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ABSTRACT: Multiphoton-excited fluorescence recovery while photobleach-
ing (FRWP) is demonstrated as a method for quantitative measurements of
rapid molecular diffusion over microsecond to millisecond timescales.
Diffusion measurements are crucial in assessing molecular mobility in cell
biology, materials science, and pharmacology. Optical and fluorescence
microscopy techniques enable non-invasive rapid analysis of molecular
diffusion but can be challenging for systems with diffusion coefficients
exceeding ∼100 μm2/s. As an example, fluorescence recovery after
photobleaching (FRAP) operates on the implicit assumption of a
comparatively fast photobleaching step prior to a relatively slow recovery and is not generally applicable for systems exhibiting
substantial recovery during photobleaching. These challenges are exacerbated in multiphoton excitation by the lower excitation
efficiency and competing effects from local heating. Herein, beam-scanning FRWP with patterned line-bleach illumination is
introduced as a technique that addresses FRAP limitations and further extends its application range by measuring faster diffusion
events. In FRWP, the recovery of fluorescence is continuously probed after each pass of a fast-scanning mirror, and the upper bound
of measurable diffusion rates is, therefore, only limited by the mirror scanning frequency. A theoretical model describing transient
fluctuations in fluorescence intensity arising as a result of combined contributions from photobleaching and localized photothermal
effect is introduced along with a mathematical framework for quantifying fluorescence intensity temporal curves and recovering
room-temperature diffusion coefficients. FRWP is then tested by characterization of normal diffusion of rhodamine-labeled bovine
serum albumin, green fluorescence protein, and immunoglobulin G molecules in aqueous solutions of varying viscosity.

■ INTRODUCTION
Biochemical processes are frequently dictated by kinetics, such
that quantitative characterization of molecular diffusion is
critical to understanding physicochemical evolution in complex
biological systems. Translational and rotational diffusion
characteristics of macromolecules in biological media and
within pharmaceutical formulations play a major role in
regulating the rates of biochemical reactions and determining
the bioavailability of therapeutics. Even though the mathemat-
ical framework for studying diffusion was derived by Fick
almost two centuries ago, the introduction of precise and
reliable methods to measure molecular diffusion greatly
accelerated following the development of modern spectro-
scopic and microscopic techniques. Among the most
commonly used translational diffusion characterization meth-
ods are dynamic light scattering (DLS), diffusion NMR
(dNMR), single particle tracking, and fluorescence correlation
spectroscopy (FCS).1−6 In addition, fluorescence and
phosphorescence anisotropy was carried out to characterize
rotational motions of macromolecules in aqueous solutions.7,8

Despite the demonstrated successes of these methods under
appropriate conditions, the optical imaging methods for
probing translational diffusion are generally limited to diffusion
coefficient D values not exceeding 50 μm2/s.9 FCS and dNMR
were shown to enable the characterization of faster diffusion,

but the former is only applicable to highly diluted solutions,
while the latter requires highly specialized instrumentation and
is incompatible with solid samples.
Fluorescence recovery after photobleaching (FRAP) is

another widely established method that enables diffusion
characterization of biomolecules at micrometer scales.10−12 In
FRAP, a short exposure of a photobleaching laser irreversibly
drives fluorophores in the focal volume into an inactive dark
state. The following recovery of fluorescence intensity directly
informs on the diffusion characteristics of fluorescent
molecules spreading into the photobleached volume from the
surroundings due to an established concentration gradient.
FRAP has been widely utilized as a routine and reliable method
to probe the mobility and chemical properties of fluorescently
labeled biomolecules within cell organelles and mem-
branes.12−15 FRAP has also found applications in materials
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science for studying the diffusion of polymer chains and the
mobility of dopants in glass materials.16,17

In the most common point-bleach implementation, FRAP is
performed by bleaching a diffraction-limited single spot within
a sample volume using a tightly focused high-intensity visible
laser beam. However, the accuracy of recovered diffusion
parameters in the point-bleach FRAP relies heavily on knowing
the point-spread function (PSF) of the bleaching beam.
Additionally, issues such as optical aberrations, misalignment,
and optical turbidity can perturb the excitation beam focus,
making it difficult to quantitatively estimate the bleach volume.
Furthermore, in the conventional single-point bleach FRAP,
local transient heating can negatively impact the measurement
accuracy by altering the local diffusion properties and by
thermally damaging the sample. Local heating is particularly
problematic in multiphoton point-bleach FRAP experiments
that require high peak laser fluences for efficient nonlinear
excitation. However, it was demonstrated that careful selection
of experimental parameters such as bleaching power enables
accurate recovery of diffusion parameters with multiphoton-
excited FRAP.18

