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Abstract

Surface plasmon resonance microscopy (SPRM) is an excellent platform for in situ studying 

cell-substrate interactions. However, SPRM suffers from poor spatial resolution and small field of 

view. Herein, we demonstrate plasmonic scattering microscopy (PSM) by adding a dry objective 

on a popular prism-coupled surface plasmon resonance (SPR) system. PSM not only retains 

SPRM’s high sensitivity and real-time analysis capability, but also provides ~7 times higher 

spatial resolution and ~70 times larger field of view than the typical SPRM, thus providing more 

details about membrane protein response to ligand binding on over 100 cells simultaneously. 

In addition, PSM allows quantifying the target movements in the axial direction with a high 

spatial resolution, thus allowing mapping adhesion spring constants for quantitatively describing 

the mechanical properties of the cell-substrate contacts. This work may offer a powerful and 

cost-effective strategy for upgrading current SPR products.

Graphical Abstract

Plasmonic scattering microscopy (PSM) is realized on a prism-coupled surface plasmon resonance 

(SPR) system. PSM provides ~7 times higher spatial resolution and ~70 times larger field of view 

than typical SPR microscopy, thus providing more details about cell response to ligand binding on 

over 100 cells. PSM also allows mapping adhesion spring constants for quantitatively describing 

mechanical properties of the cell-substrate contacts.
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Introduction

Membrane proteins are responsible for many cellular processes such as signaling, 

communications, and attaching to a surface, as well as recognizing other cells, all essential 

for living organisms' survival[1]. Membrane proteins are also popular therapeutic targets, 

accounting for over half of current drug targets[2]. The primary cellular activities and 

treatment processes usually begin with the binding of ligand or drug molecules to the 

membrane proteins, and it is thus critical to quantify the binding kinetics of membrane 

proteins for both understanding the cellular functions and discovering new drugs[3].

Despite the significance, quantifying the binding kinetics of membrane proteins is still 

challenging. The current mainstream approach isolates the membrane proteins from 

cell membranes, followed by measuring their binding kinetics with label-free detection 

systems, such as surface plasmon resonance (SPR), biolayer interferometry, and quartz 

crystal microbalance[4]. However, the isolating procedures are laborious and may vary the 

functions of membrane proteins because the native environment is altered[5]. Until now, two 

approaches have been developed to explore the binding kinetics of membrane proteins in 

situ, including SPR imaging and membrane deformation tracking methods. SPR imaging 

permits the highly sensitive analysis of ligand binding events localized within ~100 nm 

from the sensor surface in real time without the interference of molecules and impurities 
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in the bulk solutions, making it suitable for in situ membrane protein binding kinetic 

analysis directly in the cells[6]. Recently developed SPR microscopy (SPRM) has further 

advanced this field by providing spatially resolved information for imaging analysis of 

single cells[7]. The membrane deformation tracking methods observe the nanometer-scale 

cellular membrane deformation caused by the molecule binding induced surface tension 

variations[8]. These approaches permit the membrane protein binding kinetics analysis 

in native environments, revealing novel features of cell response to ligand binding and 

offering a solution to validate the ex situ methods. However, these methods still have 

several limitations. The shared restriction is that SPRM and membrane deformation tracking 

systems should be constructed with high numerical aperture (NA) objectives, which usually 

have large magnifications, leading to a small field of view and thus limited imaging 

throughput. In addition, the SPRM has limited spatial resolution due to the long propagation 

length of the surface plasmonic wave[9]. To observe the cell-substrate contacts in detail, 

scanning localized SPRM and Bloch surface wave microscopy was developed for improving 

the spatial resolution, though with the tradeoff of temporal resolution, making it unsuitable 

for monitoring the cell dynamics, including molecules binding to membrane proteins[10]. 

