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Abstract

Interferometric microscopy (IM) can provide complex field information of the biological samples 

with high spatial and temporal resolution with virtually no photodamage. Measuring wavelength-

dependent information in particular has a wide range of applications from cell and tissue 

refractometry to the cellular biophysical measurements. IM measurements at multiple wavelengths 

are typically associated with a loss in temporal resolution, field of view, stability, sensitivity, and 

may involve using expensive equipment such as tunable filters or spatial light modulators. Here, 

we present a novel and simple design for an interferometric microscope that provides single-shot 

off-axis interferometric measurements at two wavelengths by encoding the two spectral images at 

two orthogonal spatial frequencies that allows clean separation of information in the Fourier space 

with no resolution loss. We demonstrated accurate simultaneous quantification of polystyrene bead 

refractive indices at two wavelengths.
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1. Introduction

Interferometric microscopy (IM) techniques provides complex field information for a wide 

variety of samples [1,2]. The label-free nature of these techniques makes them particularly 

suitable for studying biological samples in a minimally invasive way for an extended period 

of time. IM enables measurement of the quantitative phase over the field of view with high 

resolution in space and time. The measured phase represents the cumulative effect of the 

morphology and the refractive index (RI) distribution of the specimen in distorting the 

transmitted wavefront. This phase delay, in the case of eukaryotic cells, has been shown to 
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be linked to the cellular dry mass [3], which provides a powerful tool for studying cellular 

processes such as cell division and growth over days or weeks [4]. When either of RI or 

morphology of the sample is known, one can measure the other without ambiguity. For 

instance, in the case of red blood cells (RBCs) in healthy individuals where cellular RI can 

be approximated with good precision, IM provides an accurate measurement of the 

morphology with nanometer precision [5]. Monitoring this morphology with sufficient 

temporal resolution enables measurement of the membrane fluctuations of RBCs that in turn 

provides a window to the cellular biomechanics [6,7]. Optical measurements of the 

biomechanical properties of RBCs have been used in studying the pathology of the diseases 

such as malaria [7] and sickle cell disease [8]. Similarly, a priori information about the 

sample morphology enables direct measurement of the refractive index from the quantitative 

phase information.

Early during the development of the interferometric techniques, it was realized that 

measurement of the phase delay at multiple wavelength can be a useful tool in studying cell 

and tissue refractometry or measuring concentrations of cellular proteins [9–11]. 

Additionally, IM measurements at a continuum spectrum in the visible range have been 

shown to provide tomographic measurement of the subcellular structures within the 

hematopoietic stem cells, while enabling an increase in the speed of the tomographic 

interferometric microscopy by orders of magnitude [12]. The sequential IM measurements 

of multiple wavelengths is either done through filter wheels [11], spatial light modulators 

[13,14], or tunable filters in combination with supercontinuum sources [15–17]. In the first 

case, the mechanical switching of the wavelength, sacrifices the temporal resolution, 

necessary for measurement of fast dynamics such as RBC fluctuation. In the case of 

acousto-optic tunable filters (AOTFs) or spatial light modulators, while they exhibit faster 

response time, the instrument cost is significantly higher. Color cameras have been 

suggested as an alternate way of simultaneous measurement of the phase information for 

multiple colors [18,19]. Because of the spectral ranges of the filters in the camera sensor are 

fixed by the manufacturer, color cameras compromise sensitivity of the IM measurements 

and reduce the flexibility in design for various applications. Stability of the interference is 

another factor that determines the sensitivity of the measurements and is maximized when 

reference and sample arms travel side by side [5,20]. Several designs for simultaneous 

measurements of two wavelengths has been suggested in non-common-path designs where 

the two colors travel different paths before interfering at the image plane limiting stability 

and sensitivity [9,21]. Two additional designs have been suggested to enable single-shot 

common-path measurements of multiple wavelengths by creating various degrees of tilting 

for different colors in an off-axis geometry [22,23]. Despite the stability advantage provided 

by common-path design, both designs have limitations in terms of the proximity of the two 

wavelengths or a compromise in the spatial resolution to avoid overlap of the information 

between two colors in the frequency domain. In this paper, we propose a new design to 

enable single-shot measurement of the complex field information without a decrease in the 

field of view, temporal or spatial resolution, or the measurement stability by using a 

monochrome camera. Next, we delineate the experimental setup and data analysis, and 

validate our instrument by measuring the dispersion of the polystyrene beads in the visible 

spectrum.
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2. Experimental setup

