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Supplementary Figure 1: LiFT-FRAP system layout. The LiFT-FRAP system is built on two
breadboards tilted at 45° with respect to the surface of the air table. The light-sheet unit is on the
left breadboard with the illumination laser path labeled in red. The bleaching volume generator
and detection unit are on the right breadboard with the bleaching laser path labeled in red and
detection path labeled in green. Major hardware components are labeled in white or black.
Samples are anchored on a 3D stage (labeled in blue) that moves the samples in x, y and z
directions. 4, illumination laser; A4¢¢, detected emission fluorescence; Ay,0, bleaching laser.
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Supplementary Figure 2: Voltage signals that operate the LiFT-FRAP experiment. Each
control signal uses different waveforms in the bleaching (grey area) and 3D imaging (green area)
cycles. Control signals for components in the light-sheet unit are labeled in red while those for
the bleaching volume generator and detection unit are labeled in blue. Horizontal dash lines
labeled in black indicate the baseline for each signal. Dashed waveforms shown in the control
signals of the MEMS mirror, piezo stage, and 2D galvanometer system indicate multiple repeats
of the waveform that are not shown in this figure. During the bleaching cycle, the control signal
for the MEMS mirror is parked at its center position with a constant voltage (baseline). Piezo
stage is controlled by a sinusoidal waveform, leading to a 10 pm range of movement along z-
axis (Az,). Two sinusoidal waveforms at frequencies of 50 Hz and 500 Hz control the scanning
of 2D galvanometer system in x-axis and y-axis respectively. A high-level digital I/O signal
opens the shutter in the bleaching volume generator while a low-level digital 1/O signal closes
the shutter in the light-sheet unit. During the 3D imaging cycle, the bleaching shutter is closed
while the light-sheet shutter is opened. Two sinusoidal waveforms at frequencies of 1,280 Hz
and 4 Hz drive the MEMS mirror to scan along y-axis and z-axis respectively. The range of
movement of the illumination plane along z-axis (Az;) is 80 pm. A sinusoidal waveform at a
frequency of 4 Hz controls the movement of piezo stage, leading an 80-um range of movement
along z-axis (Azy). It takes 125 ms (At) to complete the acquisition of a volumetric image. A
voltage pulse initiates the image acquisition with the camera at the beginning of each 3D
imaging cycle.
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Supplementary Figure 3: LIFT-FRAP system 3D imaging performance. a Extended
Gaussian beam (Experiments were repeated in 3 independent samples). The illumination laser
was extended in the x direction, which was visualized in sodium fluorescein solutions. b Light
sheet captured by sCMOS camera when intersecting the cornea surface (Experiments were
repeated in 7 independent samples). Porcine cornea was stained by FD20 in situ. A visible,



vertical line in the middle indicates the interface between the cornea tissue (left side) and the
staining solution (right side). The images used in LiFT-FRAP experiments is cropped by the
dashed box in white. ¢ Synchronization performance for the movement of the light-sheet
illumination plane and the detection plane during 3D imaging (Experiments were repeated in 2
independent samples). The movement of piezo stage and the scanning of MEMS mirror along
the slow axis was controlled by a similar sinusoidal waveform (red). The dynamic response
(Supplementary Note 3) of piezo stage (blue) and MEMS mirror (green) were measured. Merged
images of the dynamic response of MEMS mirror and piezo stage is shown in the bottom right. d
3D imaging of fluorescent microspheres of 1.75 um in diameter in 1% agarose gel (Experiments
were repeated in 5 independent samples). Left, individual 2D images; Right, the 3D
reconstruction. All scale bars in this figure represent 20 um.
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Supplementary Figure 4: LiIFT-FRAP image normalization. The background of
postbleaching images are not uniform due to possible non-uniform dye distribution within the
sample, uneven illumination, and stripe artifacts caused by refractive index mismatching. Images
with uniform background are obtained by normalizing the postbleaching images with
prebleaching images (Supplementary Note 4). Scale bar, 10 um. Experiments were repeated in at
least 5 independent samples.
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Supplementary Figure 5: LiIFT-FRAP experiment in solutions. a Typical time series of LiFT-
FRAP 3D normalized images of sodium fluorescein in glycerol solutions with different
viscosities (glycerol concentration: 60%, 70%, and 80%, v/v) and corresponding curve fitting
results. b Typical time series of LiIFT-FRAP 3D normalized images of FD molecules (FD4,
FD10, and FD40) in 60% (v/v) glycerol solutions and corresponding curve fitting results. Grey
circles are the normalized amplitudes of the solute concentration in spatial frequency domain

