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ABSTRACT: Shear stress plays a critical role in regulating physiological
processes within microcirculatory systems. While particle imaging velocimetry
is a standard technique for quantifying shear flow, uncertainty near boundaries
and low resolution remain severe restrictions. Additionally, shear stress
determination is particularly challenging in biofluids due to their significant
non-Newtonian behaviors. The present study develops a shearmetry technique
in physiological settings using a biomimetic fluid containing rare earth-doped
luminescent nanorods acting in two roles. First, they are used as colloidal
additives adjusting rheological properties in physiological media. Their
anisotropic morphology and interparticle interaction synergistically induce a non-Newtonian shear-thinning effect emulating
real biofluids. Second, they can probe shear stress due to the shear-induced alignment. The polarized luminescence of the
nanorods allows for quantifying their orientational order parameter and thus correlated shear stress. Using scanning confocal
microscopy, we demonstrate the tomographic mapping of the shear stress distribution in microfluidics. High shear stress is
evident near the constriction and the cellular periphery, in which non-Newtonian effects can have a significant impact. This
emerging shearmetry technique is promising for implementation in physiological and rheological environments of biofluids.
KEYWORDS: rare earth, nanorod, polarization, spectroscopy, microfluidics, non-Newtonian fluid, shear stress

Most human cells are surrounded by specific fluids
such as blood, lymph, periciliary liquid, or mucus.
The shear stress (τ) induced by the flow of these

biofluids regulates various physiological processes including
gene expression, proliferation, and the transport of nutrients
and waste products.1,2 For instance, endothelial cells lining
blood vessels are primarily affected by blood flow due to their
direct contact with the bloodstream.3−5 Certain epithelial cells
such as intestinal cells and pulmonary cells in the respiratory
tract are also subject to shear stress.6−8 Consequently, accurate
assessment and quantification of the shear stress exerted by
biofluidic flows on cells are crucial to understanding their
mechanobiological response in terms of activity (e.g., gene
expression and path activation) and morphology.
In this perspective, microfluidics provides highly efficient

tools to develop on-chip platforms and analyze complex
phenomena emerging from the interaction between flows and
cells or cell cultures in controlled environments. This
advancement leads to increasingly realistic models of biological
functions.9 A key feature of such advancement is the ability to
reproduce the flow conditions that physiological fluids
experience in living organisms, accurately replicating their
rheological properties, such as non-Newtonian behavior. For

example, blood presents a shear-thinning property as red blood
cells can deform and aggregate reversibly under shear
stress.10,11 This non-Newtonian property is paramount for
blood flow through narrow capillaries, yet it poses challenges
for precise shear stress measurement.12,13 In practical micro-
fluidic experiments, complex rheological behaviors such as the
shear-thinning characteristics of blood or the yield-stress fluid
behavior of mucus are often reproduced by the use of
polymeric solutions with varying concentrations.14,15

In all of these setups, accurately measuring the local flow
properties, in particular the shear stress either internally or
against the cellular wall, remains a major issue. Earlier
computational studies simulating shear profiles on cultured
living cells16,17 highlighted the need for experimental
techniques capable of measuring local shear, which varies
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sensitively with the continuous morphogenesis of the cells.
Currently, the standard experimental methods for quantifying
the flow characteristics are particle imaging velocimetry
(PIV)18,19 and particle tracking velocimetry (PTV).20−22

They work by capturing images of tracer particles dispersed
in the fluid and analyzing the frames with cross-correlation
algorithms to determine the flow velocity (ν) profile. Although
PIV/PTV is a well-developed technique, the principle based on
measuring the velocity has certain limitations, especially when
the interest lies in the shear stress. To obtain the shear stress,
the velocity field obtained by an interpolation of discrete data
points must be differentiated, which amplifies noise and
inaccuracies. Also, the measurement accuracy drops near the
walls where the velocity almost vanishes, while wall shear or
interfacial shear is often of the highest interest in biofluidic
systems.23,24 Furthermore, the spatial and temporal resolutions
of velocimetry trade off against each other by principle. Due to
these limitations, previous attempts to use PIV for mapping the
distribution of the shear stress near cells often lack accuracy on
a subcellular scale.25

We introduce here a technique that combines the tunability
of fluid rheology with a recently demonstrated methodology of
shearmetry based on the polarized luminescence property of
Eu3+-doped lanthanum phosphate (LaPO4/Eu) nanorods.26

