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Spatial light modulation for interferometric

scattering microscopy

Vivien Walter1, Christopher Parperis1, Yujie Guo1, and Mark Ian Wallace1,

1Department of Chemistry, King’s College London, Britannia House, 7 Trinity Street, London, UK

Interferometric scattering (iSCAT) microscopy enables high-1

speed and label-free detection of individual molecules and small2

nanoparticles. Here we apply point spread function engineering3

to provide adaptive control of iSCAT images using spatial light4

modulation. With this approach we demonstrate improved dy-5

namic spatial filtering, real-time background subtraction, focus6

control, and signal modulation based on sample orientation.7

Interferometric Scattering Microscopy | Spatial Light Modulation | PSF Engi-8

neering9
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Introduction11

Interferometric scattering microscopy (iSCAT) is a sensitive12

label-free optical technique for imaging nanoscopic objects,13

including individual biomolecules (1–3). Notably it is a14

promising method with which to tackle some of the limi-15

tations of single-molecule fluorescence (SMF) microscopy.16

SMF methods have undoubtedly revolutionised our under-17

standing of biology (4), and while advances in spatial and18

temporal resolution continue apace (5–7), the use of fluores-19

cence as an image contrast mechanism presents some inher-20

ent experimental restrictions. For example, fluorescent la-21

belling can alter biomolecule properties (8, 9), photobleach-22

ing prevents imaging for extended periods of time (10), and23

optical saturation provides a hard limit to the sampling rate24

at which a fluorescence process can be imaged (11). iS-25

CAT circumvents the need for fluorescence labelling, relying26

instead on the interference between a local reference light27

field and the elastic scattering from an individual object (11).28

Although typically weaker, this signal is not subject to the29

same limitations and is dependent on wavelength, particle30

and medium permittivity, and volume.31

Although in a shot-noise-limited measurement the SNR is in-32

dependent of the contrast, small particle volumes understand-33

ably produce weak signals, and so image filtering is desirable34

to improve detection of small nanoparticles or single protein35

molecules. For example, control of the relative magnitude of36

scattered and reference signals has been reported as a mecha-37

nism to enhance the overall sensitivity of interferometric mi-38

croscopy: Image contrast has been boosted by use of a half-39

silvered mirror to selectively reduce background signal in the40

output light path (12), and spatial filtering has been exploited,41

both by use of diaphragms (13) and partially-reflective metal-42

lic masks (14) to selectively attenuate spatial frequencies in43

the image, and hence control the overall detected contrast. A44

limitation to date is the fixed nature of the signal modulation45

these methods provide, with filtering engineered specifically46

for a given experiment. Spatial light modulators (SLMs) are47

a well established technology to provide dynamic, real-time48

control of the light field; widely applicable in microscopy49

(15). For example SLM-based adaptive optics can be used for50

aberration correction (16–19), and to achieve sub-diffraction-51

limited information; either by generating structured illumi-52

nation fields (20, 21) or by re-engineering the point spread53

function (22). Similarly SLMs can be used as holographic54

lenses, to select focal planes and provide depth information55

(23–27).56

Here we incorporate SLM control of the light field present in57

a reciprocal image plane for iSCAT microscopy. Specifically,58

we sought to quantify the potential of this method to provide59

adaptable, real-time control of contrast enhancement, focus,60

background subtraction and polarisation.61
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Fig. 1. (A) Simplified illustration of the iSCAT optical setup including the spa-
tial light modulator (SLM) in the light path. Blue disks represent the main fo-
cussing/collimating lenses, while grey disks represent quarter wave plates. (B) A
selection of different filter types that the SLM can project into frequency space. Top
row: illustrations of filters as they are displayed on the SLM. Botton row: iSCAT
response to each filter for samples of AuNPs (40 nm). Scale bars 4 µm.