(C/ C,) at different time points. Red lines show the corresponding fitting curves. The unit of x
axis is um s. All scale bars in this figure represent 10 pm.
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Supplementary Figure 6: LiFT-FRAP experiment in cornea tissues. a Experimental setup for
cornea experiments. LIFT-FRAP coordinate system is labeled as x-y-z while cornea coordinate



system is labeled as x'-y’-z'. A, anterior; P, posterior; M, medial; L, lateral: indicate the
orientation of porcine cornea. Ay, illumination laser; A4, detected emission fluorescence; Ap)e,
bleaching laser; FEP film, fluorinated ethylene propylene film. b Representative 3D SHG images
of native and CXL corneas (Experiments were repeated in 5 independent samples). Scale bar, 50
um. ¢ Typical time series of LIFT-FRAP 3D normalized images of FD20 in native porcine
corneas and corresponding curve fitting results. Scale bar, 10 pm. d Typical time series of LiFT-
FRAP 3D normalized images of FD20 in CXL porcine corneas and corresponding curve fitting
results. Scale bar, 10 pm. e Cornea thickness measured in native (n = 7 independent corneas) and
CXL (n =9 independent corneas) corneas. Epi-on, epithelial-on cornea thickness; Epi-off,
epithelial-off cornea thickness; Aft-dye, after-dye cornea thickness. *** p<0.0001, two-sided t
test. Data depict mean + standard deviation. f Representative bright field and polarization images
of picrosirius red stained sections of native and CXL porcine corneas (Experiments were
repeated in 3 independent samples). Scale bar, 50 pm.
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Supplementary Figure 7: LiFT-FRAP experiment in tendon tissues. a Typical time series of
LiFT-FRAP 3D normalized images of sodium fluorescein in healthy rat tail tendons and
corresponding curve fitting results. b Typical time series of LiFT-FRAP 3D normalized images
of sodium fluorescein in thermally treated rat tail tendons (partially denatured and fully
denatured) and corresponding curve fitting results. All scale bars in this figure represent 10 um.
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Supplementary Figure 8: LiIFT-FRAP experiment in gelation hydrogels. a Typical time

series of LIFT-FRAP 3D normalized images of FD70 in gelatin hydrogels with different gelatin
concentrations (2%, 5%, and 8%, w/w) and corresponding curve fitting results. Scale bar, 10 pm.

b 3D diffusion tensor results of FD70 in 2%, 5%, and 8% gelatin hydrogels (n = 14 for 2%, n =
10 for 5%, and n = 8 for 8%). Data depict mean + standard deviation.
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Supplementary Figure 9: LiFT-FRAP experiment in fiber-based scaffolds. a Electrospinning
setup for fabricating fiber-based scaffolds. The mandrel is rotating during electrospinning for
fiber-aligned scaffold fabrication but remains stationary for random fiber scaffold collection. b
Typical time series of LiIFT-FRAP 3D normalized images of FD10 and FD20 in fiber-aligned
scaffolds and corresponding curve fitting results. ¢ Typical time series of LiFT-FRAP 3D
normalized images of FD10 and FD20 in random fiber scaffolds and corresponding curve fitting
results. All scale bars in this figure represent 10 um.
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Supplementary Figure 10: LiFT-FRAP measurement at different bleaching laser powers. a
3D diffusion tensors of sodium fluorescein in 80% glycerol solution with different bleaching
laser powers: 160 mW (n=13 independent measurements), 200 mW (n=15 independent
measurements), 240 mW (n=13 independent measurements) (laser power measured right after
the objective). LiFT-FRAP experiments were performed on sodium fluorescein in 80% glycerol
(v/v) solution with different bleaching laser power settings to investigate the possible local
heating effect by the bleaching laser illumination on the diffusion measurement. The results
showed that the diffusion of sodium fluorescein remains isotropic for all three groups, and the
diffusion tensors do not change with the alteration of the bleaching laser. b Average diffusivity
of sodium fluorescein in 80% glycerol solution. (n=13 independent measurements for 160 mW;
n=15 independent measurements for 200 mW; n=13 independent measurements for 240 mW)
The average diffusivities are the average values of the diagonal components of the 3D diffusion
tensor. No significant diffusivity differences were found among the three groups (p = 0.7, one-
way ANOVA), indicating that the influence of local heating during the bleaching process on
molecular diffusion is negligible. All data depict mean + standard deviation.
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Supplementary Table 1. Molecular diffusivities in biological systems.

