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ABSTRACT: The laminar flow interface (LFI) developed at low Reynolds numbers is one of the
most prominent features of microscale flows and has been employed in a diverse range of
optofluidic applications. The formation of LFIs usually requires the manipulation of multiple
streams within a microchannel using a complex hydrodynamic pumping system. Herein, we
present a new type of LFI that is generated by fluid switching within a three-dimensional (3D)
microlens-incorporating microfluidic chip (3D-MIMC). Since Poiseuille flows exhibit a parabolic
velocity profile, the LFI is cone-like in shape and acts as a transient refractive interface (TRI),
which is sensitive to the refractive index (RI) and the Pećlet number (Pe) of the switching fluids.
In response to the TRI, the intensity of the transmitted light can be intensified or attenuated
depending on the sequence of fluid switching operations. By incorporating three-dimensional
(3D) microlenses and increasing the Pe values, the profile and amplitude of the intensity peak are both significantly improved. The
limit of detection (LoD) for a sodium chloride (NaCl) solution at Pe = 1363 is as low as 0.001% (w/w), representing an
improvement of 1−2 orders of magnitude when compared to existing optofluidic concentration sensors based on intensity
modulation. Fluid switching of a variety of inorganic and organic sample fluids confirms that the specific optical response (Kor)
correlates positively with both Pe and the specific RI (Knc), obeying a linear relationship. This model is further verified through cross-
validations and used to estimate the molecular diffusion coefficient (D) of a range of species. Furthermore, by virtue of the TRI, we
achieve a sensitive measurement of optical-equivalent total dissolved solids (OE-TDS) for environmental samples.
KEYWORDS: laminar flow interface, microfluid switching, refractive index, diffusion coefficient, Poiseuille flow

The laminar flow interface (LFI) at low Reynolds numbers
is one of the most important features of microscale

flows.1−3 LFIs have been used to develop novel methods for
microfabrication4−7 and cell patterning.8 Additionally, a variety
of optofluidic functions, originating from the difference of fluid
properties on each side of the LFI and the LFI geometry, have
been realized and used to monitor chemical reactions9 and
perform optical modulations via prisms,10 microlenses,11,12 and
waveguides.13 Normally, the LFIs are formed in microfluidic
systems by the simultaneous pumping and manipulation of
multiple streams.14,15 For example, Yang et al. pumped two
cladding fluids and one core fluid within a microchannel to
form an LFI for transformation optics.16 In another study, two
centrifugal Dean flow streams were generated within a curved
microchannel to form a three-dimensional (3D) LFI, with a
view to improving the confinement of light in high-efficiency
dye lasers.17 Despite the obvious utility of LFIs, the need for
complex fluidic control of multiple streams has limited their
use and application. To this end, we present a new type of 3D
LFI, naturally developed in a Poiseuille flow within a 3D-
microlens-incorporating microfluidic chip (3D-MIMC). Pois-
euille flow is a basic feature in microscale flow, where a
parabolic velocity profile is developed in the plane
perpendicular to the flow direction18 and described by the
convection−diffusion eq 1.

c t D c v c/ 2= · (1)

Here, c is a concentration variable, D is the molecular diffusion
coefficient, v is the velocity vector, and ∇c is the concentration
gradient. For Poiseuille flows at high Pe values, convection
rather than diffusion dominates mass transport and thus a
cone-like LFI will appear between the coming and leaving
fluids (schematically shown in Figure 1a). Pe is defined as the
ratio of the advective transport rate to the diffusive transport
rate, as shown in eq 2.16,19

Pe UL
D

=
(2)

where Pe is the Pećlet number; U is the average velocity of the
switching fluid; L is the characteristic length (L = 0.25 mm in
this work, equal to the width of the detection channel); and D
is the molecular diffusion coefficient of solutes in the switching
fluid.