On the other hand, membrane deformation tracking requires a complicated data processing 

protocol. The cell shape is usually irregular, and the deformation amplitude is usually only 

several tens of nanometers, so data interpretation is complicated for the adherent cells with 

highly heterogeneous shapes. The microfluidic trapping of floating cells can solve this issue 

to some extent, but it needs an extra step to suspend the adherent cells into the solution 

before the measurement, which destroys the in situ spatial correlation among a population 

of cells[8b]. In addition, deformation tracking is limited to the cell edges, and averaging 

the whole-cell signal is generally needed to obtain a sufficient signal-to-noise ratio (SNR). 

Therefore, it cannot resolve subcellular binding information.

We have recently developed plasmonic scattering microscopy (PSM), a novel SPR imaging 

approach with a detection limit down to the single-molecule level[11]. Here we show that 

PSM can be implemented with a large imaging area for in situ membrane protein binding 

kinetic analysis on a population of cells with high spatial resolution. We constructed a PSM 

system on a popular prism coupled SPR system using commercially available components, 

and experimentally demonstrated ~70 times larger field of view and ~7 times higher spatial 

resolution than SPRM. These improvements enable imaging and analyzing cell response to 

ligand binding with high spatial resolution on a population of cells. PSM retains SPRM’s 

advantages of high sensitivity and real-time monitoring capability, making it also suitable 

for analyzing the kinetics of protein and small molecules binding to membrane proteins. In 

addition, the PSM also maintains the advantage of SPRM in tracking the object movements 

in the axial direction with high precision. Thus, combined with the high spatial resolution 

imaging capability, the PSM can map the cell adhesion spring constant, which has been 

proposed to physically model the cell adhesion mechanism[12], for quantitative analysis of 

cell-substrate interactions.
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Results and Discussion

Imaging Principles

The classical SPRM is usually constructed using a 60x objective with 1.49 NA in one 

inverted microscopy (Fig. 1A). The SPRM image contrast is determined by the interference 

between the planar plasmonic wave and the plasmonic wave scattered by the analyte. The 

long propagation length of the surface plasmonic wave leads to a parabolic tail following 

the spot at the location of the analyte[9]. The tails from different analytes can interfere with 

each other, and thus the distance between two analytes should be larger than the propagation 

length for spatially resolved detection[13], leading to a spatial resolution of ~10 μm with the 

incident wavelength of 660 nm in this study. Limited by this low spatial resolution, SPRM 

can hardly provide the subcellular details about the adherent cells, although the cells present 

higher image contrast in SPRM images than in bright field images (Fig. 1B-D). In addition, 

using the high magnification objective makes SPRM only have an imaging field of view of 

about 160 μm in diameter.

To improve the SPR imaging spatial resolution, the PSM method is developed[11], where 

one objective observes the plasmonic wave scattered by analytes on the top of the gold-

coated glass slide (Fig. 1E). In PSM, the surface plasmonic waves only play the role of 

illumination, and thus the analyte is shown as an Airy spot in the image. Considering the 

imaging objective has an NA of 0.28, The spatial resolution can be estimated to be ~1.4 

μm based on the Rayleigh criterion for PSM, which is ~7 times higher than SPRM with the 

same incident wavelength of 660 nm. Besides, the PSM can achieve this spatial resolution 

with a prism coupled excitation of surface plasmonic wave and a low magnification 

objective to observe the analyte scattering over a large viewing area (Fig. S1). In this study, 

limited by the camera imaging area, the field of view is determined to be ~1.4 mm ×1.0 

mm, which is ~70 times larger than classical SPRM. Owing to high spatial resolution and 

a large field of view, the PSM can simultaneously observe the subcellular details in over 

100 cells with different shapes (Fig. 1F-H). In contrast to the classical SPRM images, where 

the cells look like they are spreading over the surface, the PSM images clearly show that 

the cells attach to the surface via some adhesion sites, which can be more clearly seen 

from the simultaneous SPRM and PSM imaging (Fig. S2). To further explore the source 

of PSM signals, the cellular membrane was stained with DiI, and then the total internal 

reflection fluorescence (TIRF) images were recorded to compare with the PSM images on 

a gold-coated glass slide and evanescent scattering images on the cover glass, where the 

cover glass was employed to avoid the quenching effect from the gold film (Fig. S3 and 