Molecule Molecular Biological system Diffusivity
weight (Da) (um?s™)
Glucose 180 Human cartilage endplate 19.1-34.4 !
Pyronin Y 303 Bovine flexor tendon 27.9-36.8 2
Fluorescein isothiocyanate 389 Breast cancer microtissue 21.0°3
VEGF-biomimetic peptide 3,810 Hydrogel 1524
Insulin-like growth factor 7,600 Bovine articular cartilage 26°
Myoglobin 17,000 Human cornea 556
Green fluorescence protein 27,000 Zebrafish embryo 367
Bovine serum albumin 66,000 Dextran scaffold 158
Human transferrin 80,000 Rat cortex 14°
IgG 150,000 Human soft tissue sarcoma 9.6 10
FD167* 167,000 Bovine cystic fibrosis mucus 6.4

* FD: fluorescein isothiocyanate-conjugated dextran
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Supplementary Table 2. Theoretical diffusivities of sodium fluorescein at different glycerol
solutions. Theoretical diffusivities were calculated based on the Stokes-Einstein equation
(Supplementary Note 6). The Stokes radius of sodium fluorescein is 0.45 nm. Viscosity data at
room temperature (20°C) was retrieved from literature '2. Theoretical prediction curve shown in
Fig. 3c is an exponential fit of the theoretical diffusivities listed below.

Glycerol concentration % Viscosity Theoretical diffusivities
(v/v) (x 103 N m?s) (um? s
543 10.8 44.137
59.6 15.2 31.361
61.7 17.7 26.931
64.9 22.5 21.186
70.4 35.5 13.428
76.0 60.1 7.932
81.8 109 4.373
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Supplementary Table 3. Theoretical diffusivities of fluorescence molecules with various
molecule sizes in solutions. Theoretical diffusivities were calculated based on the Stokes-
Einstein equation (Supplementary Note 6). Viscosity of 7 =15.2 x 107 N m™ s was used for the
60% glycerol solution at room temperature (20°C). Theoretical prediction curve shown in Fig. 3e

is a linear fit of the theoretical diffusivities listed below in the log-log graph.

Molecules Manufacturers  Stokes radius Solution Theoretical
(nm) viscosity diffusivities
(x 103 N m?s) (um? s
Sodium fluorescein Sigma- 0.45 15.2 31.361
Aldrich
FD4 Sigma- 1.4 15.2 10.080
Aldrich
FD10 Sigma- 2.3 15.2 6.136
Aldrich
FD40 Sigma- 4.5 15.2 3.136
Aldrich
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Supplementary Table 4. LIFT-FRAP experiment parameters.

Sample type Measurement  Postbleaching image Light-sheet Bleaching
depth acquisition time laser power laser power
(um) (ms) (mW)* (mW)*
Solution 150 9,375 135-180 160
Porcine cornea 150 7,375 225-270 280
Rat tail tendon 150 8,625 225-270 120 — 160
Hydrogel 150 9,375 225 80
Fiber-based scaffold 100 9,375 315 120 — 160

* Laser power was measured right after the objective.
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Supplementary Notes

Supplementary Note 1: Modeling 3D molecular dynamics and concentration distributions
To characterize the impact of isotropic and anisotropic diffusion on 3D molecular
dynamics and concentration distributions, we developed a computational model to simulate the
process of molecules diffusing out from a central source, such as cells, within a 3D domain. The
spherical subdomain at the center of the cubic domain had a diameter of 10 um and was assigned
a constant concentration as the molecular source. The 3D cubic domain with side length 40 pym
had a no-flux boundary condition, and its initial concentration was set to zero. The molecular
concentration profile was governed by the diffusion equation (Fick’s second law) '*:

d
aC(x,y,Z, t) =V-{D[VC(x,y,zt)]} (1)
Dyx ny Dy,
where (x, y, z) is the spatial position, t is time and D = |Dyx, Dy, D, | is the 3D diffusion
Dy, Dyz D,,

tensor of the diffusing molecules. C(x,y, z, t) is the concentration of diffusing molecules. To
simplify the simulation, we assumed that diffusion occurs only along the principal directions,

Do 0 0
whereD=| 0  Dgyy, 0 |[. Four 3D diffusion tensors, with an identical average

0 0  Dyyy

diffusivity of 10 pm?/s but different diffusion anisotropies (Fig. 1¢), were simulated to reveal the
differences between isotropic diffusion and anisotropic diffusion. To evaluate the modeling
results, all concentrations were normalized to the source subdomain value, and magnitudes of all
diffusion fluxes ] = —D[VC(x, y, z, t)] were normalized to the maximum magnitude of diffusion
flux among all models at each time point. The normalized concentration distribution profile and
diffusion flux among different models were compared in three orthogonal planes at each time
step. In addition, normalized concentration profiles from the source to the edge of the cubic
domain were compared along each axis for each model at each time step. The simulation results
were plotted with the Tecplot 360 (Tecplot, Bellevue, WA).

