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ABSTRACT 

 Macrophages are a critical part of the human immune response, and their collective 

heterogeneity is implicated in disease progression and prevention. There currently does not exist 

a non-destructive, label-free tool for profiling the dynamic, antigenic responses of single 

macrophages in a collection to correlate with specific molecular expression and correlated 

biophysical properties at the cellular level, despite the potential for diagnosis and therapeutics. 

Herein, we develop a nanosensor chemical cytometry (NCC) that can monitor the heterogeneity 

of inducible nitric oxide synthase (iNOS) responses from macrophage populations. By integrating 

near infrared (nIR) fluorescent nanosensor array with microfluidics, unique cellular lensing effect 

of macrophage was utilized to characterize both nitric oxide (NO) efflux and refractive index (RI) 

changes in single cell level. Using a parallel, multi-channel approach, distinct iNOS 

heterogeneities of macrophages can be monitored at attomolar (10-18 moles) sensitivity in a non-

destructive and real-time manner with a throughput of exceeding the 200 cells/frame. We 

demonstrate that estimated mean NO efflux rates of macrophage populations are elevated from 

342 (σ = 199) to 464 (σ = 206) attomole/cell·hr with a 3% larger increase in the heterogeneity, and 

estimated RI of macrophage decrease from 1.366 (σ = 0.015) to 1.359 (σ = 0.009) with trimodal 

subpopulations under lipopolysaccharide (LPS) activation. These measured values are also in good 

agreement with Griess assay results and previously reported measurements. This work provides a 

unique strategy for single cell analysis of macrophage populations for cellular immunology and 

biopharmaceutical research. 
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Reactive nitrogen species (RNS) including nitric oxide (NO) play significant roles in 

numerous physiological processes as biochemical signaling molecules and as a part of the 

respiratory burst in the immune responses.1,2 Immune cells such as macrophages exhibit 

considerable cell-to-cell heterogeneity in terms of expression levels of inducible nitric oxide 

synthase (iNOS) in inflammation response to infection.3,4 This has complicated the connection 

between the overall immune response and the genomic and proteomic characteristics of individual 

macrophages.5  There is a pressing need for technology that can bridge the detection of single cell 

phenotypes of statistically significant cell populations to understand and characterize collective 

responses.6 The ability to analyze individual living cells means that multiplex diagnostics are 

enabled in series, a workflow that is necessary to address the problems of cellular complexity.  In 

this work, we adapt a recent advance from our laboratory that we call Nanosensor Chemical 

Cytometry (NCC), based on an array of fluorescent nanosensor integrated along a microfluidic 

channel.7 The lensing effect of the flowing cells allows for rapid extracting single cell information, 

and correlating biomolecular information with physical properties. We show that the upgraded 

NCC platform can be utilized to label-free monitor the NO expression level of single macrophage 

correlating with unique optical properties. 

 Macrophages are widely distributed in the body with differences in their origin and are 

brought together by external factors and the internal local environment.8 Accordingly, they 

respond to environmental changes in a highly heterogeneous manner to affect physiological and 

pathological processes.5 Immune-stimulated macrophages phagocytose pathogens and cell debris, 

orchestrate tissue repair, and resolution of tissue injury by delicate RNS control based on iNOS.9 

On the other hands, this RNS efflux also can damage the normal tissue cells to generate pathogenic 

effects, and is widely involved in the development of various metabolic, cardio vascular and 
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neurodegenerative diseases.10-12 Thus, subtle molecular differences at the RNS level of 

macrophage populations can represent significantly different immune states.13 Therefore, a tool 

that would enable the profiling of dynamic antigenic response of single macrophage and eventually 

molecular heterogeneities as function of different biophysical properties could aid in our 

systematic understanding of the immune mechanism to unknown microorganisms and the 

progression of these diseases, eventually leading to promising future therapeutics.14,15 However, 

the accurate determination of single cell RNS efflux is a significant challenge because of its low 

concentration (10-18 to 10-15 mole level)) and transient half-life on the order of milliseconds to 

seconds with rapid diffusion and reaction due to interference by other chemicals (glucose, nitrites, 

thiols) in biological media.16,17  

Chemical cytometry has been widely used to quantify this RNS molecular heterogeneities 

of immune cell populations allowing quantitative information to be gathered with high 

selectivity.18,19. Cells are pre-labelled, lysed, and separated to detect the intra- and extra-cellular 

