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ABSTRACT

Label-free, visible light microscopy is an indispensable tool for studying bi-

ological nanoparticles (BNPs). However, conventional imaging techniques have

two major challenges: (i) weak contrast due to low-refractive-index difference

with the surrounding medium and exceptionally small size and (ii) limited spa-

tial resolution. Advances in interferometric microscopy have overcome the weak
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contrast limitation and enabled direct detection of BNPs, yet lateral resolu-

tion remains as a challenge in studying BNP morphology. Here, we introduce

a wide-field interferometric microscopy technique augmented by computational

imaging to demonstrate a twofold lateral resolution improvement over a large

field-of-view (>100 × 100 µm2), enabling simultaneous imaging of more than

104 BNPs at a resolution of ∼150 nm without any labels or sample prepara-

tion. We present a rigorous vectorial-optics-based forward model establishing

the relationship between the intensity images captured under partially coherent

asymmetric illumination and the complex permittivity distribution of nanopar-

ticles. We demonstrate high-throughput morphological visualization of a diverse

population of Ebola virus-like particles and a structurally distinct Ebola vaccine

candidate. Our approach offers a low-cost and robust label-free imaging platform

for high-throughput and high-resolution characterization of a broad size range of

biological nanoparticles.
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Optical detection and morphological characterization of biological nanoparticles (BNPs)

including viruses and exosomes in the visible spectrum has been an invaluable tool for life

science and engineering.1 Shape and size characteristics of these BNPs have strong impli-

cations on their circulation,2 biodistribution,3 cell entry pathways,4 and clearance in vivo.5

For example, viruses and mycoplasmas exist in various geometries, i.e., rods and spheres,

with sizes ranging from tens to hundreds of nanometers. While non-spherical rod and disk-

shaped particles can tumble and flow close to blood vessel walls, spherical particles tend to

follow laminar flow along the center.6 Virus shape can also increase transmission,7,8 allow

escape from small molecule antivirals,9 and aid in evading host responses.10 Accurate char-

2



acterization of BNP morphology with optical microscopy techniques would provide valuable

insights regarding these factors, if two formidable challenges in conventional bright-field mi-

croscopy can be overcome: (i) weakly-scattering characteristics of BNPs due to exceptionally

small size and low-refractive-index difference with surrounding medium limiting the optical

contrast and (ii) sub-wavelength spatial resolution limit imposed by the imaging system.

Fluorescent labelling is the most prevalent method to alleviate the weak contrast in bi-

ological studies. Furthermore, the nonlinearity of fluorescence and stochastic approaches

have been utilized to improve the resolution beyond the diffraction limit and led to advance-

ments in super-resolution far-field optical microscopy modalities11–14 for studying biological

specimens in previously-inaccessible detail. However, fluorescence labelling has practical dif-

ficulties and could interfere with sample functionality. Moreover, fluorescence imaging is

severely limited by photophysical properties of fluorescent molecules such as phototoxicity

and photobleaching. Overcoming these limitations and enabling label-free (direct) imaging of

BNPs at high-resolution in their natural environment and without any modifications would

have a significant impact in the life sciences. Recent advances in optical microscopy en-

able highly-sensitive direct imaging of BNPs by various contrast enhancement methods.15–21

Wide-field interferometric imaging techniques enhance the weak scattering signal by inter-

fering the signal with a strong reference field and have demonstrated the label-free detection

of very small BNPs such as exosomes,19 viruses,22,23 and synthetic nanoparticles.21,24–26 Fur-

thermore, Ünlü’s group previously demonstrated the detection of viruses in complex media

including cell media solution27 and serum.28 Recent advancements in interferometric mi-

croscopy techniques improved system sensitivity with pupil engineering and led to single

protein detection in sparse samples, yet they do not address the inadequate lateral resolu-

tion.20,21,24

Here, we present a computational imaging approach that extends single-particle interfer-

ometric reflectance (SPIR) microscopy’s capability from direct detection to detailed morpho-

logical characterization of sub-diffraction-limited particles. Recently, several computational
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coherent imaging techniques have demonstrated great advancements in improving spatial

resolution.29–35 In particular, our work draws inspirations from Fourier ptychographic mi-

croscopy (FPM)32,33 and differential phase contrast (DPC).35 In both FPM and DPC, the

sample is illuminated from multiple incidence angles to encode the high-frequency infor-

mation about the sample into the finite passband of the imaging system. Next, a phase

retrieval algorithm is applied to quantitatively recover the object with improved spatial res-

olution from the captured low-resolution intensity images. In FPM, the sample is modeled

with a complex transmittance function which is nonlinearly related to the intensity. In DPC,

the forward model is simplified to be linear by directly relating the weak permittivity con-

trast of the object to the captured intensity. In both cases, a scalar diffraction theory is

used to model the object-light interaction. In contrast, SPIR microscopy utilizes interfer-

ometric enhancement to detect the scattered light from sub-wavelength particles in which

light-matter interaction has a strong dependency on polarization. Therefore, we formulated

the SPIR signal in the dipole limit using vectorial Green’s functions and then established a

vectorial-optics-based linear forward model to relate the particle polarizability function to

the intensity measurements. Similar to FPM and DPC, we applied both asymmetric illu-

mination and efficient computational algorithms to improve the lateral resolution of SPIR

microscopy. For the sake of brevity, we referred to this particular refinement over conven-

tional SPIR microscopy as "computational asymmetric illumination SPIR", or caSPIR. Our

modality computationally reconstructed a single high-resolution image from a series of low-

resolution intensity images captured under asymmetric illumination using an illumination

(source) function design engineered for achieving maximum contrast and resolution. We

performed this reconstruction by solving a least-squares problem of the inverse scattering

physical model with Tikhonov regularization. To demonstrate the versatility of our sys-

tem, we quantified the shape and size of several types of low-refractive-index nano-objects.