S4). The TIRF images show similar morphologies as PSM images, which indicate that 

PSM signals mainly come from the membrane-substrate contacts. The high refractive index 

cellular vesicles or similar organelles nearby the cellular membrane may also contribute 

to the PSM signals[14]. The PSM images of cells may look a little different from other 

kinds of high spatial resolution SPRM[10a-e], interference reflection microscopy[15], and 

electrochemiluminescence microscopy[16], which should be because the adhesion schemes 

differ with cell lines and surface modifications[17]. Overall, the experimental results still 

show that the PSM can provide more detailed information than classical SPRM about the 

cell-substrate contacts.
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The PSM does not employ any scanning schemes, thus maintaining the real-time imaging 

capability of classical SPRM. Measurement SNR is important for evaluating the system 

sensitivity, and is usually linearly related to the imaging objective NA[11b]. The objective 

for the large view PSM has ~5 times smaller NA than classical SPRM, where the oil 

immersion objective with 1.49 NA was employed. However, the PSM does not collect the 

strong reflection, thus allowing high incident intensity[11a]. Here the PSM employs the 

incident intensity of ~3 W/cm2, which is ~30 times higher than classical SPRM[18], and ~5 

times SNR enhancement based on the shot noise estimation[19]. As a result, the PSM can 

provide similar SNR to the classical SPRM even with a low NA objective. As a proof of 

concept, the 100 nm nanoparticles are measured by PSM, and the SNR is determined to be 

~60 (Fig. S5), which is close to the SPRM measurement results[20]. These results indicate 

that the PSM maintains the high sensitivity and real-time monitoring capability of SPRM, 

making it possible to analyze the binding kinetics with an improved field of view and spatial 

resolution.

Two components during the molecule binding process determine the PSM sensor output. 

The first component is the additional plasmonic wave scattered by the binding molecules, 

which obviously has a positive image contrast[11a]. The second component is the scattering 

intensity variation caused by the changing local surface plasmonic waves because the 

molecular binding can change the resonance conditions of SPR[21]. According to the 

multiple reflectance theory, this component may have a negative image contrast at an 

incident angle lower than the resonance angle, zero image contrast at the resonance 

angle, or positive image contrast at an incident angle higher than the resonance angle 

(Fig. S6). To find the best working incident angle, the binding of wheat-germ agglutinin 

(WGA; Molecular weight, 35 kDa) to N-acetylglucosamine (GlcNAc) in fixed HeLa cells 

is measured by PSM at different incident angles (Fig. 2). The bright field image and 

PSM images at different incident angles are shown in Fig. 2A-D, showing that the surface 

roughness of bare gold has smaller background scattering at a high incident angle due to 

the different resonance conditions between bare gold and cell adhesion regions (Fig. 2E). In 

addition, the real-time monitoring shows that the PSM image intensity variation is negative 

at the low angle, and positive at the high angle (Fig. 2F). The PSM image intensity response 

is not zero but positive at the resonance angle due to the additional plasmonic wave scattered 

by the binding molecules. Thus, the PSM should have a better measurement sensitivity at a 

high incident angle, where the sensor responses are positive from both components, while 

the background from scattering by surface roughness is small. The incident angle used in 

Fig. 2D is fixed for the following experiments.