The LFIs developed in Poiseuille flows can be used for
optofluidic applications. Optofluidic concentration sensors are
widely used in industrial metrology, biochemical analysis, and
environmental monitoring.20−27 For example, advanced
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photonic structures involving photonic crystal fibers (PCFs),
ring resonators, Fabry−Peŕot microcavities, and surface
plasmon resonance (SPR) configurations have been employed
as wavelength modulation-based optofluidic RI sensors for the
measurement of salinity and glucose content.28−31 Despite the
excellent analytical performance, complicated fabrication
protocols and the need for high-resolution spectrometers
limit their applications. To address this issue, Weber et al.
developed an intensity modulation-based optofluidic sensor
that simply depends on total internal reflection (TIR).
Unfortunately, the limit of detection (LoD) for a calcium
chloride (CaCl2) solution was calculated as only 0.44% (w/
w).32 Additionally, in a more recent study by Tang and co-
workers, an LoD of 0.04% (w/w) NaCl was achieved using a
3D-microlens-cascade optofluidic chip.33 Although this devel-
opment yields a significant improvement in performance for
the intensity modulation-based optofluidic RI sensors, it is still
extremely difficult to probe solution concentrations at or lower
than the 0.001% (w/w) scale, which is the norm in a range of
quality control applications in water process and production
industries. In addition to measuring solution concentrations,
the molecular diffusion coefficient (D) is a parameter of much
interest in optofluidic applications. For example, Zhao et al.
measured the diffusion coefficients of ethylene glycol and
glycerol in water using the LFI in a microchannel through a
focus shift.9 Taylor dispersion analysis (TDA) of Poiseuille
flows has also been used to measure molecular diffusion
coefficients.18,34 In TDA, high-resolution ultraviolet (UV) and
RI detectors are used to measure the peak broadening of a

solute plug in a Poiseuille flow. As aforementioned in the last
paragraph, a Poiseuille flow itself presents a parabolic velocity
profile, enabling a naturally formed 3D LFI between the
coming and leaving fluids. Such an LFI can act as a transient
refractive interface (TRI), which is sensitive to both the RI and
Pe of switching fluids. This means that for a given flow velocity,
both the solution concentrations and the molecular diffusion
coefficient can be derived.

In the current study, we characterize a TRI during fluid
switching operations through both experiment and simulation.
The optical responses to the TRI are analyzed in terms of the
peak profile and sensitivity. Furthermore, a binary regression
analysis is used to understand the correlation of the optical
response with both the RI and Pe. The correlation model is
further evaluated through cross-validations for estimating D
values. Additionally, we investigated the application of the TRI
in the measurement of optical-equivalent total dissolved solids
(OE-TDS) and differentiating compositions in different
environmental matrices.

■ EXPERIMENTAL SECTION
Chip Fabrication and System Configuration. The system

consists of a white LED (MNWHD2, Thorlabs), bare optical fibers
(FG105UCA, Thorlabs), a 3D-microlens-incorporating microfluidic
chip (3D-MIMC), a spectrometer (ULS2048LTEC, Avantes, Nether-
lands), and a peristaltic pump (REGLO Digital MS-4/6, ISMATEC,
Germany). As shown in Figure 1a, all optical elements in the 3D-
MIMC including the fiber grooves, the microlens cavities (the
microlens: diameter = 0.25 mm, thickness = 0.025 mm), and the
detection channel (length × width × height = 60 mm × 0.25 mm ×

Figure 1. (a) Schematic of microfluid switching within a 3D-MIMC. (b) Velocity field of a fully developed Poiseuille flow. (c) Concentration field
(x = 30 mm, t = 46 s). The evolutionary concentration profiles along the channel centerline (y = 0 μm, z = 125 μm). (d) t = 36 s, (e) t = 46 s, and
(f) t = 56 s. t = 0 s corresponds to the time fluid entering the peristaltic tubing. C0 is the concentration of the sample fluid in the steady state. Steady
and transient states are illustrated using ultrapure water and the dye solution. (g1) Ultrapure water filled in the channel (W), (g2) the dye solution
filled in the channel (D), (g3) fluid switched from ultrapure water to the dye solution (W/D), and (g4) fluid switched from the dye solution to
ultrapure water (D/W). Arrows in (g1−g4) represent the flow direction. Simulated optical responses caused by the TRI during fluid switching. (h)
Switching from the reference fluid to the sample fluid and (i) switching from the sample fluid to the reference fluid. In this work, the RI of the
sample fluid is higher than that of the reference fluid. Arrows in (h) and (i) represent the directions of both flow and light propagation. The flow
direction and light propagation direction are the same in this work.
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0.25 mm) are self-aligned within the chip. The 3D-MIMC is easily
reproduced via mold replication using poly(dimethylsiloxane)
(PDMS). The optical fibers are inserted into their grooves with the
end faces at the focal point of the microlens. The microlenses are self-
incorporated as an optofluidic cavity during PDMS replication to
conveniently characterize their performances by replacing the filling in
the cavity. In this study, the microlens effect is eliminated by replacing
the original air filling (RI = 1.00) with a 50% (w/w) glucose solution
(RI = 1.41, identical to that of the chip material, PDMS). The detailed
fabrication process can be found in our previously published
work.35,36 The coming and leaving fluids during switching operations
are schematically shown in Figure 1a. For the switching operation,
after stopping the peristaltic pump, the tubing end is moved from one
fluid, cleaned, and immersed into the other fluid. Afterward, the
peristaltic pump is restarted immediately. In this configuration, a one-
channel peristaltic pump is sufficient.
Velocity Profile of Laminar Flow. The modules of laminar flow