We first validated the caSPIR technique on a nanofabricated artificial sample which con-

sists of nano-bars/words imprinted on a SiO2 layered substrate using the electron beam
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lithography (EBL) process. We then demonstrated high-resolution, wide-field imaging of

mixed-morphology of Ebola virus-like-particles and a more uniformly structured Ebola virus

vaccine candidate to show bio-related applications of this method.

RESULTS AND DISCUSSION

Principles of caSPIR

Single particle interferometric reflectance (SPIR) microscopy, also known as single particle

interferometric reflectance imaging sensor (SP-IRIS),23,24,27 utilizes SiO2 layered substrate

in a common-path interferometry configuration, allowing for constructive self-interference

of the scattered field from the weakly-scattering sample of interest, as well as providing a

reference field through specular reflection (see Fig. 1 b).24 The common-path configuration

minimizes possible deviations of the reference arm from the scattering signal arm, in turn,

provides highly-stable coherent detection of the interferometric signal. This interferometric

detection can only be achieved by a narrow-band light source, i.e., laser and LED, with

a coherence length longer than an order of magnitude of the layer thickness (d ∼ λ/4).

Although lasers can provide coherence length much longer than LEDs, they can dramatically

decrease the system performance due to the speckle noise. The speckle pattern produces

contrast variations in the background signal comparable to the interferometric signal.15 The

speckle noise can be reduced by using computational algorithms and optical instruments

which are typically expensive and complex.20 Therefore, SPIR microscopy employs LED as

the light-source which is a simple and low-cost solution for the interferometric detection of

nanoparticles. In the practical implementation, a violet (420 nm) LED is placed in the Köhler

illumination configuration where the illumination aperture (source) and objective back-focal

(pupil) plane are the conjugate planes (see the experimental setup in Fig. 1a). Each point

in the light source generates a plane wave that illuminates the sample at an incident angle

defined by its position in the transverse plane (see Fig.1c-j). A point source further away from

the optical axis illuminates the sample with the larger incident angle. Thus, the filling factor
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of the objective pupil in the classical sense (circular filling) relates the maximum oblique

incident angle on the sample with the illumination numerical aperture (NA). Moreover, as

depicted in Fig.1a, the LEDs are butt-coupled to an integrating sphere. The coupled light

reflects multiple times (> 100) from a highly reflective surface and travels orders of magnitude

longer than the coherence length of the LED before exiting the integrating sphere. This

source scrambling provides uniform, source-free, and spatially incoherent illumination on

the sample satisfying our model’s assumptions (see Methods Section).

The individual plane waves coherently interact with the sample, but they are incoherent

with each other due to the random phase relation.24 For a given incident field, the resulting

enhanced scattered field components from the sample and specularly reflected field com-

ponent from the substrate interfere at the image plane. The interference signal drastically

improves the visibility of non-resonant sub-wavelength nanoparticles (often resulting in shot

noise limited detection), as it realizes the linear detection of the scattering field, which scales

with the particle polarizability and hence its volume (r3). In contrast, the scattering in-

tensity scales with the volume square (r6) that leads to read-noise limited signal fall-off for

sub-wavelength particles as in conventional dark-field detection schemes. The linear detec-

tion of the scattering field can also be utilized for establishing a computationally efficient

linear inverse scattering problem. In this work, we formulated the vectorial linear forward

model for the SPIR signal in the quasi-static limit where the dipole approximation is valid.

We describe the physical model of the SPIR signal under the angular spectrum representa-

tion (ASR) framework using the dyadic Green’s functions. The ASR framework depicts a

more rigorous and accurate image formation in a high-resolution/NA optical imaging sys-

tem compared with the scalar wave theory.36 A complete picture of the SPIR signal with

comprehensive theoretical foundations has been presented in recent studies.24,37,38 Our for-

ward model for SPIR builds upon these previous studies and extends to partially coherent

asymmetric illumination for the caSPIR implementation.

Briefly, we present the refined closed-form solution of a dipole scatterer near a planar
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Figure 1: Single Particle Interferometric Reflectance (SPIR) microscopy. a
Schematic of the experimental setup. IS, integrating sphere; CSA, circular sector aperture;
RM, rotation mount; L1-L2, lenses; BS, 50:50 beam splitter; TL, tube lens. b Schematic
of the field interference from the light-nanoparticle interaction in SPIR microscopy. c Low-
NA and d full-NA illumination schemes in conventional SPIR. e,f, asymmetric illumination
schemes in caSPIR with different rotation angles, 0◦ and 180◦ respectively (white dashed line
denotes the boundary–back pupil size–of spatial frequencies limited by objective NA). g-j
Calculated PSFs correspond to illumination schemes in (c-f), respectively. PSFs are calcu-
lated for 100×/0.9 NA objective in air at 420 nm illumination wavelength. The illumination
NAs are set 0.3 and 0.9 in (g,h), respectively.

interface and realize the linear forward model for the SPIR signal. First, we define the total

driving field of the dipole scatterer at the sample plane Eo
d,m(r), as the coherent sum of the

incident plane wave Eo
i,m(r) and its reflected field from the substrate Eo

r,m(r). The resulting

scattering field at the detector plane can be expressed as follows:

Es,m(r) =
k2o
εo

↔
Gs,m(r)⊗ pm (1)

pm = εm
↔
αEo

d,m(r) (2)
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where
↔

Gs,m denotes the sum of the primary and the reflected dyadic point spread functions

(PSFs) which are calculated using the dyadic Green’s functions in the far-field, pm denotes

the dipole moment induced by the driving field at the object plane, ↔α denotes the particle

polarizability tensor, and ko denotes the wavenumber in vacuum. The polarizability of a

spherical dielectric nanoparticle in the dipole limit can be expressed as follows:

α0 = 4πε0r
3
0

εr − 1

εr + 2
(3)

where ro denotes the particle radius, εr denotes the ratio of the dielectric constants of the

particle (εp) and the medium (εm), εr = εp/εm. The reflected reference field at the object

plane is mapped into the image plane, Er,m(r) = hr(r)⊗Eo
r,m(r), where hr is the collection

PSF. Consequently, the total intensity at the image plane becomes the incoherent sum of

the magnitude squared of the interfering reflected and scattered fields within the NA of the

objective lens. The total intensity can be expressed as follows:

I(r) =
∑

m∈NA

[
|Er,m(r)|2 + |Es,m(r)|2 + E∗r,m(r)Es,m(r) + Er,m(r)E∗s,m(r)

]
(4)

As seen from the Eq. 4, the physical model of the SPIR signal contains a quadratic term

which is nonlinear requiring non-trivial reconstruction methods for recovering the object. To

realize the simplified linear forward model in SPIR for sub-wavelength objects, we refined the

problem under three physically motivated assumptions: (i) the particles of interest are weak

scatterers, (ii) the light undergoes only a single scattering event with the object, and (iii)

the particles of interest and the medium are composed of linear, homogeneous, and isotropic

dielectric materials. The first-term describing the reflected light intensity in Eq. 4 dominates

the total measured intensity at the detector, and act as a background signal. One can sim-

plify the Eq. 4 by subtracting the total reflected field intensity, Ir(r) =
∑

m∈NA |Er,m(r)|2,

and normalizing the remaining signal with Ir(r). Under the weakly-scattering object as-

sumption due to the volume dependent particle polarizability (see Eq. 3), the scattering
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field intensity (the second-term) becomes negligibly small compared with the interferomet-

ric signal (the cross-terms). We defined the resulting signal as the SPIR signal/contrast

(signal-to-background ratio) with the following form:

S(r) =
I(r)− Ir(r)

Ir(r)
≈ A0

∑
m∈NA

[
E∗r,m(r)Es,m(r) + Er,m(r)E∗s,m(r)

]
(5)

where A0 denotes the scaling factor due to the reference field intensity and is usually ∼100

times smaller than the summation in Eq. 5. Note that the polarizability tensor ↔α in Eq. 2

is set to be a diagonal matrix under the assumption (iii) for the weakly-scattering BNPs and

artificially synthesized nanostructures. Furthermore, in the dipole limit with the aforemen-

tioned approximations, light-matter interaction is linear and multiple scattering is negligible.

The polarizability tensor ↔α in Eq. 2 can be set to be an identity tensor scaled with the po-

larizability (α0) in a single direction, i.e., ↔α = α0

↔
I . As a result, by inserting the Eq. 1 into

the Eq. 5, the effective PSF of the system becomes:

h(r) =
∑

m∈NA

[
C0E

∗
r,m(r)

{↔
Gs,m(r)⊗ Er,m(r)

}
+C∗0Er,m(r)

{ ↔

G∗s,m(r)⊗ E∗r,m(r)
}]

(6)

where C0 is a complex constant due to mapping the total driving field Eo
d,m(r) into the

detector plane. Since the ASR framework provides control over individual plane waves

illuminating the sample, the theoretical formulation provides an easy implementation for

both inverse problem and PSF engineering through the source plane.

Source Function Optimization

In our earlier studies, we utilized pupil function engineering and demonstrated a significant

contrast enhancement by imposing the low-NA (0.3 NA) illumination constraint which limits

the angle of incidence’s upper bound.24 The theoretical explanation for the contrast enhance-

ment by low-NA illumination was rigorously reported in.24 The illumination NA effect on the

image contrast in Köhler geometry is also experimentally studied in reflected interferometric
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microscopy using a glass substrate.39 The low-NA illumination is obtained by underfilling the

objective pupil using a symmetric circular source function. We refer to the SPIR microscopy

with a low-NA implementation as conventional SPIR in which the emphasis has been on

achieving high-contrast nanosized object detection.37 However, the contrast improvement

comes at the expense of a reduction in spatial resolution. This trade-off between spatial

resolution and SPIR contrast is an important limitation for high-resolution visualization of

sub-diffraction-limited nanoparticles, particularly under the classical (circular) illumination

schemes. With Köhler illumination, the source function is imaged onto the objective pupil,

and its radius directly determines the illumination NA and hence the maximum oblique

angle incident on the sample. Oblique illumination at large incident angles is critical for

encoding the high-resolution sample information into the imaging system’s finite bandwidth.

For this reason, the low-NA illumination (Fig.1c,g,k) provides an overall fivefold contrast

improvement over full-NA illumination (Fig.1d,h,l), but incurs lower quality spatial resolu-

tion (∼320 nm at 420 nm wavelength). Since the maximum attainable oblique angle under

epi-illumination configurations is limited by the objective NA, the sample under a full-NA

illumination is illuminated at incident angles spanning the full-range of the objective NA.

Thus, utilizing the entire objective pupil becomes crucial for high-resolution imaging. To

alleviate the loss of contrast with improved resolution, multiple images obtained by asym-

metric illumination can provide full-NA equivalent resolution of SPIR while retaining the

improved contrast sensitivity of a low-NA configuration.

