, in agreement with the results from radiation pressure force analysis (Figure 

3a and 3b). The intensity of SSC-A, recorded at 90 ° of the incident laser beam, is affected by 

multiple biophysical characteristics of the cells, i.e., the presence of granules and vesicles or 

vacuoles in cytoplasm, the roughness of the cell membrane, as well as the cell size. Any internal 
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and surface irregularities, including cytoplasmic granules, vesicles, and other organelles and 

membrane roughness will typically contribute to SSC signals.27 The shifts in Figure 5 c and 5 d to 

larger SSC-A values suggest an increase in cell complexity together with a small increase in cell 

size revealed by the increased in FSC-A values, in the stimulated groups. In all cases the calculated 

percentage of population overlap is significant ( 70%). 

Characterization of cell morphology by optical microscope and atomic force microscope

The examination of the cell morphology that closely resembles the living cells analyzed by the 

radiation pressure force and flow cytometry is enabled by DIC images of fixed suspension cells. 

Cells from the control group (Figure 6a) are spherical in shape and have relatively smooth and 

well-defined cell boundary. Cells from the activated group (Figure 6b) are similar in size and shape 

to those of the control group, but a roughness of the cell boundary and the complexity in cell 

structure is notably increased. 

DIC images and confocal fluorescence images of fixed and stained adherent cells from the control 

and the activated groups are shown in Figure 7. Distinctive differences between the two groups 

are revealed by DIC images and confocal fluorescence images of cells stained for their F-actin 

filaments and nuclei using Alexa Fluor 488 phalloidin and DAPI, respectively. The most 

prominent feature in DIC images is the appearance of multiple vacuole-like structures in the 

activated group (Figure 7b). The formation of vacuoles in LPS-stimulated macrophage cells are 

also observed in RAW 264.7 cells,28 J774.1 cell line,29 and JY3 cell line,30 even though there is no 

consensus on the origin of vacuoles. In confocal fluorescence images, the difference between the 

control group and the activated group is the extent of formation and the distribution of F-actin rich 

dot-like structures. In the control group (Figure 8a), these dot-like structures mainly localized near 

the periphery of the cell lamella. In the activated group (Figure 8b) these structures form more 
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extensively and spread widely over the cell.  AFM images acquired on living cells also reveal 

marked differences in surface morphology between the control group and the activated group. 

AFM images, especially the deflection images, show that the surface of the control cells is smooth 

(Figure 8a) and the surface of the activated cells (Figure 8b) is “studded” with numerous dot-like 

and short rod-like structures.  Pi et al.31 also observed that upon stimulating RAW 264.7 

macrophages with LPS, the size of the surface particle structures and the roughness of membrane 

significantly increased. They attributed these observations to the clustering of membrane proteins.  

The results from optical microscopy and atomic force microscopy indicate that there are marked 

differences in cell morphology and cell surface condition between the activated group and the 

control group. These results are the manifestation of the upregulated genes RGC-32 and VASP 

(Figure 2c) and demonstrate that F-actin formation/assembling and the cytoskeleton reorganization 

are involved in the activation of IC-21 cells by LPS/IFN- stimulation.

Discussions

To understand why cell velocity based measurement by radiation force analysis provides a more 

sensitive detection for differentiating immune cell activation than label-free flow cytometry (FSC-

A an SSC-A), a close examination at the radiation pressure force is necessary. Governed by the 

law of conservation of momentum, the radiation pressure force exerted on a particle is the result 

of a momentum transfer from the laser light to the particle. It is proportional to the amount of 

forward momentum that is removed from the incident light by the particle through scatter or 

absorption and is not replaced by the forward component of the momentum carried by the scatted 

light.18 The radiation pressure force from a Gaussian beam exerted on a non-absorbing spherical 

particle with real refractive index (RI) is given by32,33

[1]𝐹𝑝𝑟 =
2𝑃𝑛1

𝑐 ( 𝑎
0)

2
×  𝑄𝑒𝑥𝑡(1 ―< 𝑐𝑜𝑠 > )
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where denotes the laser power, c is the phase velocity of the light, n1 is the RI of surrounding 𝑃 

medium,  is the radius of the spherical particle and  is the beam radius determined  𝑎 0

experimentally.34  is the extinction efficiency factor and a function of the particle size and RI 𝑄𝑒𝑥𝑡

and its value increases when the particle size or RI is increased.  ,  termed as the < 𝑐𝑜𝑠 >

asymmetry factor in which  is the scattering angle formed by the incident light and the scattered 

light, is the mean over the sphere of the cosine of the scattering angle, weighted by the phase 

function.18 The value of asymmetry factor reflects the relative importance of forward-to-backward 

scatter by the particle and decreases when the ratio of forward-to-backward scatter is decreased. 

The exact solution of Equation [1] is limited to the special cases of simple spherical particles. In 

the analysis using radiation pressure force, laser power , the RI of surrounding medium n1, and  𝑃

the beam radius 0 were kept constant (3 W, 1.326, and 19.8 m). The impact on  from the cell 𝐹𝑝𝑟

itself includes its size, RI, and the angular distribution of the scattered light by the cell which 

depends greatly on its composition and the surface condition. 