None of the common diffusion characterization methods
provide facile routes for mapping spatially varying diffusivities
within structurally heterogeneous assemblies. Several previous
studies have demonstrated the use of line and patterned
illumination profiles to circumvent some of the limitations of
conventional FRAP analysis.19−21 Recently, Geiger et al. have
demonstrated the theoretical framework and proof-of-concept
experiments for Fourier-transform FRAP (FT-FRAP) with a
comb-bleaching pattern across a large (∼1 × 1 mm) field of
view (FoV).22 Following the initial demonstration, FT-FRAP
has recently been applied to characterize the mobility and
chemical composition of phase-separated microdomains in
amorphous pharmaceutical formulations.23 In FT-FRAP, a
periodic line bleach is achieved by controlling fast-scanning
mirrors (either resonant or galvanometer scan mirrors) that
rapidly translate the excitation beam across the FoV. In this
implementation, a significant reduction in local heating is
achieved by distributing the incident power along multiple
equally separated rapidly scanned lines. Spatial frequency
domain analysis results in sharp puncta in the spatial FT
domain, by analogy with point-bleach in real space. Because of
reduced local heating effects from rapid beam-scanning, comb-
bleach FRAP is compatible with two-photon excited
fluorescence (TPEF). The integration with TPEF is partic-
ularly advantageous in diffusion studies within structurally
heterogeneous systems, leveraging the compatibility of TPEF
with deep-tissue imaging through optically scattering media.
While FT-FRAP using periodically patterned illumination

with analysis in the spatial FT domain circumvents many
practical limitations of conventional FRAP, the time limit for
fast-diffusing species is not fundamentally different from point-
bleach methods. Just as in wide-field FRAP measurements, the
upper bound of the studied diffusion coefficients in beam-
scanning FT-FRAP is determined by the combination of the
photobleach rate and the single frame acquisition time. Even
assuming an instantaneous photobleach event, typical frame
rates in high-sensitivity cameras of ∼60 fps result in a practical
upper limit of diffusive motions on the order of D < ∼100
μm2/s. However, in practice, the photobleach process itself
often dictates the upper bound on the diffusion rates directly
accessible through FRAP (including FT-FRAP). Compared to
fluorescence emission, photobleaching is a relatively rare event

(1 in ∼106 excitations), complicating the rapid generation of
high bleach depths.24 Substantial fluorescence recovery can
potentially take place within the timescale of the photo-
bleaching event for fast diffusion processes. Increasing the laser
fluence in point-bleach measurements to shorten the photo-
bleaching time can lead to saturation of the chromophores for
optical-induced transparency and/or increases in the local
heating rate raising the risk of permanent thermal sample
damage. This latter point is particularly critical in multiphoton
excitation given the high laser fluences typically used. FT-
FRAP can mitigate both of these issues by distributing the
photobleach power over the entire field of view, but still suffers
from the fundamental speed limit associated with partial or
complete recovery arising during the timescale of the
photobleach step.
Further complicating the use of FRAP for fast diffusive

motions, short-term reductions in fluorescence during rapid
exposure to the excitation beam are expected not only from
photobleaching itself but also from photothermal effects and
other reversible photophysical interactions. In addition to
irreversible reactions suppressing fluorescence, excited fluo-
rophores can undergo reversible transitions (e.g., to long-lived
triplet states), followed by recovery from photophysics rather
than diffusion.25,26 Furthermore, vibrational relaxation in the
ground and excited electronic states together with nonradiative
relaxation can produce local transient temperature increases.
Given the high-temperature sensitivity of fluorescence
quantum yields (∼1−2%/°C),27 even transient temperature
changes of only a few degrees could have a substantial impact
on the fluorescence intensity, making it a particularly
important consideration in quantitative multiphoton excited
laser-based FRAP measurements.28,29 The temperature sensi-
tivity of fluorescent dyes is well-studied and was previously
shown to be a highly accurate probe for biological processes
dynamics, such as quantifying protein folding kinetics.30,31

More recently, Simpson and Cheng’s groups have independ-
ently demonstrated the use of thermosensitive fluorescent
molecules for probing local mid-IR absorption through the
quantification of the local photothermal effect.32,33

In the present work, the instrumentation and theoretical
framework for fluorescence recovery while photobleaching
(FRWP) analysis is introduced. FRWP is shown to support the
quantitative analysis of fast (>50 μm2/s) diffusion by
monitoring the variations in fluorescence intensity during the
photobleaching event. FRWP utilizes a high-speed resonance
mirror for rapid beam-scanning that minimizes local heating
effects and provides high temporal resolution. The local
heating reduction enables the compatibility of FRWP with
nonlinear two-photon excitation, opening the potential for
high-fidelity imaging in turbid, heterogeneous media. The
effect of residual local heating on the values of apparent
diffusion coefficients was studied, quantified, and mathemati-
cally separated to ensure the recovery of the room-temperature
diffusion coefficients for comparison with theoretical pre-
dictions. An empirically observed nonlinear dependence of the
apparent diffusion coefficients on the incident laser power is
discussed. FRWP analysis is applied to study the diffusion
properties of natively fluorescent and externally labeled protein
molecules in aqueous solutions that are usually incompatible
with conventional FRAP due to their high mobility. The
theoretical foundation of FRWP described herein using
homogeneous samples provides a pathway for the further
development of deep-tissue volumetric diffusion mapping
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techniques, in which the diffusion coefficient varies as a
function of 3D position within complex and heterogeneous
biological assemblies.