and transport of diluted species in COMSOL were used to depict the
velocity and concentration profiles during microfluid switching in a
channel. Ray tracing module was additionally used to schematically
depict the optical responses. In the simulation of the velocity profile,
the average flow rate at the inlet (internal diameter: 130 μm) and the
pressure at the outlet were set as 16.5 μL min−1 and 0 Pa, respectively.
The reference fluid and sample fluid were represented by ultrapure
water and 1% (w/w) NaCl solution. The molecular diffusion
coefficient (D) of NaCl in water was set as 1.6 × 10−9 m2 s−1.
Samples and Analytical Methods. Analytical-grade reagents

including sodium chloride (NaCl, Sigma), potassium chloride (KCl,
Sigma), calcium chloride (CaCl2, Sigma), magnesium sulfate (MgSO4,
Sigma), ammonium chloride (NH4Cl, Sigma), glucose (Sigma), urea
(Sigma), and ethanol (VWR) were prepared as solution samples in
ultrapure water. The prepared sample concentrations are in the range
of 0.001−2% (w/w) for the characterization of the optical responses
to the TRI and in the range of 0.5−20% (w/w) for the
characterization of RI responses. All solution samples were loaded
using the peristaltic pump at flow rates 8.5−63.5 μL min−1. According
to the flow velocity, the characteristic length of the microchannel and
D and Pe can be calculated. All experiments were implemented three
times to check the reproducibility at 24.5 ± 1.0 °C. The optical
responses to microfluid switching are defined as eq 3. RI responses to
the change of microlens cavity filling are defined as eq 4.

I
I

optical response lg reference TRI

peak TRI
=

(3)

where optical response is a dimensionless parameter with an arbitrary
unit (AU); Ireference‑TRI is the light intensity recorded by the
spectrometer corresponding to the case of the reference fluid
(ultrapure water in this study) filled in the detection channel; and
Ipeak‑TRI is the spike value of the light intensity recorded by the
spectrometer during the switching between the reference fluid and the
sample fluid in the detection channel. Since the light intensity of the
optical response can be higher or lower than the reference intensity,
an absolute expression is used.

I
I

RI response lg reference RI

peak RI
=

(4)

where RI response is a dimensionless parameter with an arbitrary unit
(AU) and Ireference‑RI and Ipeak‑RI are the light intensities recorded by
the spectrometer corresponding to the microlens cavities filled with
ultrapure water and sample solutions, respectively.

The water samples were taken from the rivers and the public
drinking network in Zurich. These raw water samples were filtered
using a cellulose acetate membrane (pore size 0.45 μm) before optical
measurements. The membrane was rinsed twice using ultrapure water
prior to filtration. The aerosol samples were from the Swiss National
Air Pollution Monitoring Network. The aerosol samples were
collected using quartz fiber filters. The filter was cut into pieces and
immersed in 5 mL of water, followed by shaking at a speed of 1200

rpm for 120 min. Afterward, the elute was separated by centrifugation
at 3500 rpm for 10 min. The eluate was diluted 10 times before
optical measurements. The OE-TDS for environmental samples is
defined as the concentration of NaCl solutions leading to the same
optical responses.
Cross-Validation. NaCl was used as the calibration sample for the

measurement of the specific refractive index (Knc). A cross-validation
was implemented for the D value derivation. In the cross-validation,
the parameters including Knc, D, and the measured (the sensitivity of
optical responses to the TRI) Kor of training samples were employed
to establish the linear model, while the remaining one acted as the test
sample.