Membrane protein binding kinetics in fixed cells

Figure 3 shows the kinetics analysis of WGA binding to GlcNAc in fixed A431, HeLa, and 

RBL-2H3 cells, where the fixation is employed to minimize the cell micromotions, since 

cell micromotions introduce a background noise[8]. The bright field and PSM images of 

fixed A431, HeLa and RBL-2H3 cells are shown in Fig. 3A, 3D, and 3G, respectively. First, 

PBS buffer was injected into the channel to flow over the cells with a flow rate of 200 

μL/min for 30 s to obtain a baseline. Then, 25 μg/mL WGA in PBS buffer was introduced 

for 350 s to allow the association of WGA with the GlcNAc on the cells. Finally, the flow 
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was switched back to PBS buffer for another 300 s to allow the WGA dissociation from the 

cells. The cells within the field of view show increasing image intensity during the WGA 

binding process (A431 as an example in Movie S1). The dynamic process and differential 

image show that the cell response to WGA binding is also basically positive at the single 

adhesion site level (Fig. 3B, 3E, and 3H; Movie S2-4). Plotting the image intensity of the 

cells within the marked regions in Fig. 3A, 3D and 3G, the binding curves can be achieved 

as shown in Fig. 3C, 3F and 3I. Some fluctuations in these curves still exist, which may be 

due to the cellular Brownian motions[22]. Averaging the image intensity over all the cells 

within the field of view can achieve much smoother binding curves than the single cell 

traces. By fitting the binding curves with a first-order binding kinetics model, the association 

rate constant (kon), dissociation rate constant (koff), and dissociation constant (KD) were 

found to be (2.6 ± 0.01) × 104 M−1s−1, (7.0 ± 0.03) × 10−4 s−1, and 27 ± 0.1 nM for 

fixed A431 cells, (9.5 ± 0.03) × 103 M−1s−1, (4.2 ± 0.01) × 10−4 s−1, and 44 ± 0.1 nM for 

fixed HeLa cells, and (2.3 ± 0.01) × 104 M−1s−1, (7.1 ± 0.04) × 10−4 s−1, and 31 ± 0.2 

nM for fixed RBL-2H3 cells, respectively. The binding kinetics slightly differ among the 

cell lines, which can also be seen from the measurement of cell response to WGA solution 

with different concentrations (Fig. S7)[23]. This may be because the GlcNAc conditions and 

contents differ with cell lines.

Membrane protein binding kinetics in live cells

The fixation processing may change the membrane protein conditions, leading to different 

binding kinetics from the living conditions. Thus, determining the membrane protein 

binding kinetics in live cells is desirable in biochemical applications. However, the large 

micromotions of live cells due to metabolic activities usually result in large background 

noise, making it challenging to conduct binding kinetics analysis in live cells with 

high SNR. Given that the micromotions are random under normal conditions, the signal 

fluctuations caused by them may be reduced by averaging multiple cells. The bright field 

and PSM images of live A431, HeLa, and RBL-2H3 cells are shown in Fig. 4A, 4D, and 4G, 

respectively. First, a live cell imaging solution was injected into the channel to flow over the 

cells with a flow rate of 200 μL/min for 30 s to obtain a baseline. Then, 25 μg/mL WGA 

in live cell imaging solution was introduced for 350 s to allow the association of WGA 

with the GlcNAc on the cells. Finally, the flow was switched back to the live cell imaging 

solution for another 300 s to allow the WGA dissociation from the cells. During the binding 

process, the cells within the field of view show increasing image intensity, which is more 

prominent than fixed cells (A431 as an example in Movie S1). However, the live cells have 

large micromotions, which can be seen from the dynamic processes and differential images 

of the single cells (Fig. 4B, 4E, and 4H; Movie S2-4). As a result, large fluctuations can be 

found in the binding curves of single cells for some cell lines, such as A431 and RBL-2H3 

(Fig. 4C and 4I), making fitting hard. Fortunately, averaging the image intensity over all the 

cells within the field of view can alleviate the cell micromotion effects for a smooth binding 

curve. By fitting the binding curves with a first-order binding kinetics model, the kon, koff, 

and KD were found to be (3.1 ± 0.02) × 104 M−1s−1, (6.6 ± 0.04) × 10−4 s−1, and 21 ± 

0.1 nM for live A431 cells, (3.3 ± 0.01) × 103 M−1s−1, (4.5 ± 0.03) × 10−4 s−1, and 13.6 

± 0.05 nM for live HeLa cells, and (4.1 ± 0.03) × 104 M−1s−1, (4.7 ± 0.3)× 10−5 s−1, and 

1.1 ± 0.01 nM for live RBL-2H3 cells, respectively. Table 1 shows that the binding kinetics 
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differ between the fixed and live cells, which may be because the fixation process altered the 

membrane protein conditions, leading to different binding kinetics.