NO components during the process.20-22 Even though chemical cytometry is a well-established and 

can provide single-time-point measurements of multiple parameters, it is critically limited by the 

fact that cells must be kept in suspension with pre-labeling, destroyed, and that there is no way to 

track individual cells across multiple time points, which is inadequate for monitoring of immune 

response mechanism of macrophage populations.23  

Nanotechnology-based monitoring tools including fluorescent nanosensors,24,25 field-

effect transistor,26 and electrochemical devices27,28 have shown significant potential to label-free 

RNS profiling of cell populations in non-destructive way. Their rapid and real-time sensitive opto-

electronic signal readout and tunable chemical selectivity are ideal for this purpose.29-32 However, 

extending these nanosensor devices to the monitoring of statistically relevant numbers of immune 
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cells remains unaddressed to date with the basic problem of low-spatial resolution, cell imaging 

and designation method, sensor interfacing strategy, and signal transducing mechanism.7,33 

In this work, we developed a fluorescent nanosensor array integrated microfluidics that can 

characterize the NO efflux heterogeneities of macrophage populations. Near infrared (nIR) 

fluorescent single-walled carbon nanotube (SWNT) array was uniformly integrated within a 

macrophage incubating microfluidic channel. Each single macrophage optically interacts with the 

underlying NO nanosensor array, producing an informative nIR optical lensing profile that can be 

modeled as a photonic nanojet. Within this biophotonic waveguide, macrophages can be both 

visualized and chemically tracked in real-time and at high-resolution, without the need for labeling 

or additional optical manipulation. Based on the combination of nanosensor response and observed 

cellular lensing properties, our platform is able to inform the heterogeneities of macrophage 

populations (endotoxin activated and non-activated) at the attomolar (10-18 moles) level of NO 

efflux for multiple time points (0 to 4 hr). Furthermore, this type of cellular population data allows 

for phenotypic correlation between RNS efflux and biophysical properties of each individual cell 

including refractive index (RI). 

 

RESTULS AND DISCUSSION 

The schematics of the flow channel and nanosensor array integration are shown in Figure 

1a. The array is demonstrated using a (AT)15 DNA wrapped SWNT (SWNT/(AT)15), which was 

previously shown to exhibit nIR intensity attenuation upon selective detection of NO 

molecules.34,35 A commercial microfluidic channel (detail specification in Table S1) was coated 

with micro-droplet of (3-aminopropyl) triethoxysilane (APTES) for self-assembled monolayer 

formation and nanosensor adhesion on both top and bottom surface of the channel. Stable 
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dispersions of nanosensors were confirmed via UV-vis-nIR absorption spectra of SWNT/(AT)15 

(Figure S1). During evaporation, nanosensor particles necessarily align at the three-phase line of 

the micro-droplet pinned at the end of the flow channel (Figure S2). This resulted in a uniform 

sensor array on both top and bottom surfaces of the channel following the Evaporation Induced 

Self-Assembly (EISA).36 After the EISA process of NO nanosensor, collagen solution (Type I, 

C3837, Sigma) was injected to make nanosensor array be compatible with cellular adhesion of 

macrophages.37 Polarized Raman spectroscopy of the completed flow channel showed the 

depolarization ratio of 0.72 from G band intensity demonstrating that the NO nanosensors were 

aligned along the flowing direction of channel during EISA (Figure S3).38 There Nanosensor 

Integrated Microfluidic channels (NIM) were highly transparent to visible light, indicating a 

uniformly coated nanosensor array without aggregation or large array defects (Figure 1b, left). 

nIR imaging showed that the NIM displays strong and uniform fluorescence from whole area of 

the channel (Figure 1b, right). NIM without APTES treatment showed severe nanosensor 

aggregation during EISA process.Consequently nanosensors were completely removed following 