Fig. 1(a) shows the experimental setup of a dual-wavelength interferometric microscope that 

has been adapted from a diffraction phase microscope design [5]. The output of a super-

continuum illumination source (Fianium WL SC 400-8) is used as an input to an acousto-

optic tunable filter that allows for selection of up to 16 simultaneous band for illumination of 

the specimen. An objective (40×, NA = 0.65), in combination with a tube lens, is used to 

carry the sample information to the first image plane (IP1) where a diffraction grating (165 

lines/mm) makes multiple copies of the beam in the y-direction. Using a 4-f imaging system, 

this image plane (IP1) is conjugated to the second image plane where a second diffraction 

grating is used to diffract the beam in the z-direction. The resulting diffraction pattern at the 

second Fourier plane is shown in Fig. 1(b). The non-diffracted beam of both colors overlaps 

at the center while the +1 and −1 beams have different distances from the optical axis based 

on the illumination wavelength. This distance in the physical Fourier plane could be simply 

calculated as f λ/Λ where Λ is the period of the grating, f is the focal length of the lens (L4), 

and λ is the wavelength of the corresponding beam. A physical filter is used in the Fourier 

plane to selectively pass only one color as the sample beam in each of the orthogonal 

directions. At the center, a pinhole (10 µm) is used to spatially filter the non-diffracted beam 

to create a reference for the interferometric measurement. Therefore, at the camera plane, 

the sample beams (each at different color) interfere with the corresponding reference beams 

such that two orthogonal fringe patterns overlap to form a non-conventional interference grid 

as shown in Fig. 1(c) and (d). The final interference pattern carries the information regarding 

the complex field sample information at both of the illumination wavelengths.

3. Data analysis

Mathematically, the acquired interference pattern (I) shown in Fig. 1(c) can be described as,

(1)

where α and φ correspond to the amplitude and phase of the complex field of the sample, qx 

and qy are the fringe frequency determined by the diffraction angle of the two gratings in x 

and y directions, respectively, and I0 is simply the sum of the intensity of the reference and 

sample beams. The Fourier transform of the fringe pattern can be written as,

(2)

Using the convolution theorem and applying the Fourier transform, we get
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(3)

The Fourier transform of the phase shift for the first wavelength is shifted along the x-axis 

while the frequency information for the second wavelength is shifted along the y-axis. Fig. 

2(a) shows the Fourier transform of sample-free interferogram where the shifted frequency 

of the sample can be identified in both kx and ky directions. The frequency information is 

subsequently cropped by a mask the size of which is determined by the numerical aperture 

of the imaging system. The masked information is then translated to the origin where 

applying inverse Fourier transform provides the complex field information for each of the 

two illumination colors. Fig. 2(c) and (d) show the measured phase maps corresponding to 

each wavelength for a sample-free interferogram, where the residue phase curvatures are 

resulted from the aberrations in the imaging system, and can be removed during post-

processing.

4. Experimental validation

To validate the feasibility of our technique, we have measured the optical properties of 

polystyrene beads immersed in the refractive index matching oil (Cargill, 1.56). The sample 

was simultaneously illuminated by two colors, λ1 = 430 nm and λ2 = 630 nm. Fig. 3(a) 

shows the raw interference grid for this case. Applying the procedure outlined in the Section 

3, one can calculate the complex field information for each of these two wavelengths. Fig. 