■ RESULTS AND DISCUSSION
Microfluid Switching-Induced TRI. Figure 1a schemati-

cally shows the configuration of the 3D-MIMC and a Poiseuille
flow in the microchannel. Detailed descriptions are included in
the Experimental Section. The actual fabricated chip, the
magnified part of the detection channel and the microlens
cavity, and the scanning electron microscopy (SEM) image of
the microlens are shown in the Supporting Information
(Figure S1a,b,c). Figure 1b shows the simulated velocity
profile, in which the velocity is the largest and zero at the
channel cross-section center and boundary, respectively,
obeying the characteristics of a Poiseuille flow.37 At a high
Pe value, the velocity profile of the Poiseuille flow induces a
clear concentration profile in the channel during switching of
two different fluids since the convection process is much more
predominant than the diffusion process. As shown in Figure 1c,
at x = 30 mm and t = 46 s, the relative concentration at the
channel cross-section center is clearly higher than that of its
surroundings. Figure 1d−f shows the evolution of the
concentration profile along the channel centerline (y = 0 μm,
z = 125 μm). At t = 36 s, the concentration profile is not well
developed to cover the entire channel since the sample fluid
just entered the channel. At t = 46 s, the head of the fluid just
leaves the channel, and the concentration gradient covers
almost the entire channel. The concentration profile evolves as
a cone-like profile within the xy plane at z = 125 μm and
functions as an optimal TRI to induce intensive optical
responses, as shown in the Supporting Information (Figure
S2). At t = 56 s, the concentration gradient gradually faded
away through the diffusion process, and the entire channel
turned almost saturated. Besides the simulation, images were
captured as well to illustrate the process of fluid switching.
Figure 1g1,g2 presents the steady states in which ultrapure
water and the dye solution are filled in the detection channel,
respectively. In these two steady states, no LFI, concentration
profile, and TRI exist. In contrast, Figure 1g3,g4 indicates the
developed LFI and concentration profiles as a result of the
mutual switching between ultrapure water and the dye
solution. The optical responses to the TRI are schematically
represented using the ray optics module in COMSOL. Figure
1h shows the optical responses to the TRI during switching the
reference fluid to the sample fluid, in which the divergence of
light can be corrected, leading to an enhanced intensity of light
collected by the spectrometer. Conversely, in Figure 1i, since
the TRI is induced by the switching from the sample fluid to
the reference fluid, the divergence of light can be extended,
causing an intensity attenuation of the transmitted light.
Up and Down Peaks as the Optical Responses to the

TRI. As the optical responses to microfluid switching, up and
down peaks appear depending on the sequence of fluid
switching (Figure 2a). The inset plot is the magnified part of
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the optical responses to the switching between ultrapure water
and NaCl solutions at low concentrations of 0.005 and 0.01%
(w/w). When the fluid in the detection channel is switched
from ultrapure water to NaCl solutions, the TRI functions as a
waveguide to intensify the light collection and leads to the up
peak due to the RI difference between these two fluids. On the
contrary, when the fluid is switched from NaCl solutions to
ultrapure water, the TRI functions as a light attenuator and
leads to the down peak. The effects of the microlens on the
characteristics of the optical responses were investigated.
Figure S3a in the Supporting Information presents the results
without microlenses; the peak profiles of the optical responses
are irregular due to the appearance of secondary peaks.
Additionally, no significant linear relationship between the up
peak-based optical responses and the sample concentration can
be established. Some data points (for example, at the
concentration 0.05% (w/w) in Figure S3b in the Supporting
Information) of the down peak-based optical response deviate
despite the improvement of the linear relationship. In contrast,
the optical responses in Figure 2a are always regular in profiles
thanks to the incorporation of 3D microlenses and increase
with the sample concentration, implying an excellent capability
of the TRI for analyzing solution properties. The optical
responses are compared in terms of sensitivity and linear