The live cells also show more complicated behaviors than fixed cells in the WGA binding 

processes. In addition to the random micromotions, the live cells also present an increase 

in adhesion areas and the creation of new adhesion sites (Movie S2-4), which may lead to 

the intensity variations in living cells being more prominent than in fixed cells (Fig. 3 and 

4). To estimate the variation of adhesion areas, we approximate the shape of the adhesion 

area as an ellipse, where the lengths of major and minor axes are estimated by calculating 

the distance between the adhesion sites in two orthogonal directions. Real time tracking 

shows that the cell adhesion area increase during the WGA binding processes (Fig. 5), 

agreeing with the measurement results of membrane deformation tracking methods, which 

show that the cells will expand after the molecular ligand binding[8]. These results indicate 

that the PSM can resolve the membrane deformation with a high spatial resolution, which 

is difficult for classical SPRM. Furthermore, considering that the cell expansion may push 

more membrane contents into the surface plasmon field, resulting in a larger scattering 

intensity, it is possible to employ the PSM image intensity to quantify the cell deformation 

caused by small molecular binding.

Antibody and small molecule binding to membrane proteins

We first demonstrated the PSM capability for specific binding kinetics analysis by 

measuring the antibody binding to epidermal growth factor receptor (EGFR). The bright 

field and PSM images of live HeLa cells are shown in Fig. 6A. Following a similar 

procedure to that described above for the WGA binding, we can achieve a smooth binding 

curve after averaging the image intensity over all the cells within the field of view (Fig. 

6B). By fitting the binding curves with a first-order binding kinetics model, the kon, koff, 

and KD were found to be 7.4 × 104 M−1s−1, 1.2 × 10−4 s−1, and 1.6 nM, respectively. These 

results agree with the measurement by membrane deformation tracking approaches[8b]. The 

response of RBL-2H3 cells from rats to the anti-human EGFR is employed as a negative 

control. The bright field and PSM images of live RBL-2H3 cells are shown in Fig. 6C. 

Averaging the image intensity over all the cells within the field of view shows that the 

RBL-2H3 cells have no response to the anti-human EGFR (Fig. 6D), demonstrating that the 

PSM allows the specific binding kinetics analysis.

To demonstrate the small molecule binding detection capability of PSM, we studied the 

binding of acetylcholine (182 Da) to nicotinic acetylcholine receptors (nAChRs) using 

engineered SH-EP1 cells expressing human α4β2 receptors. nAChRs play a critical role in 

neurotransmission and nicotine addiction[24]. The bright field and PSM images of SH-EP1 

α4β2 cells are shown in Fig. 6E. Following a similar procedure to that described above 

for the WGA binding, we can achieve a smooth binding curve after averaging the image 

intensity over all the cells within the field of view (Fig. 6F). By fitting the binding curves 

with a first-order binding kinetics model, the kon, koff, and KD were found to be 4.9 × 104 

M−1s−1, 9.9 × 10−4 s−1, and 20 nM, respectively. The KD value falls within the range from 

16 to 69 nM achieved by membrane deformation approaches[8]. The response of wild type 

(WT) SH-EP1 cells to acetylcholine is employed as a negative control. The bright field 
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and PSM images of live SH-EP1 WT cells are shown in Fig. 6G. Averaging the image 

intensity over all the cells within the field of view shows that the SH-EP1 WT cells have 

no response to the acetylcholine (Fig. 6D), demonstrating that the PSM allows the small 

molecule binding kinetics analysis.