3(b) and (c) shows the phase map for λ = 430 nm and λ = 630 nm, respectively. Since the 

thickness of the sample is exactly the same for both phase measurements, an increase in the 

wavelength is accompanied by a proportional decrease in the phase value, as seen in the 

phase maps. To calculate the refractive index of the sample, one needs to make certain 

assumption about the size and geometry of the sample. The diameter of the bead is specified 

to be approximately 10 µm by the manufacturer (Thermo Fisher Scientific). However, in 

each measurement, assuming a spherical geometry for the beads, one can calculate the 

diameter using the projected area of the bead as well. Once the diameter is known, we fit a 

spherical surface, to decouple the optical properties and geometry of the beads. Fig. 3(d) 

shows the calculated refractive indices corresponding to the two illumination wavelengths 

plotted against the dispersion of the bulk polystyrene from the literature [24]. An average 

value of refractive index was calculated for each color by measuring 10 beads; the 

corresponding standard deviation values were measured as 0.0017 and 0.0005 for λ = 430 

nm and λ = 630 nm, respectively. The size of the dots in the graph then roughly represents 

the standard deviation of the average RI. There is a slight bias between our calculated values 

and that of the cited reference for bulk RI of the polystyrene, while the relative difference at 

both colors is quite consistent. At λ = 630 nm, for instance, we calculate the difference to be 

roughly 0.003. This discrepancy is rather small and may originate from error in our 

measurements and that of the reference. One potential error in our measurements includes 
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over-estimation of the bead size due to the difficulty in locating the bead boundary due to 

diffraction effects.

5. Discussion and outlook

In summary, we developed a new approach for single-shot interferometric microscopy to 

retrieve complex field information simultaneously at two illumination wavelengths via 

optimal use of camera pixels. To further elucidate this point, we show the fringe pattern at a 

specific sample point for conventional IM design and our new technique, in Fig. 1(e) and (f), 

respectively. To obtain the phase information of a sample point, the grating period has to be 

sampled with at least three camera pixels or more; in this case we show four pixels as an 

example. However, in conventional IM designs, this pattern is repeated in the vertical 

direction without providing any additional information. In our novel design, we are 

effectively using the same pixel area to sample two overlapping fringe patterns and thereby 

obtaining the field information for an additional color without a loss in the field of view. 

However, because of this overlap, there is a decrease in the fringe contrast in both horizontal 

and vertical directions that results in a drop in measurement sensitivity by a factor of  For 

a given camera and microscope objective, therefore, our design results in a more optical use 

of the camera pixels while maintaining speed, resolution, and stability advantage of the 

single-shot common-path designs. In this work, we have used 430 nm and 630 nm as the 

illumination wavelength to show the feasibility of the approach and the colors were 

physically blocked at the Fourier plane. These specific wavelengths are particularly useful in 

studying biophysical properties of the red blood cells where 430 nm represents a high 

absorption region whereas at 630 nm wavelength the scattering dominates with little to no 

absorption [25]. If one decides to have the illumination colors closer to one another, a 

physical block would become infeasible. Such a situation can be resolved by simply using a 

band-pass filter placed at the Fourier plane for each specific color Additionally, one may be 

able to add two more wavelengths to the design by projecting two oblique fringe patterns 

orthogonal to one another. In doing so, however, a more sophisticated diffraction grating 

needs to be implemented in addition to more elaborate filtering at the Fourier plane that adds 

additional cost. Whether this cost and additional effort is justified depends on whether there 

is a critical application that requires simultaneous interferometric measurements at more 

than two colors. The design of our microscope was mainly motivated by the need to study 

biophysical properties of the RBCs as a function of oxygen partial pressure of the medium. 