The principal idea employs rheo-optics,27 which was
extensively studied earlier through the observation of flow
birefringence in polymers as well as colloids like the tobacco
mosaic virus.28 Rod-shaped nanoparticles dispersed in a fluid
tend to orient along the flow shear.29 The collective orientation
of an ensemble of nanorods can be obtained by analyzing their
polarized emission spectra, from which the magnitude and
direction of shear can be determined. This allows for an
instantaneous and spatially resolved measurement of shear
without tracking individual tracers. For applications in biofluid-
containing salts and macromolecules that significantly affect
the dynamics of nanorods,30 the LaPO4/Eu surface needs to be
functionalized with specific zwitterionic polymer ligands,
achieving superior colloidal stability in the physiological
environments compatible with diverse human cells.31−33 A
remaining challenge is adaptation to the various rheological
behaviors of biofluids: the concentrated ionic, molecular, and

cellular contents cause complex rheology, which can be further
modified by the addition of nanoparticles.34

In this work, we focus on assessing the non-Newtonian
property of our LaPO4/Eu nanorod suspension and establish-
ing reliable cellular shearmetry. We first quantify the shear-
thinning effect induced by the colloidal dispersion of the
nanorods within an aqueous saline medium used as a model
fluid system mimicking non-Newtonian biofluids. This
measurement serves to establish a calibration curve, which
correlates the shear stress with the orientation of nanorods. A
broad range of shear sensitivity is achieved through the
manipulation of various parameters including nanorod
concentration, dispersion medium, and viscosity. We then
perform a shear measurement in a microfluidic channel
featuring curved streamlines in the presence of either an
artificial constriction or living cells. By employing scanning
confocal microscopy, we are able to reconstruct maps of the
shear stress distribution on cross-sectional areas of the
microfluidic channel from the nanorod-induced polarization
spectroscopy. High shear stress is found in the vicinity of
cellular surfaces as they act like constrictions, which
substantiates the applicability of our shearmetry technique in
diverse mechanobiological studies.

RESULTS AND DISCUSSION
Nanorod Orientation in a Microfluidic Channel. The

LaPO4/Eu nanorods were prepared by the previously reported
hydrothermal synthesis method.31,35 A sulfobetaine-phospho-
nate block zwitterionic copolymer was functionalized on the
nanorod surface to enable dispersion in physiological media.32

The nanorods are 150 nm in length (l) and 4 nm in diameter
(d) on average. The nanorod suspension is then flowed in a
straight microfluidic channel with a square cross-section, as
schematically shown in Figure 1a. Additional details on device
fabrication and experimental conditions can be found in the
Supporting Information (S.I.).
Figure 1b displays the expected tendency of the nanorod

orientation depending on the locally applied shear stress. It is
worth noting that the microscopic focal volume (on the order
of μm3) contains hundreds of nanorods. Therefore, the
observed optical signal represents a statistical average of the
nanorod ensemble. In the ideal case of a Newtonian fluid, the

Figure 1. Orientation of nanorods under flow in a straight microfluidic channel. (a) Schematic illustration of the experiment using a straight
square-shaped microchannel showing a typical Poiseuille flow profile in the horizontal midplane. A polarizing analyzer is rotated at an angle
of 0 or 90° (parallel or perpendicular to the flow direction). A 3D coordinate is used with the x-axis along the channel width, the y-axis along
the height, and the z-axis along the flow direction. The observation direction is along the y-axis. (b) Velocity (ν) and shear stress (τ) profiles
of a Poiseuille flow resulting in different degrees of orientation of nanorods depending on the varied local shear stress in the horizontal
midplane. (c) Top view of the flow birefringence in the microchannel with a square cross-section (50 μm × 50 μm) of saline solution
containing the LaPO4/Eu nanorod (volume fraction = 1.8 vol %) with a flow rate of 1.8 μL/min. The channel was placed horizontally
between two crossed polarizers with ±45° angles. The scale bar is 50 μm.
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flow velocity profile at the middle height of the square channel
should follow a parabolic profile, as found in the standard
Poiseuille flow. The wall shear rate is defined by 6Q/wh2,
where Q, w, and h represent the flow rate, channel width, and
height, respectively. The average shear rate (γ̇) through the
whole channel is 4Q/wh2. The shear stress (τ = μ·γ̇ with μ as
the dynamic viscosity of a fluid, which remains constant for
Newtonian fluids) should linearly increase from 0 at the center
to a maximum at the wall.36 Shear stress applies torque to the
nanorods, causing their rotation to the direction of flow. This
rotation is counterbalanced by thermal diffusion, which
randomizes their orientation.37 Therefore, the local degree of
orientation of the rods, quantified as the order parameter ( f,
Figure S1), increases from 0 (random orientation) at the
center to a maximum value of 1 (perfect orientation) when the
rods approach the wall. As the nanorods align, the suspension’s
optical properties change and are characterized by birefrin-
gence. Under crossed polarizers, the flow birefringence (Δn ∝
f)37,38 appears as bright near the walls and dark at the center
(Figure 1c), demonstrating the expected tendency of nanorod
alignment.38,39