PBS flow, indicating that surface chemistry of the microfluidic channel is critically important to 

uniform and stable EISA process (Figure S4). As the concentration of nanosensor dispersion 

increases, uniformity of nanosensor array was enhanced with significant decrease of voids and 

aggregation of nanosensors.The 80 mg/L coating showed the highest nIR intensity with most 

uniform pixel distributions (Figure S5). We find that NO nanosensors were uniformly coated on 

the top and bottom surfaces of the channel during EISA, as shown by the comparable nIR pixel 

distributions along both surfaces. (Figure S6). Peak position and relative peak intensities of nIR 

spectrum of NIM were almost identical with SWNT in dispersion phase, indicating that the 

dielectric environment surrounding the immobilized nanosensors were similar (Figure S7).39 
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Magnified nIR image of NIM with single macrophage size (~20 µm diameter) showed that 

nanosensors were homogeneously and continuously deposited with approximately 720 local 

detector pixels across a single cell (Figure S8). Atomic force microscopy (AFM) demonstrated 

that nanosensor bundles were covered on the channel surface at the micron-scale (Figure S9). 

Consequently, the nanosensor array on the microfluidic channel could clearly visualize the 

macrophages in the channel and maximize the signal-to-noise ratio of the signal from NO efflux 

for chemical cytometry.37 

In-vitro NO detection experiments were conducted to investigate the chemical sensing 

performance of the NIM. NO solutions were prepared by dilution of diethylenetriamine NONOate 

solution in PBS. Real-time nIR images of NIM show that the channel nIR emission is quenched 

with ~20% relative magnitude upon exposure to 10 mM NO flow (Figure 1d, top). Nanosensor 

array shows uniform and near instantaneous nIR intensity response even when imaged at the high-

resolution needed to interrogate single cells (20 µm circled area) (Figure 1d, bottom). The nIR 

pixel histogram demonstrates uniform and overall nIR intensity response to NO flow (Figure 1e). 

Real-time nIR signals ((I0 - I)/I0) were measured with wide range concentration of NO injection 

(Figure 1f). Here, I0 and I represent the nIR intensity of the channel at t = 0 and after NO injection, 

respectively. Upon NO injection, the NIM showed a continuous decrease in nIR signal on the order 

of 1 - 25% depending on NO concentration. We modeled the sensor response as a first-order 

reversible reaction where the relationship between the analyte and available binding sites for NO 

can be described by an equilibrium constant:37 

𝐾A =
[𝐴𝜃]

[𝐴][𝜃]
                  (1) 

Assuming that the sensor response is proportional to the Aθ/θtot ratio, it is found that 
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𝐼−𝐼0

𝐼0
= 𝛼

[𝐴𝜃]

[𝜃tot]
+ 𝛽 = 𝛼

([𝐴]𝐾A)
𝑛

([𝐴]𝐾A)𝑛+1
+ 𝛽               (2) 

with the total concentration of available recognition sites [θ]tot and the parameter n for 

cooperativity. Fitting the data in Figure 1f with equation (2) (R2 = 0.997) resulted in a 

proportionality factor α = 25.64 with β = -0.42, KD = 1/KA = 0.00245 M, and n = 0.878, indicating 

negatively cooperative binding (n < 1), in good agreement with previous papers.39-42 This NO 

detection performance of SWNT/(AT)15 nanosensor is attributed to NO molecules selectively 

adsorbing on nanotube sidewall donate electrons directly to the conduction bands of 

SWNT/(AT)15, and extra electrons in the conduction bands can then quench excitons through non-

radiative recombination.34 
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Figure 1. NO nanosensor array integration with microfluidic channel. (a) Schematic illustration 

of NO nanosensor and collagen layer integration process with microfluidics using EISA. (b) 

Photograph of completed NIM in visible mode and nIR mode. (c) Magnified nIR image of NIM. 