To demonstrate the impact of inaccurate 2D measurement on tissue biochemical
environment, we simulated the 3D molecular diffusion in cornea tissues. A spherical geometry of
human cornea was assumed !4, as shown in Fig. 5a. The radius of anterior cornea was set to be
7.48 mm, and cornea thickness was 500 pm. We assigned a constant concentration to a portion
of anterior cornea (an area with a radius of 1 mm) to simulate the delivery of biomolecules, such
as drugs, from anterior cornea to posterior cornea. All the boundaries were assigned as a no-flux
boundary. The diffusion of FD20 in native and CXL corneas measured through both LiFT-FRAP
and 2D FRAP experiments were used as the diffusion input. To compare the differences among
the four simulations, we plot the normalized concentration profiles along the cornea axis, as well
as the normalized molecular concentration at the posterior cornea apex.

All models were solved using finite element analysis software (COMSOL Multiphysics
5.4, COMSOL Inc., Burlington, MA).

Supplementary Note 2: LiFT-FRAP system control
The voltage control signals of the LIFT-FRAP system operation were provided by two
DAQ boards (PCI-6115 and PCI-6713, National Instruments, Austin, TX) synchronized with an
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RTSI bus cable. A customized software (available upon request) written in LabVIEW 2014 32-
bit (National instruments, Austin, TX) managed the timing and all waveforms of control signals
applied to the MEMS mirror, piezo stage, shutters, 2D galvanometer system and sCMOS camera
(Supplementary Fig. 2). Each control signal uses different waveforms in the bleaching and 3D
imaging cycles. During the bleaching period, the control voltage for the MEMS mirror was set at
a fixed level, leading to none scanning of the MEMS mirror. The piezo stage instead was driven
by a sinusoidal waveform with the frequency of 4 Hz, which allowed the scanning of the focused
bleaching laser along the z-axis, and the amplitude was set to have a 10-um range of movement
along the z-axis. To create a 3D bleaching volume, the 2D galvanometer system was controlled
by two sinusoidal waveforms with the frequency of 50 Hz and 500 Hz to concurrently scan the
bleaching laser in the x-axis and y-axis, respectively. The shutter on the bleaching beam path
was opened when a high-level digital input/output (I/0O) was applied to the shutter controller. The
shutter on the light-sheet path was kept close while a low-level digital I/O signal was applied.
During 3D imaging, including prebleaching and postbleaching, two sinusoidal waveforms were
used to control the scanning of MEMS mirror. The fast axis scanning of the MEMS mirror was
controlled by a waveform with the frequency of 1,280 Hz, which allowed the scanning of an
extended Gaussian beam (Supplementary Fig. 3a) along the y-axis, generating the light sheet
(Supplementary Fig. 3b). The slow axis scanning of the MEMS mirror instead was input with a
waveform with the frequency of 4 Hz, which permitted the continuous 3D illumination. To
acquire 3D in-focus prebleaching and postbleaching images, the movement of the detection
plane and illumination plane needs to be synchronized during 3D imaging. We therefore applied
a sinusoidal waveform with the same frequency (4 Hz) as the control signal used for scanning the
MEMS mirror in the slow axis to drive the movement of piezo stage. The amplitude of control
signals for both MEMES and piezo stage were adjusted to achieve 80-um range of movement for
the illumination plane and detection plane along z-axis, respectively. The shutter at the volume
bleaching generator was closed with a low-level digital I/O input signal while the shutter at the
light-sheet unit was open with a high-level digital I/O input signal. The sCMOS camera was
triggered by a voltage pulse to start taking 2D images at 624 frames per second once the
bleaching process was finished. The images were streamed and stored in a high-speed M.2 solid
state hard drive for post processing.