Two main benefits of the asymmetric illumination for the SPIR microscopy were demon-

strated in this work: (i) SPIR contrast is significantly enhanced (threefold) compared with

full-NA illumination in which BNPs of interest are often indistinguishable from the back-

ground. (ii) The high-resolution information from the sample becomes accessible due to

the oblique illumination at larger incident angles, unlike in the conventional SPIR. In the

implementation, we employed the asymmetric illumination using a circular sector aperture

in the conjugate plane of the back-pupil (see Fig. 1e,f). The circular sector’s radius matches
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the pupil size to access the entire objective back-pupil. With this configuration, system can

generate plane waves with incident angles within the objective NA’s full-range. The circular

aperture partially covers the objective’s angular spectrum, so that, only plane waves with

particular azimuthal angles illuminates the sample. Thus, the aperture creates an asymmet-

ric illumination pattern which has a limited azimuthal content defined by the sector angle.

This angular asymmetry in the illumination leads to asymmetric PSF compared with the

PSFs corresponds to the classical illumination patterns as shown in Fig. 1g-h. Most im-

portantly, we optimized the asymmetric illumination function to jointly achieve maximum

contrast and resolution in SPIR. We theoretically calculated the SPIR contrasts for different

circular sector angles ranging from 30◦ to 180◦. The SPIR contrast improves with decreasing

the sector angle and reaches a plateau at the smaller angles as shown in Supplementary Fig.

S2. This theoretical observation stems from the fact that the system PSF is the incoherent

superposition of PSFs corresponds to the individual plane waves emanating from each point

at the back-pupil (see eq. 6). The summation of the PSFs along the different asymmetric

axes averages out the asymmetry more at the large sector angles and thus decreases the

contrast. Likewise, the circular source-function centered at the back-pupil generates circu-

larly symmetric PSF because points symmetric about the origin cancel out the asymmetry.

Since the exposure time required for shot-noise-limited detection is linearly proportional to

the sector angle, employing the smallest sector angle is not practical for operating at the

shot-noise-limit. Also, percentage change in the SPIR contrast from 30◦ and 60◦ is quite

negligible, less than 1.3%. Accordingly, we determined the circular sector angle as 60◦ to

achieve a higher contrast relative to a semicircular aperture with shot-noise-limited exposure

time. Note that we expected to achieve similar performance with a 90 ◦ sector angle.

One drawback of asymmetric illumination is the loss of Fourier coverage along the axis

of asymmetry. To recover these missing frequencies and access the imaging system’s entire

bandwidth, we obtained multiple images of the same object along different asymmetric axes.

Moreover, this combination of multiple images under various asymmetric illumination dou-
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bles the effective numerical aperture of our technique.35 Although asymmetric illumination

does not break the diffraction limit, an increase in the bandwidth support of the associated

PSF indeed provides 2× lateral resolution improvement. To acquire multiple image pairs in

practice, we mounted a custom-built circular sector mask on a manually-controlled rotation

mount.

Experimental Validation of caSPIR

We experimentally validated our technique using polystyrene (PS) nanospheres with 100

nm nominal diameter. A total of 12 sample images were acquired by rotating the source

mount in 30◦ steps. The experimental images under each asymmetric illumination show ex-

cellent agreement with the simulated PSFs (Supplementary Fig. S1a). The resolution limit

of caSPIR is experimentally measured from these images and then benchmarked against the

theoretically simulated results. During the reconstruction, the low-resolution raw images

were effectively superimposed in the Fourier space and a single high-resolution image of the

PS beads was reconstructed by solving the least square problem with Tikhonov regulariza-

tion (see the implementation in Methods section). As shown in Supplementary Fig. S1b,

the 100 nm PS bead cross-section had a full width at half maximum (FWHM) of ∼ 179 nm

by Gaussian fitting. The FWHM of system PSF can be then estimated as ∼ 148 nm by

performing deconvolution of the reconstructed PS bead’s FWHM with its nominal size under

a Gaussian object assumption. Furthermore, we calculated the theoretical PSF by recon-

structing the computationally generated images. The images were obtained by convolving

the calculated asymmetric illumination PSFs with a delta function. White Gaussian white

noise with a signal-to-noise ratio of 10 was added to each image, which matches the SNR

of the experimental conditions for the 100 nm PS bead. The FWHM of the cross-section in

Supplementary Fig. S1c was ∼149 nm. This shows our theoretically determined PSF for the

caSPIR technique matches the measured PSF, hence, we can reliably reconstruct our objects

under these approximations. We also note that caSPIR provides a twofold improvement in
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lateral resolution and surpasses the resolution limit of the conventional interferometric mi-

croscopy.

The interferometric detection in caSPIR has a noise-floor dominated by the shot-noise

because the interferometric signal has a very small contrast over a very large background

signal due to reflected light. The detection sensitivity of caSPIR is limited by the camera’s

shot-noise which can be calculated using the camera specifications including well-depth. The

full well capacity of the CCD sensor in the system is 6125 e-. During the acquisitions, the

exposure time was set according to the background signal’s intensity histogram, filling ∼60%

of the pixel wells to prevent the over-saturation of the camera. The shot-noise for the back-

ground was estimated to be 61 e-. Thus, the theoretical detection sensitivity to distinguish

a signal from the background was 1.65% in a single captured image. This theoretical cal-

culation was consistent with the standard deviation of the background (1.7%) in a single

asymmetric illumination (Supplementary Fig. 1d). However, the overall sensitivity limit

of caSPIR depends on the sample’s signal contrast. The maximum and minimum contrast

values along the 100 PS bead’s cross-section profile were ∼15% and ∼12%, respectively. As

we stated in the previous sections, the captured intensity contrast scales linearly with the

sample’s volume. As a result, we anticipate that caSPIR can detect PS beads with sizes

down to ∼50 nm for the aforementioned parameters, since this approximately reduces the

contrasts to 1.88% and 1.5%, making the signal to noise ratio to drop to around 1. We would

also like to emphasize that these limits are specific to camera configurations and could be

further improved by utilizing the full capacity of the pixel wells and frame averaging, both

of which will reduce the noise level. This stems from the fact that the scattering signal does

not have limitations associated with fluorescence detection such as saturation and photo-

bleaching. For instance, the noise-floor can be reduced to nearly 1.3% in a single acquisition

by increasing the exposure time to saturate 95% of the pixel well depth. Frame averaging

reduces the shot noise by the square root of the number of averaged frames. In practice, ex-

cessive frame averaging is not possible because the measurement accuracy could be hindered
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by unknown mechanical vibrations and sample drift.