(d) nIR snapshots before and after NO flowing (10 mM, 10 min). (e) Intensity histogram of NIM 

with single macrophage size resolution (20 µm). (f) Maximum response amplitude of NIM with 

various concentration (10-6, 10-5, 10-4, 10-3, 10-2, 10-1 M) of NO injection with cooperative binding 

model fitting to quantify nanosensor kinetic parameters. The data represent the mean value of 250 

× 350 µm2 NIM measurement, n = 3.  
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For the NCC implementation for macrophage monitoring, the NIM was integrated with a 

syringe pump and nIR microscope. 561 nm excitation laser was provided from the bottom side of 

the flow channel with dichroic mirror and InGaAs detector (Figure 2a). Target macrophage cells 

(Raw 264.7, Figure S10) were injected into NIM with 10 µL/min and waited few min for settling 

on the channel surfaces. Then, cells were adhered on collagen functionalized nanosensor array of 

NIM (Figure 2b). We found that macrophages in NIM optically interact with the underlying 

nanosensor emitter array and create a label-free region of highest nIR sensor signal by lensing the 

photoemission through the adhered macrophage itself (Figure 2c). A magnified nIR image of a 

single cell showed that the contour and shape of the macrophage could be visualized with highest 

nIR intensity (I0) from the nanosensor array corresponding to the center, and Airy rings visible 

around the periphery. This is attributed to nIR cellular lensing effect by photonic nanojet 

formation, that we recently discovered.7 Macrophage cells showed optimum RI (ncell = 1.3666 ± 

0.0004) and diameter (10 - 20 µm),43 which is optimum optical condition for the photonic nanojet 

formation (ncell/nmedia = 1.028 (< 2)).44 Only the cells on top surface of the channel could be 

observed with nIR lensing effect since fluorescence from nanosensor array is light source for the 

photonic nanojet effect (Figure S11). The nIR lensing profiles of macrophages were drastically 

changed with adhesion on the nanosensor array. Adhered macrophage on nanosensor array 

apparently displayed the profile of nIR lensing albeit with weaker lensing intensity (I0, non-ad < I0, 

ad, θnon-ad < θad) and lower refraction angle than non-adhered macrophages due to the relocation of 

cytoplasmic components along cell elongated axis (Figure 2d).  
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Figure 2. Cellular lensing effect of macrophages in NIM. (a) Schematic illustrations of 

instrumental setup. (b) Schematics and optical microscope images of macrophages injection and 

attachment on nanosensor/collagen array in NIM. (c) nIR image of macrophage populations in 

NIM. Top-right: non-adhered single macrophage. Bottom-right: adhered single macrophage. (d) 

nIR lensing profiles (left) and schematic illustrations (right) of non-adhered (top) and adhered 

(bottom) macrophage on nanosensor array. Scale bar: 20 µm. 
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Finite-difference time-domain (FDTD) numerical modeling demonstrated this nIR lensing 

behavior of macrophages as originating from a photonic nanojet effect. Micro sized semi-sphere 

structures having lateral diameters between 8 to 20 µm, cell thickness of 4 µm, and RI values 

(nc/nm = 1.0275) compared with cells were used as targets for the FDTD modeling. The semi-

spherical target was excited by an incident plane wave of wavelength 1 µm corresponding to the 

fluorescence emission of the SWNT/(AT)15 nanosensor (modeling details in Methods). The 

resulting optical intensity distribution map showed that light from top surface of the cell strongly 

focuses at a 22.5 µm distant point from the center of the cell forming a 3 to 4 µm wide fluorescence 

jet (left, Figure 3a). The numerical model describes the experimental light intensity profile of the 

macrophage nanojet at 20 µm focal distance with high fidelity in terms of I0, full-with ad half-

maximum (FWHM), including Airy rings (Figure 3b). A slight deviation between the FDTD 

model and experiment for the Airy rings and FWHM could be possibly originating from the non-

uniformity of nIR excitation source and different ellipticity of the macrophages. Modeling 

demonstrates that as the macrophage more adhered on nanosensor array with larger elongation 

length (from 8 to 20 µm), nIR light passing through the macrophage is less focused with smaller 

refraction angles leading to lower enhancement factors (from 2.560 to 1.739) and larger FWHM 

(from 4.1 to 75 µm) (Figure 3c-3d). nIR lensing profile were measured for multiple macrophages 

(n = 10) with almost identical FWHM (3.81 µm, σ = 0.28) and enhancement factors (10.4, σ = 

3.46) (Figure S12). Furthermore, cellular lensing parameters of macrophages are good agreement 

in the model from previous work with other various type of cells including lymphocyte, 

macrophages, epithelial cell, and endothelial cell in terms of FWHM and enhancement factor 