Supplementary Note 3: LiFT-FRAP system 3D imaging performance

The extended Gaussian beam was visualized by illuminating sodium fluorescein in 80%
glycerol solutions without the scanning of MEMS mirror and captured with the sSCMOS camera
(Supplementary Fig. 3a). The full width at the half maximum of the extended Gaussian beam
was 4.8 = 0.3 pm, which was significantly larger than the imaging depth (about 0.5 um) of the
detection objective. The large Raleigh length of the Gaussian beam ensured the field of view to
be sufficient for the 3D FRAP experiment. The light sheet was captured by illuminating the in-
situ porcine corneas stained with 20 kDa fluorescein isothiocyanate-dextran (FD) at a region
close to the tissue surface (Supplementary Fig. 3b). In this case, MEMS mirror only scanned
along the y-axis to generate the light sheet.

In the LiFT-FRAP system, the illumination plane and detection plane were independently
scanned over a distance of 80 pm to achieve the 3D imaging. The overlap of the illumination
plane and detection plane during 3D imaging is critical. The synchronization of the movement of
both planes were ensured by tuning the waveforms applied to the MEMS mirror and piezo stage.
To test the movement synchronization of the illumination plane and detection plane during 3D
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imaging, we measured the dynamic behavior of MEMS mirror and piezo stage in response to the
control signal 1. A 1% agarose gel mixed with fluorescent microsphere (1.75 um in diameter,
Polysciences Inc., Warrington, PA) was prepared for this test. In brief, a constant signal was used
to control the piezo stage, which located the detection plane at position z; = z,. The control
signals used for MEMS mirror in LiFT-FRAP experiments (Supplementary Fig. 2 and
Supplementary Fig. 3c) were applied to the MEMS mirror to continuously scan the illumination
laser in a 3D volume. The sCMOS camera recorded the fluorescent signal from the observed
region (76 um x 76 um) of the detection plane z, at 624 frames per second. When the position of
light-sheet illumination plane z; was overlapped with the z;, the emitted fluorescence signal
from the fluorescent microsphere recorded at that time t, was the brightest. As the position of
the detection plane was predefined, z; = z,, the position of this illumination plane with
maximum fluorescence at time t, could be determined, z; = z,. Following the same procedure
with a series of the detection plane position (z; = zg, Z1 ... Zgg), a series of detection plane
position z; can be determined. Each z; was corresponding to a frame with maximum
fluorescence captured at specific time t. Therefore, the dynamic response of MEMS mirror can
be reconstructed (Supplementary Fig. 3c). In this test, z; was set in the range of [-50, 50], which
was larger than the range of movement of the illumination plane, 80 pm. The results showed that
fluorescent signal followed the driving waveform and was detected only within the rage of [-40,
40], indicating that the MEMS mirror dynamic response was well controlled. Similarly, to
determine the dynamic response of the piezo stage during 3D imaging, the illumination plane
was fixed at a given location while the piezo stage was driven to scan the detection plane in the z
direction using the sinusoidal signal (Supplementary Fig. 2 and Supplementary Fig. 3c). Similar
to the procedure for determination of the dynamic response for MEMS mirror, the position of z;
at time t can also be determined (Supplementary Fig. 3¢). The results also showed the piezo
stage was well controlled to move in the range of 80 um. The dynamic responses of the MEMS
mirror and piezo stage were well overlapped, indicating good synchronization of illumination
plane and detection plane during 3D imaging (Supplementary Fig. 3c).

When the illumination plane exactly overlaps with the focal plane of the detection
objective, the image captured by the sSCMOS camera is in-focus. Otherwise the image will be
blurred. To evaluate the performance of LiFT-FRAP system for 3D imaging, we imaged a
fluorescent microsphere (1.75 pm in diameter) in 1% agarose gel. The results showed high
contrast 2D images of the microsphere (Supplementary Fig. 3d) with successful 3D
reconstruction of beads distributed in the gel (Supplementary Fig. 3d).

Supplementary Note 4: Imaging normalization

In LiFT-FRAP experiments, possible non-uniform distribution of the fluorescent
molecules in the samples, uneven illumination, and stripe artifacts caused by the mismatching of
the refractive indices along the light sheet propagation direction '® will cause a non-uniform
image background (Supplementary Fig. 4). To obtain uniform background images, prebleaching
images were recorded at the start of each LiFT-FRAP experiment. Therefore, each postbleaching
image had its own corresponding prebleaching image. By normalizing the postbleaching image
with the prebleaching image !/,
Ipost(x; Bz t)

Ipre (x, Y t) @

In(xry; t) =
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where I, (x, y, t) is the normalized intensity at pixel (x,y) at time t, Ipre(x,y,t) and
Iost(x, y, t) are the intensities at pixel (x, y) at time t in the prebleaching image and

postbleaching image, respectively. A uniform background around the bleaching area was
obtained (Supplementary Fig. 4).