■ EXPERIMENTAL METHODS
A custom nonlinear microscope system (Figure 1) was used for
TPEF (800 nm excitation wavelength) FRWP analysis. The

excitation beam was produced by a tunable 80 MHz 150 fs
Ti:sapphire ultrafast laser (Spectra Physics Mai Tai) with a
maximum average output power of 1 W. The incident beam
went through a galvo mirror (Cambridge Technologies)
operating with a 16 Hz sawtooth motion for the slow-scan
axis and an 8.8 kHz sinusoidal resonant mirror (Electro-
Optical Products) for the fast-scan axis. Both mirrors were
time-synchronized with a master clock set by the 80 MHz
repetition rate of the laser. A Nikon 10×, 0.3 NA microscope
objective was used to project the scan pattern onto the sample
focal plane, and the TPE-UVF signal was collected in the epi
direction through the same objective. The excitation power at
the sample plane was around 100 mW over the whole field of
view for two-photon excited photobleaching. The epi-detected
fluorescence signal was filtered with a 720 nm shortpass
fluorescence filter (Thorlabs FES0700) and directed to a
Hamamatsu H10720 photomultiplier tube (PMT) module.
The PMT response was digitized synchronously with the
excitation laser pulses using a digital oscilloscope card
(AlazarTech ATS9350) and reconstructed into 512 × 512
pixels images using in-house MATLAB algorithms, as
described previously.34 The image acquisition frame rate was
16 fps.
The FRWP experiment consisted of three consecutive

stages, (1) pre-bleach imaging, (2) photobleaching, and (3)
post-bleach imaging (Figure 2d), and is described in detail in
the Theoretical Framework section. The pre-bleach images
were generated using a standard 512-step square raster scan to
reconstruct 512 × 512 pixels images. Comb patterns for
patterned photobleaching were produced by modification of
the analog control of the signal delivered to the position of the
slow-scan galvanometer mirror. The protocol and software that
enables the programming of custom galvo mirror scan patterns
were described previously.22 Rather than a smooth progression
of the slow-scan voltage between upper and lower limits in 512
increments, the beam was directed in a stairstep pattern, with
longer dwell times at discrete periodic locations within the field

of view (Figure 2b,c). The two scanning approaches (full FoV
raster scanning and periodic line bleaching) are illustrated in
schematic animations (Movie S1). For a comb pattern with
eight photobleach lines, the resonant mirror directed the beam
across each for 64 consecutive passes before progressing to the
next in the queue. The total number of fast-scan mirror periods
per scan was maintained at 512, given by the product of the
number of photobleaching stripes and the consecutive repeats
per line per frame (e.g., 512 = 8 × 64).34 Only the uniformly
illuminated central section of each of the fluorescence images
was used for the analysis, and the images were cropped prior to
fitting.
Tetramethylrhodamine conjugated bovine serum albumin

(BSA) was purchased from Thermo Fisher Scientific. A series
of glycerol and phosphate-buffered saline (PBS) (pH 7.4)
solutions were mixed at room temperature. The glycerol
volume percentage ranged from 0 to 40%. BSA solutions were
made by dissolving 2 mg of BSA lyophilized powder in 1 mL of
mixture buffer solution. Green fluorescent protein (GFP)
expressed in E. coli was purchased from Sigma-Aldrich. GFP
was originally stored in PBS containing 20% glycerol.
Rhodamine-labeled goat anti-mouse immunoglobulin G
(IgG) secondary antibody was purchased from Thermo Fisher
Scientific and solubilized in PBS. Solutions were mixed
thoroughly before FRWP analysis. The buffer solutions were
made from thorough mixing of glycerol with PBS solution to
tune the viscosity.30

Theoretical Framework. Fluorescence Recovery during
the FRWP Measurements. The complete mathematical
description of fluorescence intensity trends during the
photobleaching process requires considering the decrease in
the concentration of active fluorophores being photobleached
(the downward part of each of the experimental ″teeth″) and
the diffusion-dictated recovery driven by the resulting
concentration gradient. For uncorrelated photobleaching
probabilities with nominally identical fluorophores, the photo-
bleaching trend at a constant excitation power is described by
an exponential decay:

= [ ]+
·C x t C x t e e( , ) ( , ) 1 (1 )i i

t x
1 0

/22
b

2

(1)

In eq 1, C(x,t) is the concentration of unbleached
fluorophores at time t and position x, C0 is the initial
concentration, σb is the root mean square width of the
bleaching laser, and α is the photobleaching rate. The equation
consists of two exponential relationships, which describe the
temporal and spatial fluorophore concentration changes. The
e−αt derives from the integral of a fixed percentage photo-
bleaching efficiency each single-pass of the fast-scan mirror.
The term ·e x /22

b
2
represents the Gaussian PSF of the

Gaussian photobleach spot. A Taylor-series expansion about
time zero gives the following expression for the exponential
function of the time-dependent recovery. For short timescales,
only the leading term in the expansion was considered
significant:
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Figure 1. Simplified schematic depiction of the nonlinear optical
beam-scanning microscope that was used for two-photon FRWP
measurements. SP is a shortpass fluorescence filter; PMT is a
photomultiplier tube.
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Using the approximation in eq 2, the initial pre-bleaching
decay can be expressed as a linear concentration reduction
proportional to the photobleaching rate at a certain position,
agreeing well with the pre-bleach stage observations in Figure
2.
Once the concentration gradient of active fluorophores is

established by an excitation laser, molecular diffusion takes
place. Normal molecular diffusion is described by Fick’s second
law of diffusion, relating the time derivative of the
concentration to its gradient. In FRAP experiments, irrever-
sible photobleaching within the illuminated locations induces a
concentration gradient of active fluorophores from the

surroundings. The diffusion tensor D describes the spatial
variance of the molecular mobility in a 3D space:

= ·[ ]C r t
t

D C r t
( , )

( , )
(3)

where C is the concentration distribution of the fluorophore, D
is the diffusion coefficient tensor, and t is the time.
Notably for the comb-patterned photobleaching (illustrated

in Figure 2b) in an initially isotropic medium, the diffusion
tensor can be replaced by a scalar D and the concentration
distribution is a simple function C of the distribution in
concentration along a single dimension, x, orthogonal to the

Figure 2. Overview of the FRWP analysis pipeline. (a) Galvo scan mirror position time trace during a full FoV raster scanning in the pre- and post-
bleach stages. (b) Galvo position time trace during an eight-line step scan in the FRWP stage. (c) Example of a full raw data trace over all three
stages of the FRWP process. (d) Representative images of a fluorescence FoV at each stage of the analysis. Only 8 selected lines are scanned during
the FRWP stage with 64 passes over each line to match a total of 512 scan lines. Residual bleached lines can be seen during a full FoV imaging in
the post-bleach stage. (e) Zoom-in showing the experimental sawtooth pattern in detail.
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comb lines (diffusion parallel to the bleached lines and out-of-
plane diffusion along the z-axis are considered negligible for
thin samples):

=C x t
t

D
C x t

x
( , ) ( , )2

2 (4)

Numerical solutions to eqs 2 and 4 based on the Euler
method were evaluated in MATLAB in a “forward model”,
designed to replicate the FRWP observables for a set of given
input parameters. Per the consideration above, the simulation
included two phases: (i) the photobleaching phase, corre-
sponding to repeated illumination of a single “tooth” in the
comb (see results and discussion) and (ii) the recovery phase,
during which the beam is occupied in the illumination of the
other teeth in the comb. Recovery was assumed to arise

orthogonal to the tooth direction, assuming a Gaussian PSF
consistent with the use of an excitation beam underfilling the
back pupil of the objective. For every simulation time step, the
concentration profile in x was updated based on eqs 2 and 4.
For a comb-bleach with eight teeth, the photobleaching
happens within one-eighth of the frame time, with the pixel
dwell time τ calculated as

= _ # × #frame time/( pixel line) (5)

Given that the frame rate, the number of teeth in the comb,
and the beam profile are known, the only variables in the
forward model are the photobleaching rate α and the diffusion
coefficient D. The former α can be determined directly from
the baseline fluorescence reduction during the pre-bleaching
stage. Initial guess values for D were predicted by the Stokes−
Einstein diffusion equation and were used to initiate