(Figure S13).7 Overall, nIR lensing phenomenon of macrophages on the nanosensor array are 
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clearly demonstrated and can provide a unique opportunity to cross-correlate the iNOS efflux as 

measured by the underlying nanosensor array with distinct biophysical properties. 
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Figure 3. Numerical modeling of macrophage lensing effect. (a) Photonic nanojet model of 

macrophage and (b) fitting with experimental lensing profile (nc/nm = 1.0275, λ = 1 µm, lateral cell 

length (L) = 8 µm).  Solid and dashed white lines indicate the adherend macrophage on nanosensor 

array and focal points, respectively. (c) Intensity profiles and (d) images of nIR lensing 

macrophage with different cell length (L = 8, 10, 12, 15, 18, 20 µm with nc/nm = 1.0275 and λ = 1 

µm) calculated by FDTD model. Enhancement factors are 2.560, 2.546, 2.561, 2.567, 2.275, 1.739 

and FWHM are 4.1, 5.1, 6.3, 7.7, 13, 75 µm from left to right. Large simulation (80 X 80 X 80 µm3) 

domain of L = 15, 18, 20 µm is shown in Figure S14.  
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We found that macrophages in NIM show distinct nIR lensing intensity variations 

corresponding to different immune activation states. We used lipopolysaccharide (LPS) to induce 

immune activation of the macrophages, since it is a well known endotoxin for iNOS activation in 

immune cells via mitogen-activated protein (MAP) kinases and nuclear factor kappa B (NF-ĸB).45 

Time series nIR snapshots of fixed single cell showed that the I0 corresponding to the immune 

activated macrophage (+LPS, Figure 4a) decreased relative to non-activated macrophage (-LPS, 

Figure 4b) after 4 hr of incubations. The schematic in Figure 4c showed this real-time NO efflux 

detection mechanism of single cell based on the nIR lensing effect. During the LPS response of 

macrophage, the NO efflux from cellular iNOS registered on the projected nanosensor area nearest 

to the cell as an immediate quenching response. This nIR quenching allows for precise 

quantification of the NO efflux in molecular level. At this point, the nIR lensing power is 

drastically reduced with weaker fluorescence resulting from the waveguide light source. We 

modeled the reaction kinetic problem of the NO from the individual cell to translate the observed 

nIR quenching area above the cell into estimated local NO concentration. The adsorption and 

desorption of NO on nanosensor array can be described by 

NO + SWCNT ⇄ H2O2-SWCNT                (3) 

Corresponding to the rate expression:35 

𝑑[NO−SWNT]

𝑑𝑡
= 𝑘f[NO][SWCNT] − 𝑘r[NO − SWNT]                   (4) 

where kf, kr are the forward and backward rate constants, respectively, and ratio between kf and kr 

was calculated from the effective equilibrium dissociation constant KD = 0.00245 M. Since the nIR 

intensity of the nanosensor array is proportional to the fraction of unoccupied sites for binding,  

 I/I0 = [SWCNT]/[SWCNT]0                 (5) 
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The local concentration of NO detected by the nanosensor array involves the measured intensity 

(I) and its time-derivative 

[𝑁𝑂] =
1

𝑘𝑓

𝐼0

𝐼
[𝑘𝑟 (1 −

𝐼

𝐼0
) −

1

𝐼0

𝑑𝐼

𝑑𝑡
]               (6) 

Integrating equation (8) yields 

𝐼(𝑡) =
𝐼0

𝑘𝑠
(𝑘𝑟 + 𝑘𝑓[𝑁𝑂]𝑒

−𝑘𝑠𝑡)              (7) 

𝑘𝑠 = 𝑘𝑟 + 𝑘𝑓[𝑁𝑂]                  (8) 

Thus, equation (7) can be utilized to estimate the local NO concentration of each single cell from 

the measured nIR intensity (Figure 4d). The +LPS group (n = 79) showed mean estimated NO 

efflux rate of 570 attomole/cell·hr, which is 1.66- and 1.46-times higher efflux than -LPS and 

+LPS & aminoguanidine (AG) groups. Here, AG, a selective iNOS inhibitor, suppresses the NO 

signal as a negative control.46 We detected a basal NO level even for the non-activated 

macrophages without LPS activation (-LPS), which is consistent with the literature.47 This showed 

that our NIM platform can inform heterogeneities in the iNOS process within macrophage cell 

populations. 
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Figure 4. Real-time NO efflux monitoring of macrophages with endotoxin activation. nIR lensing 

responses with NO efflux from (a) non-activated (-LPS) and (b) activated macrophage (+LPS, 10 

