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This document provides supplementary information to "Reflection phase microscopy using spatio-temporal 
coherence of light," https://doi.org/10.1364/OPTICA.5.001468. We discuss how the combination of temporal 
gating and spatial decorrelation generates a single gating which is narrower than each alone. We also describe 
the formation of the reflection  signal from the inter-cellular membrane  and its interpretation. In addition, 
we discuss how to eliminate the system vibrations from the cellular membrane fluctuations. Finally, we provide 
the MSD plots for the cellular membrane fluctuation as a supplemental analysis.  

1. Theoretical model of the system In this section, we discuss the theoretical analysis of the spatio-temporal coherence gating in our reflection phase microscope. Following the derivation of 3D transfer functions in Refs. [1, 2], the 1D transfer function can be expressed as a function of wave vector 
kz, and angular frequency ω as: 
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πω ω ω ωΓ = ,                    (S1) where c is speed of light, and P(kz, ω) is axial aperture function defined in Eq. (2) of the main manuscript. Then the 2D Fourier transform of Eq. (S1) with respect to kz and ω gives us the complex line-spread function of our system as:  

2( , ) ( ) ( , ) exp( )s R z z s R zz S P k ik z i dk dγ τ ω ω ω ωτ ω∝ + ,   (S2) where zs is the axial position of sample mirror and τR is the arrival time. Note that τR = 0 results in the Eq. (1) in the main manuscript.   Now, let us consider the two experimental scenarios – without and with dynamic speckle illumination as shown in Fig. S1(a) and S1(c), 

respectively. Without dynamic speckle illumination, the axial aperture function becomes a delta function 
0( , ) ( / )z zP k k n cω δ ω= − . Substituting it into  Eq. (S2) yields:  
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0( , ) ( ) exp[ ( ) / ]s R s Rz z S i n z z c dγ ω ω ω ω= + ,         (S3) where ݖோ = ܿ߬ோ is the optical path length delay. The above equation is identical to the Fourier transform of source spectrum ω2S(ω). Therefore, by measuring the axial response of the system without the dynamic speckle illumination, we can calibrate the spectrum of the light source as shown in Fig. S1(b). The resulting multi-peak spectrum illustrates the spectral complexity of the super-continuum laser source.  Finally, we can obtain the theoretical expectation of axial response of the system with the dynamic speckle illumination by substituting the source spectrum obtained in Fig. S1(b) into Eq. (S2). As shown in Fig.S1(c)-(d), the experimental result agrees extremely well with the theoretical model for both the amplitude and the phase.  

https://doi.org/10.1364/OPTICA.5.001468


2. 
mInbybethouthreasabmtraligthrecyligsin
whthrethnuphretw
ln anTh

Figillurec(d)un
Interpretation 

membrane n a transmissiony the refractive ietween the samhickness of the uter most surfache morphologicaeflection measurssociated with above two mechamembrane as shoansmission evenght first meets the cytosol until eflected off by thytosol as shownght obtains by ngle reflection is
φhere  k=λ/2π whe refractive inespectively, Lc is he plane of refeuclear membranhase associated wepresents the rewo distances Lc aand thus can bnd Ln=ln+δln withhe reflection pha

2
2 (
nk
k

φ = Δ
= Δ

g. S1.  (a) Axial umination. (b)  Poconstructed from) : Axial responsender the dynamic 
of the reflectio

n measurement, index contrast, imple and the sample. In contce, the refractival shape of the srement [3-5]. Tan inner surfacanisms. For insown in Fig. S2, thnts and a singlethe plasma memit reaches the he nuclear membn in Fig. S2. The the two transms determined as 
2( )c mn nφ = −with a wavelengthndices of the cthe distance betrence (PR), andne and the planewith two transmflection phase rand Ln fluctuate abe represented wh the fluctuatioase then can be w

( ) 2
)

c c

c c n

k l l
nl n l

δ+ +
Δ + +

response of theower spectral dem the measured e of the system anspeckle illumina
on phase from

the phase of ligi.e., the refractivsurrounding mtrast, if we are ve index of the hsample determiThe phase of thce, in general, itance, in the cahe returning lige reflection evenmbrane and prnuclear membbrane, it returnsrelative phase missions in conj
) 2c ckL n kL+h of the light soucytosol and thtween the plasmd Ln is the distae PR. The first termissions wherearelative to the rearound certain mwith the mean vn terms δlc andwritten as 
2 (
2 2
c n n

c

n k l l
nk l

δ
δ

+
+ Δ +

e system withoutensity of the supeaxial response fund real part amplation.  
m the intercellul

ght is determinve index differenmedium, and thinterested in thhost medium anine the phase inhe returning liginvolves both thase of the nucleght undergoes twnt in between. Thopagates througbrane. After beins though the samthat the reflectjunction with th
nL ,   (Surce, nc and nm ahe host mediuma membrane anance between thrm represents thas the second tereference light. Thmean values, lc anvalues as Lc=lc+d δln, respective
)