Figure 3. (a) Representative example of a FRWP fitting result. (b−d) Measured apparent diffusion coefficients of aqueous solutions of various
macromolecules (a) Rhodamine-labeled BSA, (b) GFP, and (c) Rh-labeled IgG) as the function of the photobleaching rate (proportional to the
square of the incident laser power). The y-intercept values correspond to room-temperature diffusion coefficients in the absence of laser-induced
photothermal effect and thermal diffusion. The error bars for two intersecting lines in b are omitted for visual clarity. (e) Validation of the linear
fitting for diffusion coefficients using molecular and thermal diffusion forward model. The simulated plots demonstrate the dependence of the
apparent D values on the order of the “deposited heat−laser power” relationship. The plots suggest a highly nonlinear relationship between the Q
and P with a higher than quadratic dependence.
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Levenberg−Marquardt nonlinear curve fits to recover the
maximum likelihood estimate values for D (Figure 3a). Prior to
fitting to recover D, the sawtooth data were high-pass filtered
to remove the rolling background. The recovered values of D
were highly covariant with the measured value of the PSF
width of the excitation beam, which was presumed to be a 2D
Gaussian function of root mean square width σb. Accurate
determination of σb was performed by image analysis following
comb-bleach illumination of a rhodamine 6G dye cast within a
high-viscosity nitrocellulose matrix (nail polish) to ensure
negligible translational diffusion. Under these conditions,
Gaussian fits of the stripe widths were used to recover values
for σb.
High-Level Overview of the FRWP Approach. A timing

diagram illustrating the data collection pipeline is shown in
Figure 2. Prior to patterned photobleaching, the excitation
source was scanned across the entire field of view in a raster
pattern used for conventional beam-scanning imaging (pre-
bleach stage, Figure 2a). Frame-to-frame reduction in
fluorescence observed as a negative slope of the intensity
trend in the “pre-bleach” stage in Figure 2c was used to
establish the baseline photobleaching rate over the whole FoV.
For the next step (patterned photobleaching), the raster
pattern was changed to a “stair-step” pattern with longer dwell
times at a select number of periodically spaced lines within the
FoV, as shown in Figure 2b. Within a given line, the
fluorescence was reduced following repeated sequential passes
in a given “stair”, followed by partial recovery at that location,
as the beam was moved elsewhere to illuminate other “stairs”.
By nature of the periodicity in the pattern, the recovery time is
identical between each sequential pass across a given “stair”,
allowing the entire data set to be pooled (Figure 2b). Finally,
the beam is switched back to a full raster scan to once again
perform full FoV imaging (post-bleach stage). For molecules
with sufficiently slow diffusivity, residual photobleached lines
persist (Figure 2d), enabling conventional FRAP analysis.
However, the analysis of fluorescence changes occurring during
the photobleaching process provides complimentary access to
diffusion events happening at faster timescales.
A full raw experimental fluorescence intensity time trace for

a single FRWP measurement is shown in Figure 2c with the
three experiment stages clearly distinguishable. A gradual
decrease in the overall fluorescence due to slow photo-
bleaching during the full FoV illumination can be observed
during stages (1) and (3), while the comb-bleaching FRWP
analysis stage is characterized by a repetitive cycle of rapid
bleaching and recovery creating a sawtooth pattern. The zoom-
in of the sawtooth pattern is shown in Figure 2e. It should be
noted that fluorescence recovery in stage (2) happens while
the probe beam is bleaching other lines in the FoV, which
creates an apparent sudden recovery in the upward part of each
of the “teeth”.

■ RESULTS AND DISCUSSION
The performance of FRWP analysis was first evaluated on
solutions of rhodamine-labeled BSA in glycerol/PBS mixtures.
BSA plays many biological roles in stabilizing oncotic pressure
within capillaries, transporting fatty acids, bilirubin, minerals,
and hormones, and functioning as both an anticoagulant and
an antioxidant.35,36 A concentration series of solutions
containing increasing amounts of glycerol (from pure PBS
up to 40% of glycerol) was studied to investigate the
dependence of recovered apparent diffusion coefficients on
the viscosity of the solutions. Furthermore, the experiments
were performed at varying incident laser powers to isolate the
contributions of thermal diffusion and photothermal effect.
In general agreement with expectations for processes driven

by two-photon absorption, plots of the apparent diffusion
coefficient (Figure 3b) for rhodamine-labeled BSA yield
recovered values of D that scale quadratically with incident
laser power and linearly with the excitation/photobleach rates.
The values of photobleach rates at each power setting were
determined from the “pre-bleach” stage fluorescence loss rate
recorded over the entire field of view (Figure 2a,c) and scaled
quadratically with incident laser power, consistent with
expectations for two-photon excitation. From the intensity-
dependent apparent diffusion coefficient, the molecular
diffusion coefficient can be isolated by extrapolation to the
intercept, corresponding to the observed diffusion coefficient
in the limit of zero incident laser power. In this extrapolated
limit, both the power-dependent contributions from thermal
diffusivity and/or excited state recovery contribute negligibly.
Based on simulations shown in Figure 3e, the slope of the
curves depends on the intensity-dependent nonlinear scaling of
the local heating, which in turn depends sensitively on
measurement conditions (e.g., tightness of focus, optical
aberrations, pulse duration, etc.). The non-monotonic depend-
ence of the slope with glycerol concentration shown in Figure
3b is tentatively attributed to subtle changes in the tightness of
focus, given that the 20% glycerol data were acquired on a
different day than the other data on the curve. Nevertheless,
the simulations suggest negligible dependence of the intercept
on the scaling coefficient that dictates the slope. Each data
point in Figure 3 represents a single time-dependent fit to
recover the diffusion coefficient performed at a fixed incident
excitation power, with representative uncertainties given by the
95% confidence intervals in the recovered parameters from the
fits.
The validity of this extrapolation approach can be evaluated