Mapping of cell adhesion spring constants

The spring model has been theoretically proposed to quantify the mechanical stability of 

molecule junctions, and experimentally demonstrated by recent single-molecule imaging 

studies, where the spring constant was employed as the sensor output[22a, 25]. Cell-substrate 

contacts can be considered as a batch of molecular junctions, and thus the spring model 

was predicted to be suitable for quantitatively describing the cell adhesion mechanism a 

decade ago[12]. Recently it has been demonstrated that the SPRM can quantify the spring 

constants of bacteria-substrate contacts for antimicrobial interface screening by statistically 

analyzing the object motions in the axial direction, which can be achieved by tracking 

the SPR intensity fluctuations [26]. However, it is still challenging to use traditional SPR 

systems such as SPRM to study the eukaryotic cell-substrate contacts because the SPR 

signals from densely distributed adhesion sites could interfere with each other. The PSM 

system can provide high spatial resolution images without the interference from delocalized 

plasmonic waves, thus allowing the statistical analysis at each pixel to map the cell 

adhesion spring constants for quantitative description of the cell adhesion properties. For 

experimental demonstration, the typical cell fixing process with 4% paraformaldehyde 

(PFA) was studied with PSM imaging. We firstly flowed the live cell imaging solution 

over cells for about 2 minutes, and then switched the solution to the 4% PFA in PBS buffer 

for fixing the cells. The bright field and PSM images of cells in living and fixed conditions 

look similar (Fig. S8), but the cell thermal motions are different (Fig. S9). After tracking 

and analyzing the object motion amplitudes in the axial direction with thermodynamic 

approaches [11d, 22a, 25c], the spring constant at each spot can be achieved. Fig. 7A, 7D, and 

7G show the bright field images and spring constant maps of A431, HeLa, and RBL-2H3 

cells, which clearly show that the spring constants are larger in living than fixed conditions. 

This is expected because the spring constant reflects the restoring force of molecular 

adhesion bonds, and the restoring force should be lower in living conditions, where the cells 

are far away from the thermal equilibrium state and their conditions are easier to change. 

The dynamic process can show the cell adhesion spring constant variations during the fixing 

process more clearly (Movie S5). Fig. 7B, 7E, and 7H show the single-pixel spring constant 

distribution in one map in living and fixed conditions, respectively. After fitting, we can 

achieve the mean spring constant of each image. Plotting of the mean spring constant over 

time in Fig. 7C, 7F, and 7I shows that the cell adhesion spring constant variations differ with 

cell lines, which should be because the adhesion mechanics differ with cell lines and surface 

modifications [10b].

Conclusion

Determining the kinetics of molecule binding to membrane proteins is critical for studying 

the cell functions and new drugs, which has motivated many efforts to develop label-

free detection approaches for real-time binding kinetics analysis. SPR is the mainstream 
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technology for binding kinetics analysis owing to its high surface sensitivity, and SPRM has 

advanced this field by providing the binding kinetics analysis in single cells[7c]. However, 

SPRM has poor spatial resolution due to the delocalized surface plasmonic waves. The cell 

adhesion sites are close to each other, and the surface plasmonic waves scattered by them 

can interfere with each other, leading to a complicated pattern. This pattern can misguide the 

users to achieve a wrong thought that the cells adhere to the sensor surface in a flat-lying 

geometry.

PSM improves the SPR imaging spatial resolution to a diffraction-limited level, thus 

avoiding this misunderstanding and allowing the detailed observation of cellular membrane 

response to molecule binding. In addition, PSM can provide a large field of view while 

maintaining the real-time monitoring capability and high SNR of SPRM. Thus, the signal 

fluctuations from large micromotions can be averaged out by considering the signals from 

multiple cells, making it possible to analyze the kinetics of proteins and small molecules 

binding to the membrane proteins in live cells by simply tracking the image intensity 

variations.