dynamic range (Figure 2b). A second-order polynomial curve
fitting was employed for the regression analysis. The
sensitivities represented by the slope values of the optical
response curves for the up and down peaks are almost the
same within the NaCl concentration range of less than 0.5%
(w/w). The linear dynamic range is determined as the region
between the LoD and the point where the contribution of the
quadratic term starts to exceed 5% of the linear term. The data
points based on the up peak deviate from the linear
relationship for concentrations higher than 0.2% (w/w),
while the curve derived from the down peak keeps a good
linear relationship within a broader concentration range
(0.002−1.1%, w/w). Additionally, the measurement of the
down peak can prevent detector saturation and ensure the safe
operation of the device. Therefore, the down peak is selected
for sample characterization. Since fluid switching is a transient
process, the time resolution of the optical response was
additionally investigated. Figure S4a−f in the Supporting
Information shows the real-time optical responses measured
with different time resolutions within a 1 min operation. The
optical responses with time resolutions ranging from 140−
2000 ms show a minor coefficient of variation (CV = 2%),
while a 10% drop in the optical response is observed with a
time resolution equal to 4000 ms, as shown in Figure 2c. To

Figure 2. (a) Real-time optical responses to the microfluid switching between the reference fluid (ultrapure water) and the sample fluid (NaCl
solution, 0.005−1%, w/w) within 3D-MIMC at Pe = 700. The intensity is normalized by the average intensity detected when ultrapure water is
filled in the detection channel. (b) Relationship between the optical response and the sample concentration derived from the up peak and the down
peak at Pe = 700. (c) Optical responses measured with different time resolutions to the switching from 0.1% (w/w) NaCl to ultrapure water at Pe =
1363. (d−g) Peak profiles at different Pe values for the fluid switching from NaCl solutions to ultrapure water. (h) Effects of wavelength on the
sensitivity of optical responses at Pe = 700. (i) Effects of Pe values on the sensitivity of optical responses. (j) Enhanced capability of detecting a
0.002% (w/w) NaCl solution at high Pe values.
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prevent data redundancy and achieve a sufficient resolution,
1000 ms is selected in this study to capture the dynamic
features of microfluid switching.
Peak Profiles at Different Pe Values. Peak profiles

change with Pe values. Figure 2d−g shows the optical
responses to the switching from NaCl solutions to ultrapure
water at four Pe values. When increasing the Pe value from 354
to 2646, the mean peak width is narrowed from 55 to 19 s. The
peak width is defined as the range within which the intensity is
lower than the threshold value (three times of standard
deviation of the baseline noise subtracted from the baseline
level). The width of the first half peak is slightly higher than
the retention time of the sample fluid in the detection channel.
This suggests that the optical response starts when the central
head of the incoming fluid arrives at the entrance of the
detection channel and then develops to the highest level
shortly after the central head leaves the exit of the detection
channel. Afterward, the optical response gradually attenuates
and eventually disappears after the concentration profile-
induced TRI vanishes. According to Figure 2d−g, the peak
profiles present a high similarity at the same Pe value, while the
width ratio of the first half peak and the second half peak
decreases from 1.1 to 0.4 when increasing the Pe value from
354 to 2646. The widths of the first half peak and the second
half peak represent the two subranges of the peak width split
by the minimum point.
Sensitivity at Different Wavelengths and Pe Values.

Sensitivity enhancement is critical to improving analytical
performance in solution concentration measurement. In this
study, we investigated the effects of light wavelength and the Pe
value on the sensitivity of the optical responses. Figures 2h and
S5 in the Supporting Information present the optical responses
at different wavelengths and the real-time intensity variations

within a wavelength range (420−720 nm) during the fluid
switching between ultrapure water and the 0.1% (w/w) NaCl
solution. The optical response at 450 nm is approximately 18%
more sensitive than that at 650 nm, which can be attributed to
the dependence of the RI on light wavelength. That said,
considering the availability of literature RI values at 589 nm
(corresponding to the emission wavelength of sodium lamp),
589 nm is selected for sample quantifications in this study.
Compared to light wavelength, the sensitivity is more
susceptible to Pe values. When increasing the Pe value from
354 to 2646, the sensitivity improves almost 5 times, as shown
in Figure 2i. Correspondingly, the capability of quantifying low
concentrations of samples increases. As shown in Figure 2j, for
the 0.002% (w/w) NaCl solution, the signal is almost
indistinguishable from the noise at Pe = 354. After increasing
the Pe value, a clear separation of signal from noise is observed.
Although a larger Pe value may lead to a higher sensitivity, the
linear dynamic range can be narrower, as shown in the
Supporting Information (Table S1). Additionally, a high
rotation speed of the pump rotator is needed to reach a high
Pe value, which can accelerate the abrasion of the tubing wall
and affect the system’s stability in a long-term operation.
Combined Contribution of Knc and Pe. We investigated