Since dispersion properties of the RBCs are more pronounced in the near-UV regime (e.g., 

410 nm and 430 nm), this design allows for selection of any two wavelengths and 

measurement of fast dynamics, e.g., membrane fluctuations, without any compromise in the 

speed or resolution of the imaging system in a practical manner. The enhanced performance 

of this design should find applications in biophysical studies of many other cellular systems 

as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Hosseini et al. Page 5

Methods. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

This research was supported by National Institute of Health (9P41EB015871-26A1, 5R01NS051320, 
4R44EB012415, and 1R01HL121386-01A1); National Science Foundation CBET-0939511; Hamamatsu 
Corporation; Singapore–Massachusetts Institute of Technology Alliance for Research and Technology (SMART) 
Center, BioSystems and Micromechanics (BioSyM).

References

1. Popescu, G. Quantitative Phase Imaging of Cells and Tissues. McGraw Hill Professional; 2011. 

2. Kemper B, von Bally G. Digital holographic microscopy for live cell applications and technical 
inspection. Appl. Opt. 2008; 47:A52–A61. [PubMed: 18239699] 

3. Popescu G, Park Y, Lue N, Best-Popescu C, Deflores L, Dasari RR, Feld MS, Badizadegan K. 
Optical imaging of cell mass and growth dynamics. Am. J. Physiol.-Cell Physiol. 2008; 295:C538–
C544. [PubMed: 18562484] 

4. Popescu G, Park K, Mir M, Bashir R. New technologies for measuring single cell mass. Lab. Chip. 
2014; 14:646–652. [PubMed: 24322181] 

5. Popescu G, Ikeda T, Dasari RR, Feld MS. Diffraction phase microscopy for quantifying cell 
structure and dynamics. Opt. Lett. 2006; 31:775–777. [PubMed: 16544620] 

6. Park Y, Best CA, Badizadegan K, Dasari RR, Feld MS, Kuriabova T, Henle ML, Levine AJ, 
Popescu G. Measurement of red blood cell mechanics during morphological changes. Proc. Natl. 
Acad. Sci. 2010; 107:6731–6736. [PubMed: 20351261] 

7. Park Y, Diez-Silva M, Popescu G, Lykotrafitis G, Choi W, Feld MS, Suresh S. Refractive index 
maps and membrane dynamics of human red blood cells parasitized by Plasmodium falciparum. 
Proc. Natl. Acad. Sci. 2008; 105:13730–13735. [PubMed: 18772382] 

8. Hosseini P, Abidi SZ, Du E, Papageorgiou DP, Choi Y, Park Y, Higgins JM, Kato GJ, Suresh S, Dao 
M, et al. Cellular normoxic biophysical markers of hydroxyurea treatment in sickle cell disease. 
Proc. Natl. Acad. Sci. 2016; 113:9527–9532. [PubMed: 27512047] 

9. Rappaz, B., Charrière, F., Colomb, T., Depeursinge, C., Magistretti, PJ., Marquet, P. [Accessed 15 
March 2014] Simultaneous cell morphometry and refractive index measurement with dual-
wavelength Digital Holographic Microscopy. Digit. Hologr. Three-Dimens. Imaging, Optical 
Society of America. 2008. http://www.opticsinfobase.org/abstract.cfm?uri=DH-2008-DTuB5 p. 
DTuB5

10. Barer R. Refractometry and interferometry of living cells. JOSA. 1957; 47:545–556.

11. Park Y, Yamauchi T, Choi W, Dasari R, Feld MS. Spectroscopic phase microscopy for quantifying 
hemoglobin concentrations in intact red blood cells. Opt. Lett. 2009; 34:3668–3670. [PubMed: 
19953156] 

12. Hosseini P, Sung Y, Choi Y, Lue N, Yaqoob Z, So P. Scanning color optical tomography (SCOT). 
Opt. Express. 2015; 23:19752–19762. [PubMed: 26367632] 

13. Pham H, Bhaduri B, Ding H, Popescu G. Spectroscopic diffraction phase microscopy. Opt. Lett. 
2012; 37:3438–3440. [PubMed: 23381283] 

14. Bhaduri B, Pham H, Mir M, Popescu G. Diffraction phase microscopy with white light. Opt. Lett. 
2012; 37:1094–1096. [PubMed: 22446236] 

15. Rinehart M, Zhu Y, Wax A. Quantitative phase spectroscopy. Biomed. Opt. Express. 2012; 3:958–
965. [PubMed: 22567588] 

16. Hosseini P, Lue N, Yaqoob Z, Dasari RR, So PT. Self-reference line-dispersion interferometric 
microscopy. Appl. Phys. Lett. 2017; 110:131103.