PSM not only improves the spatial resolution of SPR imaging, but also retains the real-time 

monitoring capability and high measurement sensitivity. This makes it possible to map the 

cell adhesion spring constants, providing one approach to experimentally demonstrate the 

cell adhesion spring models for quantifying the cell adhesion mechanical properties. In 

addition, the PSM shows that the far-field scattering of evanescent waves, one kind of signal 

usually neglected by traditional sensors, can be employed to provide better measurement 

performance than reflection light monitoring channels. This may pave a road to using the 

low-cost detection schemes, which are usually considered to have insufficient sensitivity, 

for in situ analysis of cell-substrate contacts and membrane protein binding kinetics. For 

example, the total internal reflection scheme with conventional cover glasses can also be 

used in the PSM system for analyzing the cell properties (Fig. S10).

In this paper, we demonstrated that the PSM could achieve 70 times larger field of view, 

7 times higher spatial resolution, and similar SNR compared with classical SPRM, and the 

setup is constructed with commercially available components. The PSM spatial resolution 

is limited by diffraction rather than the surface plasmon propagation properties, and thus it 

can be improved by employing a high NA objective[11b, 11d]. The field of view of PSM is 

limited by the illumination area, the field of view of the objective, and the camera sensor 

size. Thus it may be improved by employing customer-built large prisms and a flat–curved–

flat imaging strategy[27]. In addition, the PSM does not collect the strong reflection, thus 

allowing the incident intensity up to 3 kW/cm2, which is ~1000 times higher than the 

incident intensity used here[11a]. These indicate that there are still rooms for the users to 

improve the PSM performance based on the specific application, such as high throughput 

imaging, spatially resolved monitoring, and high SNR detection of small molecule binding. 

In addition, the PSM can be constructed by upgrading a common SPR imaging system, 

which has been widely used in laboratories and commercial products. Also, the 10x dry 

objective (~100 to 1k USD) used here is much cheaper than SPRM’s oil immersion 

objective (~ 10k USD). Thus, this approach may pave an easy-to-build and economical road 
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for developing the SPR, a traditional and widely used technology, into the next generation to 

better serve the biochemical community and pharmaceutical industry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Comparison of SPRM with PSM imaging of fixed cells. (A) Simplified sketch of the optical 

setup for SPRM, and SPRM image of one 100 nm polystyrene nanoparticle (PSNP). (B, 

C and D). Bright field and SPRM images of fixed A431, HeLa, and RBL-2H3 cells. (E) 

Simplified sketch of the optical setup for PSM, and PSM image of one 100 nm PSNP. (F, G 

and H). Bright field and PSM images of fixed A431, HeLa, and RBL-2H3 cells.
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Figure 2. 
PSM imaging of fixed HeLa cells at different incident angles. (A) Bright field image of fixed 

HeLa cells. (B-D) PSM image of fixed HeLa cell at the incident angle lower than resonance 

angle (B), the resonance angle (C), and the incident angle higher than resonance angle (D). 

(E) Normalized PSM image intensity variation against the incident angle in cell adhesion 

area and bare gold surface. The incident angles used for (B-D) were marked in the figure. 

(F) PSM image intensity variations during the process of changing PBS buffer to 25 μg/mL 

WGA solution at a high angle, during the process of changing 25 μg/mL to 50 μg/mL WGA 

solution at a resonance angle, and during the process of changing 50 μg/mL to 100 μg/mL 

WGA solution at a low angle.
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Figure 3. 
PSM measurement of WGA binding to membrane in fixed cells. (A, D, and G) Bright field 

and PSM image of fixed A431 (A), HeLa (D), and RBL-2H3 (G) cells. (B, E, and H) 