Shear-Optical Calibration. To quantitatively determine
the order parameter less than 1, reference luminescence spectra
are needed from perfectly aligned nanorods ( f = 1). These
reference spectra can be obtained from the liquid-crystalline
self-assembly of the nanorods (Figure S2) with the order
parameter close to 1,40 displaying the characteristic Eu3+
emission lines (Figure 2a). They attribute to the magnetic
dipole transition (MD, 5D0−7F1) and the forced electric dipole
transition (ED, 5D0−7F2,3,4).

41 The MD lines at 587 and 592
nm and ED lines at 685 and 698 nm (5D0−7F4), characterized
by high degrees of polarization (defined by (Imax − Imin)/(Imax

+ Imin), where Imax and Imin represent the maximum and
minimum luminescence intensities while rotating the polar-
izer) ranging from 0.5 to 0.8, are chosen for the analysis of
order parameter. When the nanorods are partially oriented
under flow (0 < f < 1), the relative intensities of different lines
vary with the flow rate (Figure 2b). This variation allows for
the order parameter calculation (the calculation method using
the reference spectra is provided in the S.I.). By gradually
changing the flow rate in the straight channel and conducting
optical measurements, we are able to calibrate the order
parameter versus the average shear rate. Figure 2c illustrates
the f−γ̇ dependency, which aligns with the trend of optical
retardation (Δn·h) obtained through birefringence measure-
ments.
To investigate the effect of fluid viscosity, calibration

functions ( f vs Q) were established for the same nanorods
dispersed in different media: water, ethylene glycol, and a
mixture of the two (Figure 2d). The dynamic viscosity of
ethylene glycol is 16.1 mPa·s, an order of magnitude higher
than that of water (1.0 mPa·s).42 It is evident that the
nanorods exhibit stronger alignment when the medium
viscosity is higher, providing evidence of a direct correlation
between the order parameter and shear stress. Technically, this
result demonstrates that the experimental sensitivity range to
the shear rate or flow rate can be adjusted by varying the
medium viscosity. Furthermore, tuning the shear sensitivity is
achievable by changing the volume fraction of nanorods as
reducing interparticle distance increases interparticle inter-
action (Figure S3). We find that in diluted aqueous media (e.g.,
1.0 vol %), the order parameter is linearly sensitive to the
average shear rate below 1000 s−1. By increasing the viscosity

Figure 2. Correlation between polarized luminescence and average shear rate. (a) Reference polarized emission spectra of perfectly aligned
LaPO4/Eu nanorods in liquid-crystalline assembly with the polarizer parallel and perpendicular to the rod orientation. (b) Flow rate-
dependent polarized emission spectra for the 5D0−7F4 ED transition observed with the polarizer parallel to the flow direction (0°). (c) Order
parameter calculated from the polarized luminescence and measured optical retardation from birefringence as a function of the average
shear rate. The curve is a guide line fitted with an exponential function. (d) Calculated order parameters of nanorod suspensions in water,
ethylene glycol (EG), and their mixture (equal volume of H2O and EG) as a function of average shear rate. The volume fraction of nanorods
is 1.2 vol % in all cases. Note that the average shear rate is calculated via 4Q/wh2 based on the Newtonian assumption.
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in medium, the f−γ̇ sensitive range narrows, but the sensitivity
significantly increases (evidenced by the steeper slopes).
Non-Newtonian Calibration. One should proceed to