µg/mL, 4 hr). 16-color scalebars represent nIR intensity from white (5780) to dark blue (4387). (c) 

Reaction kinetic modeling for translation of measured nIR signals to real-time local NO 

concentration. (d) Sensor response statistics of the cells with different activation states. Data are 

mean ± standard error, with ncell = 79 from n = 2 biologically independent samples. p values were 

calculated using one-way analysis of variance (ANOVA), followed by Tukey analysis (****p < 

0.0001, ns = 0.4846).  
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The combination of cellular lensing and label-free nanosensor monitoring within a 

microfluidic channel allowed for real-time NO efflux cytometry of distinct macrophage 

populations, such as those that are immune activated (+LPS) compared to non-activated (-LPS) 

(Figure 5). We show that our NCC platform collects a multivariate data set for each individual 

macrophage within the population, that we then extract and evaluate with the aid of automated 

multi-channel measurements (Figure S15). The results allowed us to plot the real-time NO efflux 

rates of two distinct groups (n = 321 for -LPS, n = 405 for +LPS) versus key biophysical attributes 

of each individual macrophage such as RI. Since the immune activation of macrophages is based 

on iNOS with cellular relocation, RI indicating intracellular components variation due to 

membrane mechanistic would be key physical variables of macrophage NO responses. Therefore, 

we specifically chose the RI to correlate them with NO secretion to precisely figure out the 

macrophage iNOS heterogeneity.  

We plot the single cell distribution curves for real-time NO efflux rates and RI of two 

macrophage groups. Upon LPS activations, the average NO efflux rate of macrophage population 

was elevated by 35% with a 3% larger increase in the heterogeneity compared to non-activated 

populations (Figure 5a). The NIM allowed us to quantify the mean NO efflux rates of these two 

populations as 342 and 464 attomole/cell·min with σ of 199 and 206 attomole/cell·min for -LPS 

and +LPS, respectively. These measured NO efflux rates from NIM were similar with the ranges 

previously reported for identical macrophage NO efflux rate from 10 to 300 attomole/cell.48 More 

importantly, we measure average values of 358 (-LPS) and 419 (+LPS) attomole/cell·min from 

the commercial NO assay kit (Griess method) for the precise comparison (Figure S16). The mean 

values are in good agreement for the NIM experiments and commercial assay demonstrating that 
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our approach is reliable in this way and allows the investigation of cellular parameters of a 

subpopulation in real-time.  

There is a distinct change in the RI distribution upon LPS activation, with trimodal 

subpopulations observed for activated macrophages with a mean of 1.359 (σ = 0.015) but a single 

distribution with higher mean of 1.366 µm2 (σ = 0.009) before immune activation (Figure 5b). 

This is attributed to that LPS activated macrophages started to be adhered and elongated along 

nanosensor array and release the NO molecules drastically with distributed cytoplasm due to the 

production of iNOS.49 Accordingly, nIR refraction through the cell is less focused by photonic 

nanojet formation.50 Notably, this measured RI variations of macrophages from our NCC platform 

was within the range previously reported for macrophages RI characterization.43 This observation 

is important because one requires single cell resolution in order to quantify this type of biophysical 

change, underscoring an advantage of this NCC platform. This ability to detect and analyze 

subpopulations from a cellular population undergoing biofunctional changes has significant 

advantages in analytical biochemistry.  