Zoomed views of marked region in (A, D, and G) at 0 s and 200 s after changing the flow 

to 25 μg/mL WGA solution, and the differential image. (C, F, and I) The image intensity 

variation against time from the cells in the marked zone and by averaging the signal of all 

cells within the field of view shown in (A, D, and G). The fitted line is achieved by fitting 

the curve with a first-order binding kinetics model.
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Figure 4. 
PSM measurement of WGA binding to membrane in live cells. (A, D, and G) Bright field 

and PSM image of live A431 (A), HeLa (D), and RBL-2H3 (G) cells. (B, E, and H) Zoomed 

views of marked region in (A, D, and G) at 0 s and 200 s after changing the flow to 25 

μg/mL WGA solution, and the differential image. (C, F, and I) The image intensity variation 

against time from the cells in the marked zone and by averaging the signal of all cells within 

the field of view shown in (A, D, and G). The fitted line is achieved by fitting the curve with 

a first-order binding kinetics model.
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Figure 5. 
Cell adhesion area variation during the WGA binding process. PSM images of single live 

A431 cells (A), HeLa cells (B), and RBL-2H3 cells (C) at 0 s and 200 s after changing 

the flow to 25 μg/mL WGA solution. The green dashed ellipse indicates the ellipse for 

estimating the cell adhesion area. The cell adhesion area variations against the time are 

also presented. The green line indicates the mean cell adhesion area before WGA binding, 

and the pink line indicates the mean cell adhesion area after WGA binding. The dynamic 

processes can be found in Movies S2-4.
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Figure 6. 
PSM measurement of antibody and small molecule binding kinetics on live cells. (A) Bright 

field and PSM images of live HeLa cells. (B), The image intensity variation against time 

by averaging the signals of all cells within the field of view shown in (A) during the 

anti-EGFR binding process. The fitted line is achieved by fitting the curve with a first-order 

binding kinetics model. (C) Bright field and PSM images of live RBL-2H3 Cells. (D), The 

image intensity variation against time by averaging the signal of all cells within the field of 

view shown in (C) during exposure to anti-EGFR as the negative control. (E) Bright field 

and PSM images of live SH-EP1 α4β2 Cells. (F), The image intensity variation against 

time by averaging the signals of all cells within the field of view shown in (E) during 

the acetylcholine binding process. The fitted line is achieved by fitting the curve with a 

first-order binding kinetics model. (G) Bright field and PSM images of live SH-EP1 WT 

Cells. (H), The image intensity variation against time by averaging the signal of all cells 

within the field of view shown in (G) during exposure to acetylcholine as the negative 

control.
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Figure 7. 
PSM mapping of cell adhesion spring constants. (A), (D), and (G), Bright field images 

and spring constant maps of A431 (A), HeLa (D), and RBL-2H3 (G) cells. (B), (E), and 

(H), Single-pixel spring constant distribution in one map for A431 (B), HeLa (E), and 

RBL-2H3 (H) cells in living and fixed conditions. The distributions are fitted using Gaussian 

or Lognormal functions. (C), (F), and (I), Plotting of the mean spring constant over time 

for A431 (C), HeLa (F), and RBL-2H3 (I) cells during the fixing process. The dynamic 

processes can be found in Movies S5.
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Table 1.

Association rate constants (kon), dissociation rate constants (koff), and equilibrium constants (KD) for WGA 

binding to GlcNAc in the fixed and live cells.

WGA binding to kon (M−1s−1) koff (s−1) KD (nM)

Fixed A431 (2.6 ± 0.01) × 104 (7.0 ± 0.03) × 10−4 27 ± 0.1

Live A431 (3.1 ± 0.02) × 104 (6.6 ± 0.04) × 10−4 21 ± 0.1

Fixed HeLa (9.5 ± 0.03) × 103 (4.2 ± 0.01) × 10−4 44 ± 0.1

Live HeLa (3.3 ± 0.01) × 103 (4.5 ± 0.03) × 10−4 13.6 ± 0.05

Fixed RBL-2H3 (2.3 ± 0.01) × 104 (7.1 ± 0.04) × 10−4 31 ± 0.2

Live RBL-2H3 (4.1 ± 0.03) × 104 (4.7 ± 0.3) × 10−5 1.1 ± 0.01
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