examine the rheological properties of the nanorod suspensions.
Besides the interest in understanding them on a fundamental
level, this knowledge is important for optimizing the accuracy
of shearmetry. We measured the dynamic viscosity of the
nanorod suspension flowing in parallel to pure ethylene glycol
in a Y-shaped microfluidic channel (Figure 3a).43 The
methodology and results of the measurement are presented
in Figures S4 and S5. The obtained μ−γ̇ relationship (Figure
3b) reveals a significant shear-thinning effect in the nanorod
suspension. The viscosity drops from 6.2 to 3.0 mPa·s as the
shear rate increases to 1000 s−1, a behavior akin to that of
blood (μ = 3.5−10 mPa·s).13,23 In this sense, our nanorod
suspensions can mimic certain non-Newtonian biofluids.
This shear-thinning effect is expected when anisotropic

particles are involved.29 In our case, the presence of colloidal
nanorods induces a significant non-Newtonian shear-thinning
behavior due to the relative orientation of the nanorods and
the resulting particle interaction.12,34 While our surface-
modified nanorods can be dispersed in real biofluids, the
colloidal parameters (e.g., nanorod concentration, surface
chemistry, medium, and ionic strength) can be further adjusted
to fine-tune the rheological properties of the suspension. For
instance, ethylene glycol suspensions of nanorods also exhibit
shear-thinning effects (1.2 vol % in Figure S6). The nanorod
concentration dramatically impacts the initial viscosity
determining the amplitude of shear-thinning behavior down

to the terminal viscosity, which is close to that of the pure
medium.
Regarding the shear-thinning property of nanorod suspen-

sions, the above f−γ̇ calibration functions (Figure 2c,d) are
indeed not valid. The viscosity of suspension can vary at
different positions within the channel. This requires spatially
resolved measurements to establish the f−γ̇ correlation. The
local measurements of polarized luminescence and shear
profiles of the nanorod suspension were performed in the
horizontal midplane of the straight channel, while PTV was
employed to locally quantify the corresponding shear rate.
Figure 3c plots the order parameter (more plots at different
flow rates are shown in Figure S7) through analyzes of
polarization spectra under a confocal microscope (with a focal
volume of ∼0.5 μm3, the optical setup is shown in Figure S8)
and the corresponding velocity profile determined by PTV
velocimetry at a flow rate of 1 μL/min. The velocity profile is
extracted through a time-correlated analysis, tracking the
trajectories of individual beads (Figure S9). The derivative of
the velocity profile yields the shear rate, as depicted in Figure
S10. This, combined with the shear rate-dependent viscosity
(Figure 3b), results in the shear stress profile. The nonlinearity
of the shear rate and shear stress profiles further substantiates
the deviation from Newtonian behavior for the nanorod
suspensions. Subsequently, the local correlation between the
order parameter and shear stress can be established by
considering the shear-thinning effect. As illustrated in Figure
3d, the f−τ function is almost linear. Thanks to the shear-
thinning effect, the slope is steeper over shear stress of 1600
mPa, suggesting enhanced shear stress sensitivity. The f−τ

Figure 3. Calibration of the non-Newtonian shear-thinning behavior. (a) Schematic illustration of a Y-shaped microfluidic channel for the
viscosity measurements of the nanorod suspension (1.8 vol % in saline) flowed together with pure ethylene glycol with known viscosity. The
detector is on the top of the channel to observe the fluid interface in the horizontal midplane. (b) Measured viscosity of the saline
suspension as a function of shear rate showing a shear-thinning effect. The insets display the varying degrees of nanorod orientation at
different shear rates. The curve is a guide to the eye. (c) Profiles of order parameter calculated with polarized luminescence, velocity
measured by PTV, and local shear stress in the horizontal midplane (y-axis corresponds to the direction of channel width) at a flow rate of 1
μL/min. The shear rate is derived from the velocity profile using interpolation. (d) Calibration curve of order parameter as a function of
shear stress under the actual non-Newtonian and assumed Newtonian (μ = 6.2 mPa·s) conditions. The colored areas denote the standard
deviation of the measurements.
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relation significantly deviates over shear stress of 1000 mPa
(≥10% deviation) between the Newtonian assumption and the
non-Newtonian case. The shear stress overestimation without
shear-thinning calibration can reach as high as 96%. Using this
calibration curve, our shearmetry is able to measure shear
stress from 200 to 2500 mPa with enhanced sensitivity across
this range. This large range includes typical shear stress levels
found in most physiological environments (on the order of
102−103 mPa).2,4,7 Due to measuring errors, the calculated
shear stress can fluctuate and our shearmetry is not accurate if
the shear stress is lower than 200 mPa, such as in the case of
beating cilia.20