Results62

Instrument construction. A simplified illustration of the63

optical setup is shown in Fig.1A. Briefly: A a single-mode64
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diode laser (640 nm, iBeam smart PT, Toptica, Munich65

GE), was directed into a microscope objective (Plan Apo66

100◊/1.40 Oil Œ/0.17 WD 0.13 DIC N2, Nikon) using a po-67

larising beam splitter (PBS) and quarter-wave plate to isolate68

back scattering from the image and provide epi-illumination69

of the sample. A second PBS and quarter-wave plate was70

then used to project a conjugate back-focal plane onto a re-71

flective SLM (920 ◊ 1152 pixel, Meadowlark Optics, Fred-72

erick, CO, USA). Finally output from the SLM is returned73

through the second PBS and quarter wave plate to produce a74

focused image on a CMOS camera (MV1-D1024E-160-CL,75

Photonfocus, Lachen CH). XYZ position of the sample was76

controlled using a piezoelectric stage (P-545-3R8S, Physik77

Instrumente, Karlsruhe, GE). Other optomechanical compo-78

nents were purchased from Thorlabs (Newton, NJ, USA) or79

custom designed and fabricated.80

The use of a SLM enables selective retardation of the opti-81

cal wavefront at particular x,y positions, corresponding to82

each pixel of the device. When placed at a conjugate back83

focal plane, the SLM acts to induce a phase delay in unde-84

sired spatial frequencies, which are subsequently occluded85

by use of a quarter-wave plate and PBS. Patterns displayed86

on the SLM are filters which can be classified depending on87

the effect they have on the propagating wavefront. Fig.1B il-88

lustrates a range of potential applications for wavefront con-89

trol. Filters include, but are not limited to, high-, low- and90

band-pass filters, which selectively suppress ranges of spatial91

frequencies above or below a predetermined threshold (28);92

fork filters, which may control the optical angular momen-93

tum of optical vortices (29); and diffraction gratings, which94

can induce a lateral shift to duplicate an image (30).95

With our instrument established, we sought to quantify the96

effects of three specific filter types of interest in iSCAT mi-97

croscopy: (1) background-reduction via high-pass filtering;98

(2) focus-control via Fresnel filters; and (3) orientation deter-99

mination via directional filtering.100

Contrast optimisation. Interference contrast can be opti-101

mised by controlling the relative magnitude of reference102

(background) intensity to that from a scattering object of in-103

terest (12). High-pass filtering is a simple spatial filter that re-104

moves a significant portion of the background intensity, along105

with typically unwanted low-frequency information while re-106

taining the high-frequency signal of interest. By controlling107

the frequencies cut by the filter, the effective contrast can be108

controlled.109

A sample of 5 nm gold particles was imaged on our iSCAT110

microscope. Different high-pass filters, consisting of black111

circles of varying diameter, were projected by the SLM and112

the subsequent images were recorded. Examples are shown113

in Fig.2A. The pixel diameters of each filter are reported as114

the corresponding occluded spatial frequencies.115

Fig. 2 shows the measured dependence of in nanoparticle116

contrast with SLM high-pass filter frequency. These data117

were collected from ≥100 nanoparticles over 3 samples.118

Nanoparticles were segmented using the TrackPy python119

module (31) with minimal intervention - simply analysing120

top 64% of pixel intensities following noise and background121

B C

Fig. 2. (A) Effect of high-pass filtering on a sample of 5 nm AuNPs. Illustration of
the corresponding filters are shown on the top row. Scale bars 3 µm. (B) Evolu-
tion of interference contrast with spatial frequency measured for two sizes of AuNP:
5 (blue) and 40 (red) nm. Markers represent the average contrast while the ar-
eas represent the respective 95% confidence interval. (C) Contrast enhancement
factors for various AuNP sizes at the experimentally determined optimal high-pass
frequency cutoff of 997 m≠1.