Imaging of e-Beam Lithography Imprinted Nanostructures

The methods described above for providing high-contrast/resolution images were further

validated using a custom-fabricated resolution target. Since there is no industry standard

resolution target for interferometric nanoparticle imaging, we imprinted dielectric nanostruc-

tures at various sizes and geometries, e.g., bars and words, into a SiO2 layered substrate using

EBL process as detailed in Methods section. Our EBL sample consists of feature groups de-

fined by their constituent nanostructure geometries. Elements within feature groups were

fabricated with different dimensions of known size. Each element was replicated 100 times

in a 10 × 10 grid to account for possible variations due to fabrication errors. The imprinted

nanostructures resemble the morphology of existing BNPs such as filamentous viruses and

exosomes.19,23 Furthermore, dielectric properties of the EBL sample material (SiO2), e.g.,

low refractive index (n ≈ 1.47) and polarizability, are comparable to that of typical BNPs.

Our EBL sample thus provides an invaluable validation tool for investigating not only the

proposed method but also prospective methodologies in SPIR microscopy for biological stud-

ies.

To systematically evaluate the performance of caSPIR, we imaged the bar nanostruc-

ture (nanobars) feature groups from the EBL samples and compared to scanning electron

microscopy (SEM) images. Each element had two orthogonal subgroups of three nanobars.

The nanobars were separated at distances ranging from 250 nm down to 100 nm and have

a nominal size of 80 nm by 400 nm (see SEM images in Fig. 2). In Fig. 2, we demon-

strated high-resolution recovery of these nanobars and presented their cross-section along

the indicated vertical and horizontal dashed lines. caSPIR technique significantly improved

the lateral resolution down to 125 nm (edge-edge) according to the Sparrow limit. By

contrast, the diffraction limited resolution of the conventional SPIR is approximately 300

nm and nanobars even with 250 nm separation cannot be resolved. As a result, caSPIR
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Figure 2: System evaluation of caSPIR with bar nanostructures. The conventional
SPIR and caSPIR images, and SEM images of 250 nm, 200 nm, 150 nm, 125 nm, and 100
nm separated nanobars. Vertical and horizontal profiles of the conventional SPIR (blue) and
caSPIR (red) images. Separation is defined as the edge to edge distance of two successive
bar structures. (Scale bars are 300 nm.)

demonstrated at least twofold improvement in the lateral resolution. Furthermore, caSPIR

maintained similar high-contrast signal levels compared to that of conventional SPIR. We

note that for the direct comparison of the two modalities, the conventional SPIR images

were also reconstructed with Tikhonov regularization using the theoretically calculated PSF

with the aforementioned parameters.

Under asymmetric illumination, one possible concern arises when considering the loss of

frequency support along the axes of asymmetry in the reconstructed image. Without multi-

ple asymmetric illuminations at different angles of asymmetry axis, this frequency loss could

create non-uniform resolution improvement that generates artifacts in the object reconstruc-

tion. Especially, the results from orthogonal nanobars might raise a question whether the

resolution enhancement is only limited to along two axes, e.g., x and y. To address this con-

cern, we imaged nano-words feature group in the EBL sample. As shown in Fig. 3a, caSPIR
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Figure 3: caSPIR imaging of nano-words. a Full FOV caSPIR image. Insets b and c are
the zoom-in region of interest areas of caSPIR and conventional SPIR images, respectively.
(Scale bars in (a) and (b,c) are 10 µm and 1 µm, respectively.)

recovered high-resolution nanostructure features uniformly across multiple orientations over

a large field-of-view (FOV) of > 100 × 100 µm2. Image outsets (Fig. 3b,c) further empha-

sized the resolution advancement along all directions. We also observed contrast variations

within each geometry such as S and B nano-letters in both conventional and caSPIR im-

ages. These variations could be attributed to non-uniformity during the fabrication process

as shown in Supplementary Fig. S5. Overall, these results showed that asymmetric images

from multiple axes of asymmetry recover the missing frequency support, in turn, improving

the lateral resolution in all directions.

caSPIR Imaging of Viruses

To explore the potential of caSPIR in analyzing BNPs, we examined its ability to accurately

characterize a heterogeneous mixture of Ebola virus-like particles (EBOV VLPs). Ebola virus

is a highly pathogenic virus that has caused thousands of deaths and explosive outbreaks.

The infected cells produce multiple Ebola virions, showing various shape and size distribu-
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tion. Some virions are filamentous, 90 nm width and one to multiple microns in length, and

the others appear in circular, 6, or toroid shapes that can be 4-500 nm in diameter.40 The

filamentous Ebola virion has been suggested to have greater infectivity.8 For these reasons,

a direct high-resolution imaging of EBOV VLPs at high-throughput in a single experiment

becomes highly desirable for accurate morphological characterization. However, label-free

visualization of these viruses in SPIR microscopy is even more challenging than fabricated

nanostructures because their smaller size and lower refractive index lead to much weaker

contrast. Fortunately, the refined SPIR with asymmetric illumination provides simultaneous

contrast and resolution enhancement with high signal-to-noise (SNR) ratio.

Figure 4: caSPIR imaging of Ebola virus like particles. a-c (Left) caSPIR images and
(Right) SEM images. SEM image area in (c) is indicated by a box. d caSPIR image. e,f
(Left to right) cross-section profiles indicated by dash lines in (d), and SEM images of the
indicated VLPs, respectively. (Scale bars are 1 µm.)