When IC-21 cells were stimulated by LPS/IFN-, the majority of the cells displayed little to no 

change in their size, as determined by the cell size measurement using radiation pressure force 

analysis and supported by the results from flow cytometry (FSC-A). In our previous work on 

Bacillus anthracis spore uptake by macrophage cells, the bulk RI of a macrophage (RI: 1.384) 

engulfed 22 spores (RI: 1.528) was calculated using the Maxwell Garnett Approximation,35 and 

the RI value obtained was almost the same as 1.384.36 Thus it is reasonable to assume that the 

difference in RI between the control group and the activated group in the current study is negligible. 

Conversely, high resolution DIC, confocal fluorescence, and living cell AFM images demonstrate 

that the complexity of cell structure and the roughness of cell surface are notably increased, and 

cells undergo cytoskeleton reorganization, after LPS/IFN- stimulation. Correlated to the changes 

Page 16 of 29Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

in cell structure and cell surface morphology, the backward scatter by the activated cells is 

increased revealed by the cell images taken with an OD = 2.0 NIR absorptive ND filter (Figure 

4b). It is known that the backscatter was enhanced when light was scattered from random rough 

surfaces.37 Since   is the mean over the sphere of the cosine of the scattering angle, its < 𝑐𝑜𝑠 >

value decreases when the ratio of forward-to-backward scatter decreases. If everything else 

remains the same in Equation [1], radiation pressure force Fpr is increased when backward scatter 

is enhanced as a result of increase in cell complexity and cell surface roughness. 

In label-free flow cytometry analysis, the scattered light with larger angles are collected by a SSC 

detector positioned at 90° of the incident laser beam and cells with rougher surface and higher 

complexity display enhanced intensity of SSC-A. But unlike radiation pressure force analysis in 

which scattered light in every direction is accounted for, the collection angle of a SSC detector is 

limited and a significant portion of light scattered backward are not detected.  Therefore cell 

velocity measurement in radiation pressure force analysis can achieve a much better population 

separation using far fewer cells ( 600 cells) than label-free flow cytometry (> 50 K cells).  

CONCLUSIONS

Using IC-21 macrophages as a model, we have shown that radiation pressure force analysis is 

capable of label free multi-parameter (cell velocity, size, and image) living cell analysis. The cell 

velocity which is inversely proportional to the magnitude of the radiation pressure force exhibits 

higher sensitivity than label-free flow cytometry in differentiating immune cell activation by 

LPS/IFN-, especially when changes in cell size and refractive index before and after the activation 

are insignificant. The higher sensitivity achieved in cell velocity based measurement arises from 

the prediction by Mie’s theory that the amount of energy scatted and the angular distribution of 

the scattered light depend greatly on the form and composition of the particle and on the condition 
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of its surface.18 Consequently it may be stated that the cell velocity based measurement by radiation 

pressure force analysis represents a “3D” scatter diagram of the cell. This work demonstrates that 

label-free microfluidic radiation pressure force analysis holds the potential to detect innate immune 

cell response to infection rapidly and sensitively.
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Figure 1 Schematic of the microfluidic flow cell. 
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Figure 2 Gene expression changes and nitric oxide production in IC-21 cells activated with LPS/IFN-γ. (a) 
Log2Fold change in gene expression of iNOS, IL-6, IL-12β , IL-1β, and TNFα, (b) Log2Fold change in gene 

expression of M1-distinct genes CD38, Gpr18, and Fpr2, (c) Log2Fold change in gene expression of RGC-32 
and VASP, after 24 h LPS/IFN-γ stimulation. (d) Nitric oxide production (600K cells) after 14 and 24 h 

stimulation with LPS/IFN-γ. 
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Figure 3. Radiation pressure force analysis of IC-21 cells before and after LPS/IFN-γ stimulation. (a) and (b) 
Comparison of histograms of the cell diameters between the control group and the activated group after 14 
or 24 h stimulation. (c) and (d) Comparison of histograms of the cell velocities between the control group 

and the activated group after 14 or 24 h stimulation. 
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Figure 4. (a) Cell images captured during radiation pressure force analysis by the CCD camera from the 
control and the activated group (24 h) using an OD = 3.0 NIR absorptive ND filter. (b) Cell images from the 
control and the activated group (24 h) with observable scattered laser light captured using an OD= 2.0 NIR 

absorptive ND filter. 
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Figure 5. Flow cytometry analyses of IC-21 cells before and after LPS/IFN-γ activation. (a) and (b) 
Comparison of histograms of FSC-A between the control and the activated group after 14 or 24 h 

stimulation. (c) and (d) Comparison of histograms of SSC-A between the control and the activated group 
after 14 or 24 h stimulation. 
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Figure 6 DIC images of fixed suspension cells from (a) the control  group and (b) the activated group (24 h), 
scale bar: 10 μm . 
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Figure 7 DIC and confocal fluorescence microscopy images of fixed adherent cells from (a) the control group 
and (b) the activated group (24 h). Green: actin filament stain, blue: DAPI nuclear stain. Scale bar: 10 µm. 
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Figure 8  AFM images of live IC-21 cells from (a) the control group and (b) the activated group (24 h). 
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