by comparison of the asymptotic translational diffusion
coefficients with expectations for normal diffusion based on
the Stokes−Einstein diffusion coefficient. The BSA diffusion
coefficient can be estimated from the first principles by eq 6 for
spheroidal particles in liquids with low Reynolds numbers.33,34

Table 1. Comparison of Stokes−Einstein Estimation and FRWP Results for BSA in Various Viscosity Media

100% PBS/0% Glycerol
BSA

80% PBS/20% Glycerol
BSA

60% PBS/40% Glycerol
BSA

80% PBS/20% Glycerol
GFP

100% PBS/0% Glycerol
IgG

dynamic viscosity, Pa*s 8.93 × 10−4 1.73 × 10−3 4.05 × 10−3 1.73 × 10−3 8.93 × 10−4

hydrodynamic radius, nm 3.4837 2.2138 6.5−1339,40

Stokes−Einstein prediction,
μm2/s

71.9 37.1 15.9 57.1 18.6−37.3

FRWP experimental value,
μm2/s

69.2 ± 7.7 49.3 ± 10.3 33.6 ± 2.8 59.9 ± 14.6 12.9 ± 1.6
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(6)

In eq 6, kB is the Boltzmann constant, T is the absolute
temperature, η is the dynamic viscosity, and R is the
hydrodynamic radius of the spherical particle. The hydro-
dynamic radius of the BSA can be measured by multichannel
DLS, and the value used for the Stokes−Einstein equation was
3.48 nm.37 The predictions from the Stokes−Einstein equation
summarized in Table 1 are in good agreement with the
experimentally recovered translational diffusion coefficients
given by the intercepts of the curves shown in Figure 3.
Building on the proof-of-concept measurements with BSA,

TPEF FRWP measurements were performed to quantify the
molecular diffusivity of a small intrinsically fluorescent protein
(GFP). GFP, first isolated from Aequorea Victoria jellyfish, is
widely used as a biomarker for biological systems due to its
compatibility with genetic tagging for exogenously expressed
proteins, together with its brightness and high photostability.
Translational and rotational diffusion of GFP in solution and
cell cytoplasm have been previously thoroughly characterized
by conventional FRAP and fluorescence anisotropy. However,
due to its small radius and relatively fast diffusion, previous
GFP studies were mostly conducted in highly viscous media
(>60% glycerol content).41,42 The room-temperature GFP
diffusion coefficient in a 20/80 glycerol/PBS solution was
measured by FRWP to be 59.9 μm2/s, as shown in Figure 3c.
Additional “book-end” studies were performed to interrogate
molecular diffusion of a relatively large protein (immunoglo-
bulin G, or IgG) with multiphoton excitation. IgG antibodies
are the most common type (∼80%) of antibody found in
blood circulation, where they exist at levels (∼70 μM) second
only to albumin (500−800 μM).43,44 The IgG diffusion is
critical in modulating the human immune system and serves as
a model surrogate for antibody-drug conjugates. The
lyophilized IgG was dissolved in a PBS buffer solution. From
the intercept in the data shown in Figure 3d, the recovered
diffusion coefficient was 12.8 μm2/s, consistent with its larger
hydrodynamic radius (13−6.5 nm) relative to BSA (3.48 nm)
and GFP (2.21 nm).38,45,46 The authors were unable to find
previously published data on the hydrodynamic radius of the
particular goat IgG antibody that was used in the present work;
however, the FRWP results might indicate that it was on the
larger side of the cited range.
While the general trends between experimental and Stokes−

Einstein predicted diffusion coefficients are in good agreement,

the Stokes−Einstein prediction appears to underestimate the
observed diffusion coefficients measured at high glycerol
concentrations. Several sources of bias under these conditions
were considered. The ability to perform FRWP measurements
with low sample volumes (∼10 μL), while advantageous, also
has the potential to introduce high relative uncertainties in
concentrations from subtle differences in volumes dispensed
from micropipettes. The higher viscosity of glycerol solutions
could exacerbate volumetric uncertainties and potentially
introduce bias to overestimate the anticipated volume of
viscous media delivered for pipettes calibrated for aqueous
media. Additional sources of bias may potentially arise from
incomplete mixing with highly viscous glycerol solutions,
potentially resulting in inhomogeneous locations of higher or
lower viscosity within the sampled volumes.
To test the potential importance of incomplete mixing,