Shear Stress Tomography. In Figure 4, we present the
shearmetry analyses performed based on the newly established
f−τ correlation. First, artificial constrictions in a semicircular
shape were designed to induce curved streamlines mimicking
various circumstances in physiological flows, such as vessel
geometry, formed thrombi, and deployed stents.3,44,45 As
schematically illustrated in Figure 4a, the constrictions were
constructed vertically along the y direction. We conducted
scanning confocal microspectroscopy on the horizontal
midplane with the polarizer angles of 0 and 90° while steadily
flowing the nanorod suspension through the channel. The
spectrographs collected at each point determine the order
parameter, which is then transformed into a local shear stress
using the f−τ calibration curve (Figure 3d, see the method-
ology in the S.I.).
On the 2D shear stress maps in the presence of the

constriction for a non-Newtonian fluid (Figure 4b), shear
stress gradually increases from the center toward the walls as
anticipated from the shear stress profile (Figure 3c). The shear
stress increase near the constriction is clearly due to the
narrowing of the channel width. The regions of high and low
shear stress are also spectroscopically demonstrated in Figure
4c, which displays the polarized luminescence spectra (arrows
in Figure 4b). Meanwhile, we observe an asymmetric profile of

the calculated shear stress map in the up- and downstream
regions of the constrictions. A theoretically expected shear
stress profile of a viscous microflow is perfectly symmetric
across the constriction. We have earlier observed a more
significant distortion of the shear rate map in our preliminary
study using unfunctionalized and surface-charged nanorods in
a nonphysiological medium.26 It was verified that this
asymmetric shear profile originates from the rotational delay
in the response of nanorods to the varying direction and
strength of shear across the constriction. This delay can be
estimated with Peclet number, Pe = ν/hDr, where Dr is the
coefficient of rotational diffusion due to the Brownian
motion.46,47 A lower Pe value leads to less delay as it indicates
faster rotational dynamics compared to the advection.26 The
current results using ligand-functionalized nanorods in the
physiological medium (Figure 4b) show a significantly reduced
extent of distortion compared to the previous results obtained
using charged nanorods.26 We attribute this improvement to
the reduced interparticle repulsion in the current system,
resulting in a decreased Pe value of 0.2 (discussion in detail in
the S.I. and Figure S11). The presented experiments were
conducted at room temperature (T ∼ 24 °C). As Dr is
proportional to kBT,

46 the f−τ calibration function should be
obtained at the same temperature set for different physiological
environments.
Finally, we conducted in vitro experiments to demonstrate

the applicability of our shearmetry at the single-cell level. The
minimal biotoxicity and nonspecific binding of our zwitterion-
functionalized nanorods were experimentally demonstrated in
our previous work.32 Human alveolar epithelial A549 cancer
cells were cultured in the same type of straight microchannel
(Figure 4d,4e, see the details on cell culture and experimental
conditions in the S.I.).48 The cells adhered to the bottom
substrate, creating 3D constrictions (height of ∼15 μm
revealed by the 3D reconstruction of one cell in the S.I.
movie). Figure 4f-h presents calculated shear stress maps on

Figure 4. Shear stress tomography in microfluidics. (a) Schematic illustration of a square channel with an artificial semicircular constriction
(radius = 25 μm) using the identical detection configuration and 3D coordinate. (b) Shear stress map in the horizontal midplane calculated
by the presented method for realistic non-Newtonian conditions. (c) Polarized emission spectra obtained from the marked regions with high
shear stress near the constriction and low shear stress in the center. (d) Schematic illustration of the orthogonal channel sections, where the
shear stress maps were obtained across the human alveolar epithelial A549 cancer cells cultured on the bottom substrate. The series of
images at the bottom display cross-sectional slices of a single cell processed by thresholding of luminescence intensity maps. (e) Optical
microscopy image of the three cultured cells adhered to the substrate before applying flow. The scale bar indicates 10 μm. (f-h) Shear stress
maps in the orthogonal xz, xy, and yz sections schematized in part (d). The xz section is at a height of 10 μm above the substrate. In all cases,
the saline suspension at 1.8 vol % is flowed at a flow rate of 0.2 μL/min.
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the three orthogonal scanning sections (Figure 4d) intersecting
the cells, revealing an elevated shear stress near the cell surface
due to the constricted geometry of the cells.
Enhanced shear stress is particularly evident upstream of