EBOV-VLPs were obtained using Polyethylenimine-based transfection protocol as de-

tailed in Methods. To capture the EBOV-VLPs, we utilized a microarray printed on a SiO2

chip surface (see Methods). The microarray consists of ∼150 µm diameter antibody spots

and negative control spots that capture the rVSV-EBOV and other viral glycoproteins, re-

17



spectively. Before and after incubation, both positive and negative spots were imaged with

conventional SPIR to ensure the specific binding. caSPIR clearly resolved the various EBOV

structures and discriminate their morphological differences, consistent with the SEM images

as shown in Fig. 4. We also observed that EBOV VLPs could form branched filaments. The

cross-section profiles in Fig. 4e showed that caSPIR can distinguish closely separated (<200

nm) VLP structures and revealed both bent and straight VLP morphology. Furthermore,

caSPIR images showed an higher contrast at the tips of the viral particles. This result was

consistent with the classic "shepherd’s crook" shapes where increased mass creates locally

high polarizability and thus leads to a more intense signal. Prior electron microscopy studies

have shown that the ability to measure the length and density of EBOV virions correlates

with the number of genomes incorporated,41 suggesting that caSPIR could be used o "count"

the number of genomes incorporated into an Ebola virus particle.

We also imaged a leading Ebola virus vaccine candidate (rVSV-EBOV). This vaccine is

a bullet-like (approximately 80 nm by 180 nm23) recombinant Vesicular Stomatitis Virus

(rVSV) that expresses EBOV glycoprotein and can be captured for imaging by the same an-

tibody used to capture and image EBOV VLPs. rVSV-based vaccine candidates have shown

great promise against Ebola disease and is have been deployed to combat Ebola outbreaks in

Africa.42 The promise of rVSV-vaccines brings with it a need to assess the quality of vaccines

produced for human use. In this context, characterizing the monodispersity of the rVSV-

based vaccine candidates and its distinctive “bullet” shape along with an assessment of the

genetic "payload" carried by a virion would aid vaccine development and quality assurance.

As demonstrated in Fig. 5a, we were able to simultaneously visualize more than 1,350

rVSVs-EBOV in the FOV at high-resolution. Since this technique provides 150 nm lateral

resolution, it can be utilized on denser samples that have more than 104 particles in a FOV.

As shown in Fig. 5 b,c,f,g, caSPIR enables the morphological characterization of rVSVs,

which was previously not possible in SPIR microscopy. Although two rVSVs indicated by a

dashed circle in the caSPIR image (Fig. 5d) appear to be spherical, they are mischaracterized
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Figure 5: caSPIR imaging of recombinant Vesicular Stomatitis Virus Ebola model.
a Full-FOV caSPIR image (∼1350 VSVs in the FOV). b-e Zoom-in areas indicated by arrows
in (a), and f-i their conventional SPIR images, respectively. (Scale bar in full-FOV (a) is 10
µm and scale bars in zoom-in areas (b-i) are 300 nm.)

as an elliptical structure with conventional SPIR (Fig. 5h). This problem occurs because

the background artifacts are more pronounced in the conventional SPIR image reconstruc-

tions that recover the object from a single illumination configuration. The main background

artifact sources include back-reflections from the optics and the surface roughness of the
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camera sensor glass and SiO2 chip. Over different illuminations, these artifact components

remain stationary compared to the varying particle signal. Under multiple asymmetric illu-

minations, these static background artifacts become separated from the object’s signal and is

greatly reduced. We note that the signal contrast from an individual virion under asymmet-

ric illumination has lower SNR compared when compared to conventional SPIR. Yet with

multiple illuminations, caSPIR achieves ultrasensitive imaging of very small particles with

high-SNR. We anticipate that combinations of multiple low-NA illuminations from different

parts of the back-pupil would allow for additional SNR improvement. Moreover, caSPIR of-

fers more informative means for distinguishing closely separated particles and thus prevents

misleading morphological characterizations of individual virions in dense samples. The high-

resolution images clearly discriminate two individual rVSV particles that were close enough

to appear as a single elongated particle in conventional SPIR (compare arrows in the outsets

in Fig. 5d,e,h,i). With these improvements, the SPIR imaging platform enables accurate

morphological characterization of thousands of individual viruses simultaneously.

CONCLUSION

This report demonstrated high-throughput direct visualization of low-index nanoparticles at

sub-wavelength resolution. We formulated the vectorial PSF of the system by means of op-

tical theory and implemented a computationally efficient linear inverse scattering approach.

We demonstrated a twofold improvement in lateral resolution of the conventional SPIR and

achieved lateral resolution of ∼148 nm using visible light (420 nm) under a 100×/0.9 NA

objective. This wide-field technique provided a large field-of-view of 100 µm × 100 µm, al-

lowing for sub-wavelength imaging over 104 BNPs at once. We specifically focused on concept

demonstration of this technique and its resolution capability using an artificial nanostructure

sample fabricated by an EBL process. To demonstrate the biological relevance, we studied

filamentous Ebola VLPs and a rVSV based Ebola virus vaccine candidate as model viruses.

These model viruses are surrogates of wild-type, clinically relevant pathogens. Namely, Ebola
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VLPs have been shown to closely resemble Ebola virus40 and the rVSV-EBOV resembles

that of parent rhabdovirus.43 In future work, we will evaluate the technique with wild type

viruses, but such a study requires a BSL4 laboratory and is beyond the scope of our present

study. Conventional approaches for morphological characterization of viruses in solution use

indirect methods such as fluorescent labeling often relying on genetic modification of viral

proteins.44 Historically, direct imaging of unmodified viruses have relied on laborious imaging

techniques such as electron microscopy that can cause sample desiccation and degradation.