2 ,
n

c nn k lδ       (

t dynamic specker-continuum laseunction in (a). (citude, respectivel
lar 

ed nce the the nd n a ght the ear wo he gh ng me ted the 
S4) are m, nd the the rm he nd 
δlc ely. 
S5) 

where expressconstanwith nofluctuatSince thmediumof 10-2, term isunless than thWith th
In ordeseparatthis purcell andas donassociacorresptypicallquantifnm [seethe nucrepeatevalues wthat thethe plareflectiomeasur
3. ScheWhen papproaalways backgroand rmeasurclean bmiddle 

Fig. S2.plasma membrkleer,c)-ly, Δn is the resion in Eq. (S5), nt in general ano loss of generaltions in transmihe refractive indm, the refractiveand is much sms expected to bthe fluctuation hat of δln, the fluhis assumption, E
er to assess the vte measuremenrpose, we set thd measured the ne with RBCs ated with theponding height fly  the case withfied the RMS vale Fig. 4 in the mclear membraneed this measurewere in the range variation in thasma membraneon phase due tored in a reflectio
eme for the phasperforming timach, phase noisea concern. Inound without aremove the prement such phabackground, espe of the sample. 

. Interpretation membrane torane, PR: plane of efractive index the first term isnd is of no interality. The secondission and the redex of a cell is vee index differencmaller than nc [6be negligible coof the first surfuctuation of theEq. (S5) can be w
2 cn kφ ≈validity of this ant of the plasma he focus on the tphase of the lighin Ref. [5]. Fre plasma mefluctuations withh the transmissiolue of plasma memain text]. This ve fluctuation desement with sevge of 16 nm to 4he transmission e is hundred timo the motion of ton. 

se stabilization me-laps measuree induced by thn a transmissia sample can bephase noise. Hase tracing is difpecially when th

of the reflectionPR, Ln: distanf reference. difference. In s an overall phasrest. Thus, it cand and the third teflection phases,ery close to that oce Δn is typically6].  Consequentlyompared to theface, δlc, is suffice second surfacwritten approxim
nk lδ .assumption, we membrane fluctop plasma memht reflected fromrom the phase embrane, we hout any ambigon phase measuembrane fluctuavalue is in the sascribed in the mveral cells and a40 nm in RMS. Tphase due to flmes smaller thathe nuclear mem

ements in an inthe separate option measuremee used as refereHowever, in fficult due to thehe imaging focu

n phase. Lc: distace from PR to
the second se, which is a n be dropped terms are the , respectively. of the culture y of the order y, the second e third term, ciently larger ce of the cell. mately as       (S6) performed a ctuations. For mbrane of the m the surface, fluctuations obtain the guity, which is urements. We ations as 18.1 ame order of main text. We all measured This confirms uctuations of an that of the mbrane when 

terferometric tical paths is ent, a blank ence to trace a reflection e absence of a us lies in the 

ance from theo the nuclear

2



To solve this problem, we tilted the slide glass so that a portion of the slide glass came in the field of view together with the cells [7]. The schematic is presented in Fig. S3(a). The tilting angle was about 9.2 degrees with respect to the horizontal plane. With this configuration small portion of the glass slide can be simultaneously imaged in the field-of-view as shown in Fig. S3(b). Since the phase change in the background region is only caused by the pathlength variations between sample and reference arms, we can use it as a reference region to track and remove the system phase noise. As shown in Fig. 4(e) in the main text, the phase noise measured in our system was typically tens of nanometers. This is comparable to the nuclear motions, and thus can significantly corrupt the reflection phase measurements. After removal of the phase noise, the system fluctuation reduced to 1.3 nm, which is the final sensitivity of our reflection measurements. 
4. Mean square displacement of the phase fluctuations As a metric of the quantification of fluctuation, we also calculated the mean square displacement (MSD) of the phase variation presented in Fig. 4 of the main text. The MSD is defined as [4, 8, 9] 
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where 

t
denotes the time average and τ is the time delay. The result is shown in Fig. S4.  For the background fluctuation measured in the blank area, the MSD remains almost zero with no noticeable variation. In contrast, the MSD of plasma membrane gradually increased during the early time delay and later reached a plateau. On the other hand, the MSD for the nuclear membrane shows more dramatic change over time. It increased faster than that of the plasma membrane and showed a couple of humps. The 

rate of increase slowed over time.  
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Fig. S3. Phase stabilization by tilting the glass slide. (a) Schematic forthe tilt of the sample. Some blank region of the glass slide can be seenin the field of view. (b) A typical reflection image after the tilt. The cleanbackground in the image was used to trace the phase noise in the time-laps reflection measurements. 

Fig. S4. MSDs for the cell presented in Fig. 4 in the main text. Blue, red and black lines represent the MSDs for the nuclear membrane, plasma membrane, and background fluctuations, respectively.   
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