studies were undertaken to quantify the glycerol-dependent
diffusion coefficient, recovered by the intercept in the limit of
low laser excitation power. As illustrated in Figure 3, the results
of the glycerol-dependent diffusion for rhodamine-labeled BSA
are shown in Figure 4b. In brief, the results demonstrate a clear
linear trend of decreasing diffusion coefficient with increasing
glycerol concentration. This linear trend is consistent with
expectations from the Stokes−Einstein formula in eq 6 in the
limit of small changes in viscosity. Based on these results, it is
reasonable to conclude that the sample preparation protocols
adopted produced droplets that were well-mixed. Therefore,
the small but statistically significant bias in diffusion
coefficients stated in Table 1 are attributed to inaccuracies in
the high-viscosity volumes dispensed by micropipetting.
Given the substantial perturbation in the apparent diffusion

coefficient arising from local heating evident in Figure 3b−d, it
is worth considering in more detail the role of transient local
heating in multiphoton excited FRAP and FRWP. If the
nonzero slopes observed in Figure 3 are attributed exclusively
to local heating, an upper bound on the local temperature
change can be calculated from the relative change in
fluorescence. Temperature dependence of fluorescence inten-
sity for the rhodamine-conjugated BSA solution used in this
work was studied by monitoring the average fluorescence
intensity of a calibration sample on a heating stage in the 30−
80 °C temperature range. The average fluorescence signal was
decreasing by 0.99 ± 0.07%/°C (Figure 4a). From the
representative raw data shown in Figure 2e, an average change
of ∼5% was observed in the fluorescence during repeated
sequential passes of the fast-scan mirror, corresponding to

Figure 4. (a) Temperature dependence of the fluorescence intensity of Rh-labeled BSA measured a heat stage. (b) Dependence of FRWP-
measured steady-state diffusion coefficients on the glycerol concentration in studied solutions.
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temperature changes of ∼5 °C. One might expect this increase
in temperature to affect the molecular diffusivity, as temper-
ature appears in the numerator in eq 6. However, a
temperature change of 6 °C is only expected to produce a
change in molecular diffusivity of ∼2% according to the
Stokes−Einstein equation, which is much less than the degree
of perturbations observed in Figure 3. Furthermore, thermal
diffusivity is much faster than molecular diffusivity, with a
thermal diffusion coefficient of 143,000 μm2/s in water.47

Rapid equilibration with the bath is expected during the
quiescent unsampled recovery periods indicated in Figure 2 by
the vertical rise in the sawtooth time traces. As such, the
transient increase in temperature is expected to produce a
negligible impact on the molecular diffusion coefficient under
the conditions in which these measurements were made.
However, temperature changes upon transient local heating

can also impact the fluorescence intensity directly through the
photothermal effect, in which the quantum efficiency of
fluorescence is reduced as the temperature is increased.
Thermally induced suppression of fluorescence through the
photothermal effect would manifest qualitatively similarly to
FRAP but recover with the timescale of thermal diffusivity
rather than molecular diffusivity. Least-squares fitting to a
recovery arising from the combined effects of these two
concurrent recovery mechanisms with different kinetics to a
single diffusion coefficient will generally produce an outcome
given by the weighted combination of the two diffusion
coefficients. The relative amplitude of each process will
generally vary with incident intensity according to their
respective intensity dependencies. For two-photon excitation,
FRAP will scale quadratically with the incident intensity.
Depending on the intensity dependence of transient local
heating, the scaling could range from linear if dominated by
one-photon absorption through highly nonlinear from
cascaded excited state absorption. The following general
form of the relationship between the deposited heat (Q) and
the incident laser power (P) was used with x being an
adjustable exponent.

Q P x (7)

In order to evaluate the FRWP trends in the presence of
non-negligible intensity-dependent local heating, simulations
were performed in which the exponent of the fluorescence
excitation and heating was varied. The measured fluorescence
photobleaching rate α was assumed to scale quadratically with
excitation power, with power scaling between linear and cubic
considered for local heating. A series of simulation results were
generated using an updated forward model considering both
molecular and thermal diffusion contributions and assuming a
fixed molecular diffusion coefficient of 200 μm2/s at varying
laser power. The simulation results were then fitted using a
Levenberg−Marquardt nonlinear algorithm to recover the
observed values Dobs. The fitting results are shown in Figure 3e.
The trends are in excellent agreement with simple intuition;
heating scaling with an exponent lower than 2 will become less
important than two-photon excitation with higher peak laser
power, while scaling greater than 2 suggests an increasingly
important perturbation from local heating with higher power.
As can be seen from the simulation results, a positive slope

of the observed diffusion coefficient Dobs suggests a higher than
quadratic dependence of the local heating on incident laser
power in the experiments. The observation of local heating
effects scaling higher than quadratically is consistent with prior