each cell, where the streamline should bend quickly (Figure 4f,
4h). Additionally, a notable increase in shear stress is observed
near the left channel wall adjacent to the cell (Figure 4g). The
shear stress in the vicinity of cells is found in the range of
1200−2000 mPa, which has been known to be significant
enough to modify cellular morphology and to trigger various
intracellular responses.49,50 A549 cancer cells are known to be
relatively flexible,51 and we indeed observed slight changes in
cell morphology while maintaining their locations after hours
of flow (Figure S12). Meanwhile, the fore-aft asymmetric
feature is also visible in this measurement with the cells. It is
therefore necessary to further improve and optimize the
technique to achieve more accurate shear stress maps,
eliminating such artifacts. We are currently addressing these
major error sources by developing more advanced colloidal
systems with a higher rotational diffusion coefficient and by
improving confocal resolution in continuous volumetric sample
media.
To our knowledge, this is the first tomographic visualization

of shear stress directly and locally measured around living cells
in vitro. This result demonstrates that our shearmetry method
is capable of mapping shear stresses in biomicrofluidic systems,
promising its application to further studies to unveil various
mechanobiological processes that are triggered by flow shear
stress. The advantages of this shearmetry technique include
potentially high spatial resolution (≤1 μm3) and short
luminescence acquisition time on one spot (≤50 ms) that
are limited only by the optical performance of the confocal
setting. Therefore, instead of spatially scanning the sample, it is
possible to perform real-time and local monitoring of shear
dynamics in unsteady flows. We have shown a specific case
where the nanorod suspension emulates the non-Newtonian
shear-thinning property of blood. The rheology of nanorod
suspension can be further controlled to emulate different types
of biofluids with varied viscosity and extent of shear-thinning
property by careful adjustments of the nanorod concentration
and dispersion medium. Hence, the presented method of
shearmetry is widely applicable to various biofluidic systems.

CONCLUSIONS
In summary, this work introduces a shearmetry technique for
monitoring the local shear stress in biofluids with high
spatiotemporal resolution and real-time observation. By using
colloidal nanorods with polarized optical properties and an
integrated algorithm, we establish a direct correlation between
the shear stress and optical emission. Notably, in the high shear
stress region that crucially regulates biological responses, we
identify and explain the non-Newtonian properties of the
nanorod suspensions. This offers the potential to mimic
biofluids and allows for extensive adjustments. We demon-
strate the effectiveness of shearmetry in visualizing shear stress
distribution in microfluidics with complex constrictions and
living cells. The presence of constrictions and cells leads to
increased shear stress. The current study represents a
significant advancement in achieving a more precise and
comprehensive understanding of shear stress in complex
biofluids. With further development in nanomaterials, this
shearmetry technique holds promise for a wide range of
biological and microfluidic applications.

METHODS
Fabrication of Microfluidics. There are two types of microfluidic

channels: Y-shaped channels for calibration and straight channels with
constrictions for the shearmetry measurements, respectively. The first
step involved creating molds for Y-shaped channels as follows: A layer
of photoresist film was laminated onto cleaned coverslips by using a
laminator (Peak High Speed, PHS-330) at 100 °C. A printed
photomask of the designed Y-shaped channels was then positioned on
top, and the assembly was exposed to UV light for 15 s. Subsequently,
the uncured photoresist was etched by immersing the coverslip in a
potassium carbonate (2% by mass) solution for 5−10 min under
gentle stirring. Then, the coverslip with a cured photoresist was rinsed
with pure water and dried. A second round of UV exposure was
performed to further cure the photoresist.