Our low-cost light microscopy technique, caSPIR, enables high-resolution imaging of BNPs

without any modification or sample preparation thus allowing for analysis of clinical isolates

directly.

We speculate that a path forward exists for improving SPIR’s resolution down to 100 nm.

The source-function could be optimized for higher SPIR contrast, and high-NA objectives

with a shorter wavelength light source could be utilized. Moreover, since the PSF model is

vectorial, i.e., it includes the polarization of fields, we speculate that a further enhancement

for both contrast and resolution can be achieved by using polarization diversity. Similarly,

polarization could also allow for better localization of rod-shaped metallic nanoparticles

e.g., gold and silver.45 Especially, elongated nanoparticles show strong signal dependency

with respect to the angle between the polarization axis and the particle’s long axis. The

most significant improvement would perhaps be through optimization and automation of the

imaging/acquisition system. In this study, the images were acquired by manually rotating

the illumination mask introducing a considerable delay between consecutive images hence

limiting the temporal resolution. Therefore, fully-automated control of illumination config-

uration, for example using a spatial light modulator in the illumination path, would enable

dynamic measurements with a significant increase in spatiotemporal resolution. Such devices

would also allow for the implementation of complex source functions including scanning in-

dividual or multiplexed low-NA illuminations across the back-pupil. To conclude, our study

could enable exciting possibilities for high-throughput, ultrasensitive, and label-free imaging
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and characterization of a broad size spectrum of biological nanoparticles at high-resolution.

In particular, with the integration of the computational asymmetric illumination modal-

ity, this versatile wide-field interferometric microscopy technique – SPIR microscopy– could

bridge the gap between scanning electron microscopy and conventional optical microscopy.

Furthermore, the simplicity of our technique would allow other researchers to implement

caSPIR with relatively minor modifications to their existing light microscopy, thus, enabling

broad impact.

METHODS

Experimental Setup

The experimental setup for caSPIR is illustrated in Fig. 1a. A partially coherent light source

–light emitting diode (LED)– with spectral half-width of ∼14 nm at 420 nm peak wavelength

(Lumileds) is butt-coupled to an integrating sphere (Thorlabs). The coupled light under-

goes multiple diffusive reflections on the entire sphere surface. Thus, the integrating sphere

provides highly uniform, source-free, and spatially incoherent illumination. Note that the

effect of integrating sphere on temporal coherence is quite negligible because it is reflectance

spectrum is almost flat in a broad wavelengh range (250 - 2500 nm). The custom-built

circular sector aperture is mounted on a manual rotation mount (Thorlabs). The aperture

is imaged into the back-focal plane of the microscope objective (Nikon, 100times/0.9 NA)

in Köhler geometry with unit magnification. Under the conventional SPIR configuration,

a graduated ring actuated iris diaphragm mounted on a cage plate is mounted to control

the illumination NA. The layered substrate under observation is placed on a custom-built

vacuum chuck is mounted on a closed-loop piezo-z stage (Micronix). A tube lens (Thorlabs)

images the sample onto a monocolor 12 MP CCD camera (Pointgrey) with 3.1 µm pixel

pitch) to provide more than twice the sampling rate required for Nyquist criterion – ∼ 6.2

µm for 125 nm resolution–.
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PSF Calculations and Simulations

The physical model of SPIR was developed on custom-built MATLAB software using ASR

formulation in the dipole limit where the size of the nanoparticle is much shorter the exci-

tation wavelength.38 The model calculates the SPIR image of a dipole scatterer placed near

a planar surface using the vectorial formulation discussed in the results section. We used

polarizability tensor of a silica nanosphere because silica has dielectric characteristics, i.e.,

nonresonant and low-index, similar to biological nanoparticles. In the model, spatially inco-

herent light-source with uniform intensity profile is imaged into the back-focal plane of the

microscope objective in Köhler geometry. Each point in the back-pupil is assumed to have

the same intensity. Thus, sample is uniformly illuminated within the angular spectrum of

the system that is limited by the objective NA in epi-illumination. This is a valid assumption

owing to integration sphere which eliminates any structural attributes of the light source by

reflecting each individual rays multiple times. The corresponding PSFs were calculated for a

defined illumination geometry and system parameters. Note that the EBL sample has an 80

nm oxide layer in contrast to the other samples that are immobilized on 60 nm oxide chips.

Thus, two sets of PSFs were simulated to be used in reconstructions.

Image Acquisition and Reconstruction

A linear forward model, yj = Ajx + nj, was established using the vectorial SPIR model

in the results section. yj denotes the observed image, Aj denotes the convolution operator

associated with the shift invariant PSF for a particular asymmetric illumination geometry

of subscript j, x denotes the unknown underlying structure to be reconstructed, and nj

denotes the unknown noise. The underlying object can be estimated by minimizing the

least squares solution using a Lagrange multiplier with bounded energy a priori, known as

zero-order Tikhonov regularization, ∧x(α) = arg min
x

∑N
j=1

[
‖ Ajx − yj ‖22

]
+ α ‖ x ‖22.

Note that the first term in this optimization accounts for the data fidelity, and the second

term denotes the fidelity to a priori information with regularization parameter α minimizing
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the energy. The closed-form solution of the Tikhonov regularized least-squares minimization

problem can be expressed as: ∧
x(α) = F−1

{∑N
j=1[H

∗
j (Yj)]∑N

j=1 |Hj |2+α

}
. F−1{·} denotes the inverse

Fourier operator, and H and Y denote the Fourier transforms of A and y, respectively.