pre-processing. Here, contrast was determined by the divi-122

sion of the raw image by the background image following123

lateral displacement and median averaging (32). Removing124

spatial frequencies below 997 ± 55 m≠1 provided the great-125

est increase in contrast (Fig.2B). The same optimal effective126

frequency cutoff was found for all AuNP samples (5, 10, 20,127

& 40 nm) using the same protocol (Fig.2C), providing a mean128

increase in contrast by a factor of 7 ± 4. The independence129

of optimal high-pass cutoff frequency and AuNP size is ex-130

pected; as all particles are significantly below the diffraction131

limit, only the absolute contrast changes with nanoparticle132

size. Correspondingly, the factor by which each filter in-133

creases contrast is observed to be independent of object size.134

The variation of contrast with filter frequency is not a smooth135

function; we interpret the local variations in contrast with136

spatial frequency as due to the digital nature of the SLM spa-137

tial response across pixels.138

To picture the effects of this spatial filter, consider the optimal139

cutoff frequency expressed as a spatial period - any feature of140

the image larger than 0.67 ± 0.04 µm will be filtered from the141

image. This optimal spatial extent is, unsurprisingly, similar142

to the width of the point spread function of our imaging sys-143

tem (‡ ¥ 0.61±0.04 µm, Fig.S1).144

Focus control. Encoding Fresnel patterns on the SLM con-145

verts the device into a diffraction-based lens, enabling the146

SLM to rapidly select the focal plane which forms an image147

on the CMOS detector. Thus for a fixed distance between148

the objective and the sample, modification of Fresnel pattern149

properties in turn modifies the position of the object plane,150

emulating axial movement of the objective lens relative to the151

sample. A representative example of use of the SLM for fo-152

cus adjustment is presented in Fig.3A. 40 nm AuNPs bound153
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Fig. 3. (A) Sample of 40 nm AuNPs, first brought into focus (left) and then drifted out
of focus by 300 nm (center) using the microscope stage. The particles are brought
back into focus (right) using a Fresnel pattern and no movement of the stage. (B)
Evolution of image contrast for 40 nm gold particles using different Fresnel patterns
at fixed stage position (red) or different stage positions with no Fresnel pattern ap-
plied (blue). Markers represent the average contrast while the areas represent the
respective CI 95 of the markers determined for 40 nanoparticles. (C) Unprocessed
images of a AuNP sample entirely defocused upon projection of a the Fresnel pat-
tern. (D) Result of subtracting the defocused image from the in-focus image. We
propose this strategy as a method for real-time background correction, equally ef-
fective for imaging either diffusing or static objects.