The next step was the fabrication of polydimethylsiloxane (PDMS)
channels based on the mold using soft lithography. SYLGARD 184
silicone elastomer base and a curing agent at the volume ratio of 10:1
were mixed thoroughly, degassed, and cast onto the channel mold.
PDMS was solidified by heating at 70−80 °C for 5−6 h and then
peeled off and cut with a hole punch to create inlet and outlet ports.
The cleaned coverslips or glass slides together with cut PDMS were
treated with plasma (PDC-002-CE Harrick Plasma) for 60 s. Finally,
the channels were formed by attaching PDMS to the substrates. To
strengthen the adhesion of the interface, the devices were treated at
90 °C overnight. Straight channels with constrictions were fabricated
by using a master mold on a silicon wafer (MicruX Technologies).
Averaging Measurements of Birefringence and Polarized

Emission Spectra. Nanorod suspensions in a 100 μL SGE syringe
were injected through polyethylene tubing (0.38 mm for the inner
diameter and 1.09 mm for the outer diameter, Instech) and a Luer
stub with a blunt tip (0.20 mm for the inner diameter and 0.41 mm
for the outer diameter, Instech) into microfluidic channels. A KDS
syringe pump ensured steady flow at controlled rates. Birefringence
was observed on a polarizing optical microscope (Olympus BX51WI,
10× objective, numerical aperture NA = 0.3) with a white-light
halogen bulb (100 W) and two crossed polarizers. A charge-coupled
device (CCD) camera (Discovery DTA 1600E) captured the images.
Polarized emission spectra were measured by using a continuous-wave
mode fiber-coupled 394 nm diode laser (OXXIUS) and a
monochromator (SpectraPro-300i, Acton Research) coupling with a
CCD camera (PIXIS 400, Teledyne Princeton Instruments).
Line Scan and Shear Stress Tomography. High-resolution

scanning was conducted using a homemade confocal optical
microscope based on a Nikon Eclipse Ti-DH microscope. The
excitation beam, emitted by the 394 nm laser, was reflected by a long-
pass dichroic mirror to focus on an oil immersion objective (60x, NA
= 1.4). Emission transmitted by the long-pass dichroic mirror was
passed through a 50 μm pinhole and a rotating half-wave plate before
reflecting by a polarizing beam splitter to a monochromator (IsoPlane
SCT-320, Teledyne Princeton Instruments) and electron multiplying
CCD camera (ProEM+: 1600 EMCCD, Teledyne Princeton
Instruments). The scanning piezo stage was synchronized with the
half-wave plate, monochromator, and EMCCD camera through a
central processor and software developed by Inscoper. For scanning
measurements, one pixel corresponded to a square of 1 μm side
length, and the acquisition time was 50 ms. After the data collection,
polarized emission spectra (three polarizer angles at 0, 45, and 90°;
see the details on the equations in the S.I.) were analyzed using
custom Matlab and Python codes to determine local shear stress.
Viscosity Measurements. Two media, including one with known

viscosity (using pure ethylene glycol) and the nanorod suspension
under study (1.8 vol % in saline or 1.2 vol % in ethylene glycol), were
pumped separately by two Cetoni Nemesys syringe pumps into the
two inlets of the Y-shaped microfluidic channel. We kept the same
flow rate for both media and gradually increased the rate. The
interface where the two media merged was imaged by a Nikon Eclipse
Ti−U microscope (20x objective, NA = 0.45) and a high-speed
camera (Photron FASTCAM SA3). Shear rate-dependent viscosity
was calculated based on the relative width and flow rate of the two
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media. Due to the 3D nature of the channel, the viscosity and
corresponding shear rate should be corrected (see the details on the
equations and methodology in the S.I.).
Particle Tracking Velocimetry. Nanorod suspensions mixed

with microbeads (1.75 μm in diameter, carboxylate functionalization,
0.025%, w/v, Polysciences) were injected into straight microfluidic
channels with increased flow rates via a Cetoni Nemesys syringe
pump. The same Nikon Eclipse Ti−U microscope (40x objective, NA
= 0.55) with the high-speed camera recorded a series of images (at a
specific frame rate depending on the flow rate) in the horizontal
midplane. Trajectories of microbeads were processed using ImageJ
and Matlab to determine velocity profiles. Shear rate was then derived
from the velocity profile.
Cell Culture and Microfluidic Experiments. Human type II

alveolar epithelial A549 cells (American Type Culture Collection,
Biological Industries) were cultured at 37 °C and 5% CO2 in
Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with
10% fetal bovine serum, 1% amphotericin B, and 1% penicillin/
streptomycin. The cell suspension at a concentration of 2 × 106 cells/
mL was seeded into the microfluidic channel. After two-day
incubation (the channel immersed in DMEM) to allow cell
attachment, nonadhered cells were flushed with fresh medium. The
nanorod suspension was then flowed through the cell-cultured
channel for spectroscopic measurements in the confocal microscope.
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