We plot the cytometry graph correlating real-time NO efflux rates versus RI of each single 

macrophage (Figure 5c). With LPS activation, we find that the mean NO efflux rate of 

macrophage increases along with a widening of the distribution, and this occurs with a decrease of 

RI. Figure 5d summarizes the variation in macrophage characteristics before and after the immune 

activation process that we characterized. Real-time NO efflux rate of macrophage populations 

showed 35.7% elevation and the RI of the populations decreased by -0.51% scale. This cellular 

mechanistic insight may lead to additional methods of sorting macrophage populations. 
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Figure 5. NCC for monitoring of multimodal iNOS heterogeneity of macrophages. Data are ncell 

= 321 for -LPS, ncell = 405 for +LPS from n = 7 biologically independent samples. (a) Distribution 

curves for NO efflux rates of non-activated (-LPS) and activated (+LPS, 4 hr) macrophages with 

data from commercial assay kit (Griess assay, solid lines). Griess assay data are from n = 3 

biologically independent samples. (b) Distribution curves for RI of non-activated (-LPS) and 

activated (+LPS, 4 hr) macrophages (c) Cytometry plots of macrophage populations. Dashed 

circles represent the 2D confidence ellipse with 95% confidence level. (d) Schematics illustrations 

for cell properties variations of macrophage populations with immune activations. 
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CONCLUSIONS  

In conclusion, we demonstrated a macrophage population monitoring system based on 

nanosensor array integrated microfluidics. Using this platform, large number of single 

macrophages can be imaged and analyzed on the array via their projected nIR lensing image, 

producing a profile that matched the predictions of a photonic nanojet model. With this 

biophotonic property, NO efflux profiles of macrophages from iNOS were label-free monitored in 

real-time at the attomolar level. We used this tool to study the heterogeneity of the immune 

response of distinct macrophage populations at in a completely non-destructive manner. We find 

that real-time NO efflux of macrophages is heterogeneous and distinctly related to biophysical 

parameter following endotoxin activation. Our measurements showed that non-activated and 

activated macrophage populations released 342 and 464 attomole/cell·hr with a 3% larger increase 

in the heterogeneity, and estimated RI of macrophage decrease from 1.366 to 1.359 with trimodal 

subpopulations under LPS activation. We envision that this nanotechnology based biophotonic 

cytometer provides a unique strategy for coupling nanosensors into a format that allows single cell 

analysis of relevant populations for cellular manufacturing, cellular immunology, and 

biopharmaceutical research.  

 

METHODS 

Preparation and characterization of nanosensors. HiPcoTM SWNTs purchased from Unidym were 

suspended with a 30-base (dAdT) sequence of ssDNA (Integrated DNA Technologies) in a 2:1 

DNA:SWNT mass ratio in 0.1 M NaCl. A typical DNA concentration was 2 mg/mL. Samples 

were sonicated with a 3 mm probe tip (Cole Parmer) for 10 min at a power of 10 W and 40% 

amplitude in an ice bath. Then samples were centrifuged twice for 90 min (Eppendorf Centrifuge 
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5415D) at 16100 RCF (Relative Centrifugal Force). Afterwards, the supernatant was collected and 

the pellet was discarded. UV-Vis-nIR absorption spectra were collected to verify successful 

suspension. Nanosensor (SWNT/(AT)15) concentration in the dispersion was estimated using an 

extinction coefficient of Ɛ632 nm = 0.036 (mg/L)-1. Final concentration of SWNT/(GT)15 is from 10 

to 80 mg/L. 80 mg/L concentration of nanosensor dispersion was used to all NIM experiments. 

Nanosensors integration with microfluidic channel. Microfluidic channels were purchased from 

ibidiR (µ-Slide VI 0.1, ibiTreat). 2 µL of APTES (99%, Sigma Aldrich) in ethanol (1% APTES, 

1% H2O) was injected to microfluidic channel with micro-pipetting and treated for 3 hr. After 

APTES treatment, 2 µL of nanosensor dispersions were injected. After overnight evaporation, 

SWNT/(AT)15 coated channel surfaces were rinsed with 1 mL 1X PBS (pH 7.4, Life 

TechnologiesTM) twice to remove unbounded SWNT/(AT)15. Before cell injection, collagen 

solution (Type I, C3837, Sigma) was injected and incubated in humidified 37°C chamber to make 

nanosensor array compatible with macrophage adhesion. After collagen layer incubation, the flow 

channel was flushed with PBS again to remove unbounded residual nanosensors and collagen 

particles. Silicone tubes were connected with NIM using Elbow Luer Connector Male (ibidiR). In-

vitro NO detection experiments were conducted as below. DETA NONOate ((Z)-1-[N-(2-

aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate, VWR Scientific) was 

dissolved with 1X PBS from 1 µM to 0.1 M to investigate sensing performance of NIM. Diluted 

NO solutions were flowing through the NIM with syringe pump and quenching signals from 

nanosensor array were recorded for 600 sec. Recorded nIR images were processed by ImageJ with 

Gray and Fire scales to clearly visualize the variations of nIR intensities. 