to a microscope coverslip were brought into focus using the154

piezoelectric stage. Subsequently, a 300 nm translation of155

the piezoelectric stage defocused the sample. A Fresnel zone156

plate was then created on the SLM to restore focus.157

A Fresnel pattern is defined by its radius, Rf , and power,158

pf (see equation (1) and (2) Supplementary Information)159

with focus control determined by changes in these parame-160

ters (33). While Rf is an integer due to the discrete pixel-161

lated nature of the SLM, pf is a real number than can take162

any value. To quantify the focus control in our system, the163

evolution of image contrast for 40 nm AuNP was plotted as a164

function of pf . We compared these data with the evolution of165

image contrast as a function of z axis movement caused by a166

direct translation of the sample using the piezoelectric stage167

(Fig.3B). Specific SLM patterns are depicted in Fig.S2&3 of168

the Supplementary Information. As our SLM is an 8-bit dig-169

ital device, ultimately we are limited to step changes in pf170

of 1/256, hence ”pf ¥ 0.004 (see equation (1) and (2) of the171

Supplementary Information). With reference to the calibra-172

tion curve in Fig.3A, this corresponds to a theoretical change173

in the focal plane position ”z = 0.45 nm. For comparison,174

our piezoelectric control of z has a precision of ”z = 100175

nm. Focus control using the SLM has another benefit be-176

sides this improved precision; no mechanical part is required177

to move. Fast focus control is possible - limited by the refresh178

rate of the SLM display (30 Hz in our current setup, but other179

commercially available SLMs can achieve rates above 500180

Hz), rather than relying on piezo-control of focussing (here,181

¥ 2.5Hz).182

Background correction. In addition to direct focus con-183

trol, we also considered the use of Fresnel patterns for fast184

on-the-fly background correction for iSCAT. Detection in iS-185

CAT is often challenging due to the small fractional contrast186

associated with the interferometric scattering, and thus can187

be lost in background noise (typically Æ 1%). To some ex-188

tent this problem is alleviated by post-processing, typically189

by median image division. However this is difficult to im-190

plement during image acquisition as: (i) it requires many191

images to be averaged (> 100), (ii) computing the median192

image for subsequent stack division is time consuming and193

negatively impacts frame rate, (iii) background correction by194

median division removes static objects that may be of inter-195

est from the image. Post-processing Gaussian blurring has196

previously been used to provide a simple, means of back-197

ground correction (34). Here we exploit the fast defocusing198

provided by Fresnel zone plates to provide background cor-199

rection which is unencumbered by these typical drawbacks.200

Background correction by SLM fast defocusing does how-201

ever represent a trade-off and slower methods of excluding202

background by sample spatial or temporal displacement typ-203

ically provide more efficient correction.204

We again, examined 40 nm AuNPs using the same particle205

detection conditions and preparation methods as used in 2.206

A focused iSCAT image was collected and then a Fresnel207

pattern was applied to completely defocus the image, such208

that objects are no longer discernible while the pattern is dis-209

played. Background correction is then simply achieved by210

processing in which the Fresnel pattern is consecutively ap-211

plied and removed at a frequency equal to the frame rate of212

image acquisition of the camera detector. Alternating images,213

in and out of focus, are recorded by the camera, and the live214

focused image is continuously divided by the defocused im-215

age. An example of the corrected image this process would216

produce is given in Figure 3(C)). Since only two frames are217

required for this live background correction, we achieve a fi-218

nal frame rate of 30 Hz. Faster rates than this would be easily219

accessible with other pairings of CMOS detectors and SLM220

displays.221

Orientation detection. In addition to directionless band-222

pass filters, the SLM can be used to manipulate the Fourier223

space in an optical setup to select only a specific direction of224

the spatial frequency and cut all the other directions. Effec-225

tively, this results in an interference contrast reduction in the226

image in real space for all objects which have an orientation227

different to the one selected in the filter.228

Gold nanorods (AuNR) (length 40 nm, diameter 25 nm), cho-229

sen for their strong directional scattering due to their symme-230

try, were spin-coated on a glass coverslip and imaged with the231

iSCAT. Because of their diffraction-limited size, the AuNR232

appear similar to spherical nanoparticles (Fig.4A) and it is233

not possible to tell their orientation directly from the image.234

A directional filter, consisting of a band of predetermined an-235

gle and thickness centred on the SLM display, was projected236

at varying angles. The image response to SLM band rotation237

is show in Fig.4B. The contrast of individual objects changed238

when the filter was rotated, eventually leading to individual239

particles completely disappearing from the image for certain240

orientations of the filter. Modulation of particle contrast upon241

filter rotation was not observed for spherical particles (Fig.242
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S4).243

Fig. 4. (A) Effect of linear filters set at different angles on visualizing a sample of
AuNR. Illustration of the corresponding filters are shown on the top row. The yellow
axes show the measured orientation of the corresponding objects. Scale bar is
2 µm. (B) Evolution of the contrast of gold AuNR with the filter angle ◊ projected
on the SLM. Each marker is a single data point, markers correspond to different
AuNRs, area is the standard deviation CI, and the blue line is the sine fit of the
individual points.