17. Jung J-H, Jang J, Park Y. Spectro-refractometry of individual microscopic objects using swept-
source quantitative phase imaging. Anal. Chem. 2013; 85:10519–10525. [PubMed: 24079982] 

18. Jang Y, Jang J, Park Y. Dynamic spectroscopic phase microscopy for quantifying hemoglobin 
concentration and dynamic membrane fluctuation in red blood cells. Opt. Express. 2012; 20:9673–
9681. [PubMed: 22535058] 

Hosseini et al. Page 6

Methods. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.opticsinfobase.org/abstract.cfm?uri=DH-2008-DTuB5


19. Rinehart MT, Shaked NT, Jenness NJ, Clark RL, Wax A. Simultaneous two-wavelength 
transmission quantitative phase microscopy with a color camera. Opt. Lett. 2010; 35:2612–2614. 
[PubMed: 20680075] 

20. Hosseini P, Zhou R, Kim Y-H, Peres C, Diaspro A, Kuang C, Yaqoob Z, So PT. Pushing phase and 
amplitude sensitivity limits in interferometric microscopy. Opt. Lett. 2016; 41:1656–1659. 
[PubMed: 27192311] 

21. Fu D, Choi W, Sung Y, Yaqoob Z, Dasari RR, Feld M. Quantitative dispersion microscopy. 
Biomed. Opt. Express. 2010; 1:347. [PubMed: 21113234] 

22. Jafarfard MR, Moon S, Tayebi B, Kim DY. Dual-wavelength diffraction phase microscopy for 
simultaneous measurement of refractive index and thickness. Opt. Lett. 2014; 39:2908–2911. 
[PubMed: 24978234] 

23. Lue N, Kang JW, Hillman TR, Dasari RR, Yaqoob Z. Single-shot quantitative dispersion phase 
microscopy. Appl. Phys. Lett. 2012; 101:84101. [PubMed: 22991482] 

24. Sultanova NG, Kasarova SN, Nikolov ID. Characterization of optical properties of optical 
polymers. Opt. Quantum Electron. 2013:1–12.

25. Schonbrun E, Malka R, Caprio G, Schaak D, Higgins JM. Quantitative absorption cytometry for 
measuring red blood cell hemoglobin mass and volume. Cytometry A. 2014; 85:332–338. 
[PubMed: 24677669] 

Hosseini et al. Page 7

Methods. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
(a) Configuration of the experimental setup for single-shot dual-wavelength interferometric 

measurements. (b) The diffraction pattern caused by two orthogonally aligned gratings 

illuminated by two different wavelengths at the second Fourier plane (FP2). (c), (d) the non-

conventional interference grid. (e), (f) fringe pattern at a single sample spot in conventional 

IM and novel designs, respectively. The scale bar is 10 µm.
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Fig. 2. 
(a) Fourier transform of the grid interference pattern. (b) Spatial frequency of the sample 

masked by the numerical aperture size in the Fourier space. (c), (d) background phase 

curvatures corresponding to λ = 430 nm and λ = 630 nm, respectively. The scale bar is 10 

µm.
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Fig. 3. 
(a) Grid interference pattern with a polystyrene bead in the field of view. (b), (c) Phase maps 

of a polystyrene bead at λ = 430 nm and λ = 630 nm, respectively. The scale bar is 10 µm. 

(d) The refractive index of the polystyrene bead compared to the polystyrene dispersion 

curve from the literature [24].
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