reports in multiphoton microscopy. Multiple previous studies
focused on quantifying the dependence of photodamage on
incident laser power in two-photon fluorescence microscopy
reported high nonlinearity with scaling factors ranging from
2.14 to 3.17.48−50 Consistent with these studies, the observed
temperature change is attributed to a combination of one- and
two-photon absorption together with additional nonlinearity
attributed to cascaded absorption from excited vibrational/
electronic states. In this limit, the simulations demonstrate
reliable recovery of the molecular diffusion coefficient from the
intercept of Dobs in the asymptotic limit of low laser power.
Consistent with these simulated results, molecular diffusion
coefficients evaluated from the intercept yielded values in good
agreement with simple Stokes−Einstein estimations based on
hydrodynamic radii.
Given the prominent role of local heating in the measured

diffusivity in FRWP, a series of simulations were performed to
assess the limiting behaviors expected in FRWP experiments in
Figure 5. In brief, the figure shows two sequential processes

critical to FRWP recovery: (i) the illumination period on a
single line and (ii) the quiescent period during illumination of
other lines in the field of view. During the illumination period,
reductions in fluorescence are modeled to arise from a
combination of both photobleaching and local heating through
the photothermal effect. Following cessation of illumination,
high thermal diffusivity results in rapid recovery back to
baseline over timeframes much faster than the quiescent
period. As such, the effectively complete baseline recovery in
temperature prevents direct measurement of the rate of
recovery from the accessible FRWP measurements. It also
suggests that any local transient temperature changes during
illumination are rapidly dissipated and unlikely to significantly
affect the much slower molecular diffusivity of key interest in
this study.
While the primary focus of the present study is on FRWP

with multiphoton excitation for high-accuracy diffusion
analysis of rapidly diffusing species, the fortuitous direct access
to local temperature changes from photothermal effects may
provide a convenient approach for quantifying propensities to
thermal damage in broad classes of nonlinear optical imaging
approaches. In general, desires to increase the signal-to-noise
ratio through the use of higher peak intensity sources in
nonlinear optical imaging are tempered primarily by damage to
the samples under such conditions. In cases in which damage is
dominated by local heating effects, suppression of fluorescence
(from labels or from autofluorescence) could potentially

Figure 5. Simulations of temperature-dependent effects on FRWP
during molecular diffusion analysis.
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provide a sensitive method for directly measuring the localized
transient temperature changes induced during beam-scanning
imaging. Since this read-out operates in real time with a
temporal and spatial resolution set by fluorescence, it is much
more direct and quantitative than subsequent visual assess-
ments of gross perturbation to the samples used previously to
assess sample damage. Under full-field of view imaging with
identical fast-scan conditions, an upper bound on the
temperature change per pass through the field of view is
given by 1/64th of the temperature induced by 64 serial passes.
Under these conditions, the sample temperature is expected to
change by ∼0.1 °C during multiphoton excited fluorescence
imaging for a single-pass using a fast resonant (8.8 kHz) scan
mirror within the central field of view corresponding to ∼0.4
°C/μs. The use of slower galvanometer mirrors has the
potential to substantially increase that heating rate. Under
identical conditions, a continuous exposure of 100 μs would be
expected to produce temperature changes as much as 40 °C.
These estimates highlight the importance of fast beam-
scanning in minimizing sample damage from local heating in
nonlinear optical microscopy in general, and in two-photon
excitation for FRWP in particular.

■ CONCLUSIONS
The development of FRWP with comb pattern photobleaching
provides a new analytical tool for fast diffusion events tracking.
Compared to point-bleach FRAP, FRWP improves the upper
limit of accessible diffusivities, extends the measurement
volume to a large FoV, and supports multiphoton excitation
with ultrafast fluorescence excitation sources. In this work,
FRWP was applied to characterize the mobility of three
different biologically relevant macromolecules of varying
hydrodynamic radius in aqueous solutions. Effective diffusion
coefficients with values up to 200 μm2/s were recovered.
Furthermore, it was shown that performing a series of
experiments at varying excitation power enables to recover
unbiased room-temperature diffusion coefficients by approx-
imating the experimental values to a zero laser power limit.
The validity of the recovered diffusivities was confirmed by
comparing them with the theoretically predicted values. The
observed strong dependence of the apparent mobility of
dissolved macromolecules on the incident excitation power
was further examined and characterized by simulations
accounting for thermal changes in diffusion and photothermal
effects. Due to its compatibility with multiphoton excitation,
FRWP has the potential to aid in assessing the diffusivity of
biomolecules within tissues and other experiments requiring
long penetration depths. In sum, FRWP provides a
complementary analysis pathway for fast-diffusing biological
molecules and expands the application range of non-
destructive optical methods for diffusion studies.
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