Measurement of contrast evolution for the AuNR was exe-244

cuted by rotating the SLM-projected band at intervals of 5¶
245

between -90¶ and +90¶. A total rotation of 180¶ was se-246

lected because we assumed the AuNR would behave with ro-247

tational symmetry of order 2 so all possible rotations can be248

described between 0¶ and 180¶. These data show diffraction249

limit particles, whose individual contast varies with the rota-250

tion of the SLM filter. Different AuNR reaching maxima at251

different rotations, corresponding to their (random) orienta-252

tion on the surface. The angular dependence of contrast for253

individual AuNR, randomly orientated particles were com-254

bined by aligning signal maxima - effectively ’phase-shifted’255

all signals to match one another, then merged for an ensemble256

evolution of the signal and its period. Results are shown in257

Figure 4. The angular dependence of the relative contrast of258

the particles evolve in a sine wave shape with the orientation259

of the filter. A fit of the raw data of relative contrast using260

a simple sine function returns a period close to 90¶. AuNR261

have 2 main axes of line symmetry, perpendicular to each262

other, which would be expected to correspond to 90 degree263

rotations of the directional filter. Our observations are con-264

sistent with signals modulating between these two contrast265

maxima every ≥ 90¶, with an intermediate minima at ≥ 45¶
266

to both axes.267

Conclusions268

In these experiments we have sought to evaluate the usefull-269

ness of PSF engineering for iSCAT microscopy. The direct270

dynamic access to the frequency domain of an image pro-271

vided by SLMs offer many possibilities for interference con-272

trast enhancement, background removal, and access to ad-273

ditional information, such as sub-diffraction limited particle274

orientation. The use of iSCAT SLM provides speed, preci-275

sion, and versatile filtering without macroscopic perturbation276

of the optical system. Here, our use of high-pass filtering277

showed a size-independent optimal frequency as we chose to278

maintain sample consistency across the use of different fil-279

ters. For non-diffraction limited objects, however, we ex-280

pect dynamic control of spatial frequency cutoff would be-281

come increasingly important. We used linear filters to de-282

termine the orientation of diffraction limited AuNR, how-283

ever the temporal modulation in intensity provided by this284

approach might also provide a future route to optical hetero-285

dyne detection of iSCAT signals.286

Beyond the applications covered in this work, we foresee287

numerous possibilities for implementations relevant to inter-288

ferometric microscopy, exploiting the large diversity of PSF289

engineering available: For instance, a displayed diffraction290

grating pattern can produce image duplicates to process fea-291

tures in parallel (35); A VanderLugt correlator might be ap-292

plied to detect specific features in the sample (36); Label-free293

3D particle tracking is also becoming an area of interest in iS-294

CAT research (37), and we see the SLM as having potential295

for adaptive wavefront control to enable future 3D applica-296

tions.297

Methods298

Materials. Gold nanoparticles (AuNPs) of size ranging from299

5 to 40 nm, gold nanorods (AuNRs) of length 40 nm, diam-300

eter 25 nm, and solvents used in this work were purchased301

from Sigma-Aldrich (now Merck, Darmstadt, GE).302

Sample preparation. Borosilicate glass coverslips (24◊60303

mm, #1 thickness, Menzel Gläser) were sonicated for 15 min-304

utes in Decon 90 (10% v/v, Fisher Scientific, Hampton, NH,305

USA) and washed 8◊ in purified water (Millipore Direct-Q306

UV3, Merck). Coverslips were sonicated for a further 15307

minutes in water, washed 8◊ in water, and stored in isopropyl308

alcohol.309

Coverslips were dried under a stream of nitrogen and treated310

with an oxygen plasma for 5 minutes (Diener Electronic, 90311

W, 0.5 bar oxygen flow). Following cleaning, AuNPs were312

sonicated for 2 minutes to encourage breakup of particle ag-313

gregates. Coverslips were then spin coated at 4000 rpm for314

30 s (Laurell WS-650MZ-23NPPB) with 2◊ 50 µL volumes315

of AuNP suspension without further dilution.316

To image the sample, a silicon spacer (Coverwell, Grace Bio-317

Lab, Bend, OR USA) was installed on top of the coverslip318

and filled with water. A second coverslip (18 mm diameter,319

Chongqing New World Trading Co.) was cleaned using the320

procedure described above. The top of the observation cham-321

ber was then sealed with this coverslip.322
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Image acquisition and analysis. Data acquisition was323

controlled using LabVIEW (National Instruments, Austin TX324

USA). For the data presented here, 300 frames were recorded325

at 150 Hz. Laser power was set to the maximum available326

(80 mW). The exposure time of the camera was then set au-327

tomatically by our control software to ensure the maximum328

pixel value detected was 85 to 90% of the pixel full well ca-329

pacity of the detector to prevent saturation and maximise the330

accuracy of the contrast measurement.331

Image analysis was performed using Python scripts devel-332

oped in-house. All measurement were preceded by image333

normalisation via division of each frame by the median-334

averaged projection. Particles were then located using the335

Python module TrackPy (31). Where required, a linear pro-336

file was plotted across the particle and fitted using a sinc337

function. The amplitude of the fitted sinc determines the338

measured intensity of particle signal (Is) and background339

(Ib) respectively. Particle contrast was calculated as C =340

(Is ≠ Ib)/Ib.341
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