The raw images for asymmetric illumination were acquired by manually rotating the 60◦

circular sector aperture by 30◦ steps, results in 12 total images. After the asymmetrical

illuminated images were acquired, the circular sector was replaced with a graduated-ring

diaphragm to acquire conventional SPIR images. The conventional images were taken under

low-NA (0.3) illumination. Then, the images were reconstructed in MATLAB using the

aforementioned closed-form solution. The regularization parameter α was empirically chosen

by visual inspection to provide the best discrimination of the objects in the scene. To

demonstrate its robustness, we generated reconstructions for values that are an order of

magnitude larger and smaller than the tuned parameter (see Supplementary Fig. S4). These

results indicated that the parameter choice was not critical within the close interval of its

nominal value. Moreover, as shown in Supplementary Fig. S4, the results from the L-curve

was consistent with the manually tuned parameter. The manually determined value fell on

the corner of the L-curve for the Tikhonov regularization. Note that we first determined

the regularization parameters for both caSPIR and conventional SPIR using the well-known

EBL sample and then used the same parameters throughout all reconstructions. All the

images were taken under the 100×/0.9 NA objective unless otherwise stated.

Fabrication of Resolution Target

Nanostructure patterns were imprinted on SiO2 substrate layered using electron beam lithog-

raphy (EBL). We followed the previously reported EBL process.46 Briefly, 80 nm SiO2 layer

is formed on silicon substrate by a plasma-enhanced vapor deposition coating. Then, Hydro-

gen silsesquioxane (HSQ) was spin coated as a resist material because transforms into SiO2

after e-beam exposure. Nanostructre patterns were written on sample using EBL, followed

by immersion with developer solution.
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Virus Creation, Preparation, and Use

Ebola VLPs were generated by transfection of HEK293FT cells with pCAGGS-based plas-

mids encoding each EBOV structural protein, (GP, NP, VP30, VP35, VP24, VP40) except

for the viral polymerase, L, together with a plasmid encoding the red fluorescent protein,

mKate2, fused to VP40. The inclusion of mKate2-VP40 allowed visualization of particles

by conventional fluorescence microscopy and the amount used was optimized for VLP for-

mation. The cells had been plated in 10 cm culture dishes to 80% confluency 2 hours prior

to transfection. Each 10 cm dish was transfected with a total of 15 µg of plasmid DNA

using calcium phosphate.47 Transfection reagents were removed, and cells washed with Dul-

becco’s Phosphate Buffered Saline (PBS) after 15 hours, followed by addition of 10% Fetal

Bovine Serum containing DMEM. Cells were cultured at 95% humidity, 37◦C, 5% CO2 for

48 hours. Culture medium was collected and clarified by centrifugation (1500 × g) prior to

concentration of VLPs by ultracentrifugation at 159000 × g for 2 hr at 4◦ C through a 10

mM HEPES buffered (pH 7.4) isotonic 8.2% sucrose cushion. Pellets were resuspended in

Dulbecco’s PBS and banded through an isotonic iodixanol gradient to remove trace culture

medium contaminants. Aliquots of banded VLPs were snap frozen in liquid nitrogen and

stored at -80◦C until use.

VSV-based viruses that lack the endogenous VSV glycoprotein were created by the Ebola

virus glycoprotein from an independent transcription start/stop sequence placed in between

the M and L genes in a VSV genome were used in this study. Expression of Ebola virus

glycoprotein was confirmed by Western blotting using glycoprotein-specific proteins. Virus

stocks were prepared using Vero cells cultured in DMEM supplemented with 10% FBS, as

described previously.48 Both virus and VLP titers were determined by standard plaque assay

methods and then diluted in PBS before the incubation.
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Antibody Microarray Preparation and Assay Protocol

60 nm SiO2 chips were coated with a solution of antifouling NHS copolymer (Lucidant

Polymers MCP-2) dissolved 1:100 in 1.2M Ammonium Sulfate. Antibodies targeting the

Ebola glycoproteins were spotted onto activated, polymer-coated chips, as were non-specific

antibodies (as controls) using the sciFLEXARRAYER S3 (Scienion AG). Chips were dried

overnight and then washed with Tris-buffered saline + 0.1% Tween20. Chips were then

rinsed with milliQ water at least 6 times, and removed from the dish at a 45◦ angle so that

water wicks off the top surface, and then dried on a KimWipe with N2 gas.49 Chips were

scanned with a custom 1.5X magnification instrument (Nanoview Biosciences) to ensure the

correct spot morphology. Note that since both Ebola virus like particles and recombinant

vesicular stomatitis virus Ebola have the same surface glycoproteins, the same microarray

preparation protocol is followed for each.

For virus loading, chips were placed in 24 well plates, etched-side up. 750 µL of virus

solution were added to the wells containing the chips, and the plates were put on an orbital

shaker for 1 hour at ∼150 RPM. Chips were then removed from sample containing wells

with forceps and placed in wells containing 0.1X PBS (Gibco 10010023) + 0.01% Tween20,

followed by washing on the orbital shaker for 5 minutes. This process was repeated twice,

then the chips were placed in individual 60 mm dishes containing milliQ water, and rinsed

by swirling for a few seconds. Chips were dried by removing them from their dishes at a 45◦

angle followed by placing them face-up on a KimWipe.

Scanning Electron Microscopy

Geometrical parameters of the nanopatterns in EBL and Ebola virus like particle (Ebola

VLP) sample were characterized using field emission scanning electron microscopy (FE-

SEM). The EBL sample was inspected on FE-SEM (ZEISS, GeminiSEM 300) without any

preparation process to preserve the sample. The Ebola VLP sample was coated by gold using

sputter coater (Cressington, 108) and imaged on FE-SEM (ZEISS, Supra 55VP). Dimensions
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on the SEM images were measured using SmartSEM image acquisition and analysis software.
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