Supplementary Note 5: 3D Fourier transform FRAP theory
Data analysis of LIFT-FRAP is based on our previously published 3D Fourier transform
FRAP theory (Fig. 2b) '%. In LiFT-FRAP experiment, 3D fluorescence recovery process after
photobleaching is governed by Fick’s second law shown in equation (1). A 3D Fourier
transformation can be performed to solve equation (1) with the boundary condition that
C(x,v,zt) is constant as (x,y,z) - +oo '8,
C(u,v,w,t)

————— = exp [—4m?(u?® + v? + w?)D(u, v, w)t] (3)
C(u,v,w,0)

where C(u, v, w, t) is defined as C(u, v, w,t) =

fjooo fjooo fjooo C(x,y,z,t)e 2mux+vy+w2) dxydydz and D (u, v, w) is defined as:

U?Dyy + 2Dy, + W2D,, + 2uvDyy, + 2uwD,, + 2vwD,,
u? +v?2 +w?

4

D(u,v,w) =

where u, v, and w are the spatial frequencies.

Equation (3) is the basis for the LIFT-FRAP analysis. The value of D (u, v, w) in the
spatial frequency domain can be calculated by fitting equation (3) to the experimental data (Fig.
2b). To determine individual diffusion tensor component, the average value of D (u, v, w) is
calculated over a spherical surface in spatial frequency domain:

_ D v,w)ds 132 22 D(¢,6) sin6 dpde

_ _ (5)
a1,@2,81,82 [[ds [(a; — a;)(cos B; — cos 3,)]

D

where
D(¢,0) = (sin 6 cos ¢)? Dy, + (sin @ sin ¢p)* Dy, + (cos 6)? D,

(6)
+ (sin @)% sin 2¢p D, + sin 26 cos ¢ D,, + sin 20 sin¢ D,,

is the expression of D (u, v, w) in the spherical coordinate, where ¢ is the azimuthal angle
ranging from a; to a,, 0 is polar angle ranging from f; to 5,. By averaging over different
spherical surfaces, each component of the 3D diffusion tensor is determined (Fig. 2b) %:
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( 3
ny = T (DO,TL'/Z,O,TL' - DO,n,O,n)

3
Dyz = T (DO,n,O,n/Z - DO,n,O,n)

3
Dy, = T (DO,TT/Z,O,TT/Z + DO,n,O,n - DOJT/Z'OJT - DO'"'O'"/Z) (7)
3
D,, = (2\/5 + 2)D0,n'0'3n/4 — Z\EDO,,LOJT - DO,n,O,n/Z + T (Do,n/4,o,n - DO,n/Z,O,n)

3n
Dyy = (2\/5 + Z)Do,n,0,3n/4 - zﬁDO,n,O,n - DO,n,O,n/Z - T (DO,TT/4,0,TL' - DO,n/Z,O,n)

\ D,, = (4"/E + 3)Do,n,o,n + 2Do,n,o,n/z - (4'\/E + 4’)D0,n,0,3n/4

Supplementary Note 6: Theoretical diffusivity calculation
The theoretical diffusivities of sodium fluorescein and FD molecules in glycerol solutions

were calculated from the Stokes-Einstein equation '°:
D kgT

6

(8)

Where kg = 1.38 x 102* m? kg s2 K'! is the Boltzmann’s constant, T = 293 K is the room
temperature, 7 is the solution viscosity, and 7 is the Stokes radius of the diffusing molecules.
Solution viscosity and Stokes radius were collected from the literature or each manufacturers’
website (Supplementary Table 2, 3).

Supplementary Note 7: Diffusion matrix rotation
In the LiFT-FRAP experiment with porcine corneas, the calculated 3D diffusion tensor D
was rotated 45° counterclockwise along the y-axis (8 = 45°). The rotation matrix R was defined
as,
R=10 1 0
sin@ 0 cosb

©)

cosO O —sinG]

Dyx Dxy Dxz
A new 3D diffusion tensor D’ = |Dy,, Dy, Dj,,| can be derived by D' = RTDR, where RT is
Dy, Dy; Dy
the transpose of R. After the matrix rotation, D,, is the diffusion in the anteroposterior direction
(perpendicular to the lamellae). Dy, and Dy, instead are the diffusions in the mediolateral and
superoinferior directions (parallel to lamellae structure), respectively.
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