Characterizations and nIR measurements. UV-Vis-nIR absorption spectra were measured for both 

nanosensor solutions and NIM (Cary 5000, Agilent Technologies, Inc). AFM profiles of 
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nanosensor array were scanned with Bruker Multimode 8 with Controller V. AFM images were 

taken in the ScanAsyst tapping mode in the air with TESPA probes having an elastic constant of 

42 N/m and tip radius of 8 nm. The images were recorded with the scan rate of 1 Hz and resolution 

of 1024 lines per image. Image analysis was done with Nanoscope Analysis software 1.4 from 

Bruker. nIR spectra were collected with a fluorescence spectrometer equipped with a 785 nm 

photodiode laser (B&W Tek. Inc. 450 mW) and imaged using a Zeiss AxioVision inverted 

microscope with appropriate optical filters. The fluorescence passed through an Acton SP2500 

spectrometer (Princeton Instruments), and measured with a liquid nitrogen cooled InGaAs 1D 

detector (Princeton Experiments). Inverted OM (Eclipse TS100, Nikon) was used for NIM and 

flowing cell imaging with visible light. nIR lensing effect and NO efflux cytometry were observed 

and recorded by nIR microscopy hyperspectral imager (IMA IRTM, Photon Etc.). 561 nm laser 

(MGL-FN-561, Opto Engine LLC) passed the laser line filter and reflected by dichroic mirror. 

Laser power was controlled from 30 mW to 350 mW with laser line filtering. Reflected excitation 

laser entered the objective and touch the NIM for releasing nIR from the nanosensor array. nIR 

fluorescence from NIM passed the both longpass filter and volume Bragg grating, and measured 

with a liquid nitrogen cooled InGaAs 1D detector (Princeton Experiments). All the measurements 

were conducted with 20X objective, 0.1 exposure time and medium intensity gain. 

FDTD simulations. FDTD simulations for nIR photonic nanojet were performed using Lumerical 

FDTD Solution. Micro sized semi-spherical structures having various range of elongation length 

(radius: 8, 10, 12, 15, 18, 20 µm) and RI (nc/nm: 1.0275) were set and excited by an incident plane 

wave with a wavelength of 1000 nm, corresponding to the fluorescence emission of the nanosensor 

array. The simulation domains were 50 X 50 X 50 µm3 and 80 X 80 X 80 µm3, and uniform mesh 
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of around 30 nm was used. The perfectly matched layers (PML) were arranged around the 

boundaries. RI of media (out of macrophage) was set to 1.33.  

Cell experiments. Raw 264.7 (ATCC TIB-71™) cells were purchased from American Type 

Culture Collection (ATCC) and cultivated according to the supplier’s protocol with medium 

consisting of ATCC-formulated Dulbecco's Modified Eagle's Medium (30-2002) and 10% of fetal 

bovine serum (FBS) (Life Technologies). Cells were cultured in 75 cm2
 cell culture flasks (Falcon) 

under incubating conditions of 5% CO2 at 37°C. To measure the NO efflux from the cells, three 

days cultured Raw 264.7 media were used (cell number: 105 - 106/mL) and all the culturing media 

with cells were centrifuged with 10 min 130 RCF at 10°C to remove all the by-product, 

accumulated efflux and abnormal cells in media. 10 µL of 1 mg/mL LPS (Lipopolysaccharides 

from Escherichia coli O55:B5) was added in macrophage media to activate the cells to release the 

NO. Aminoguanidine hydrochloride (≥ 98%) was used to iNOS inhibitor as a negative control. 

Non-activated macrophage cells were injected through NIM using syringe pump (Harvard 

Apparatus) and incubated for overnight to be adhered on collagen functionalized nanosensor array. 

NO efflux cytometry was conducted for fixed region of each channel (1, 2, 3, 4) waiting 4 hr efflux 

waiting. n = 7 biological replicates of macrophage populations were used for cytometry 

experiments. 
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