the optical responses to the TRI between the reference fluid
(ultrapure water) and a variety of sample fluids, including
inorganic salt solutions and organic solutions. A set of
significant linear relationships between the optical response
and the solution concentration have been established for all of
the samples despite the difference in slope values. As shown in
Figure 3a−h, the sensitivity for magnesium sulfate (MgSO4)
proves to be the highest among the investigated samples, which
is almost 7 times higher than that of the ethanol solution. Such
a sensitivity difference is attributed to two critical factors: the

Figure 3. (a−h) Optical responses to the fluid switching from a variety of samples to ultrapure water. (i) Combined contributions of Knc and Pe to
the optical responses. The area of bubbles in Figure 3i represents the slope value of the linear regression curve between the optical response and
sample concentration, while Knc is the slope of the linear regression curve between the RI and the sample concentration (w/w). All data of RI and D
are the values at 25 °C gathered from published papers.38−49
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specific RI(Knc) and Pe values. Knc is defined as the sensitivity
of RI to the mass concentration of solution samples. The
combined effect of Knc and Pe is shown in Figure 3i, in which
the area of bubbles represents the slope value (Kor) of the
linear regression curve between the optical response and
sample concentration. Through a binary linear regression, a
significant linear relationship has been founded among Kor, Knc,
and Pe, with the R-square value equal to 0.93, as described in
eq 5. It clearly reveals that those sample fluids with higher Knc
and Pe values can lead to more sensitive optical responses to
the TRI. According to the regression relationship, the
predicted and measured Kor values are well matched with a
mean error of 7.8 ± 5.6%, as shown in the Supporting
Information (Figure S6).

K K Pe97.9 644.8 0.046or nc= + · + · (5)

Versatile Measurement of Solution Properties.
Noticeably, the 3D-MIMC possesses versatile capabilities,
including ultrasensitive solution concentration quantification,
RI measurement, and the estimation of D values. The specific
configurations for characterizing the optical response to the
TRI (transient state in the detection channel) and the RI

responses (steady state in the microlens cavity) are shown in
the Supporting Information (Figure S7a,b). An ultralow LoD
for solution concentration quantification through the TRI has
been demonstrated. The results from this study and those by
other researchers are compared in Figure 4a and Table S2 in
the Supporting Information. From the aspect of fabrication,
Weber’s and our sensors have the advantage that the detection
can be implemented within microchannels without the need
for complicated optical configurations.32 However, the LoD of
Weber’s solution sensor is only 0.44% (w/w) for a CaCl2
solution, requiring further improvements for sensitive
applications. In contrast, the LoD for the CaCl2 solution in
our work is 0.0006% (w/w), almost three orders of magnitude
lower. Since the quantification metric of our sensor is intensity
variations instead of wavelength shifts,28,29,31,50 the spectrom-
eter can be replaced by a photodiode toward a miniaturized
and low-cost analysis system. Besides solution concentration
quantification, RI measurement is realized as well since the
convergence of light through the input and output microlens
cavities is sensitive to the filled liquid RI. Consequently, the
sample Knc can be calculated according to the calibration curve.
Specifically, we employed NaCl solutions to establish the RI

Figure 4. (a) Result comparison from aspects of transduction mechanisms and the LoD. (b) Excellent consistency between the published Knc and
the measured Knc using the microlens cavity. The red data point represents NaCl as the calibration substance. (c) Comparable D values published
and measured in this study.

Figure 5. Two cycles of intensity variations to the switching between ultrapure water and different environmental samples, (a), (b), and (c)
Waterborne samples from Chriesbach River, Limmat River, and the public drinking network in Zurich. (d) and (e) Water extractable matter in
aerosol samples collected at Rigi station and Bern station in the Swiss National Air Monitoring System. (f) Relationship between the optical
response and the conductivity of the environmental samples.
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calibration curve. As shown in the Supporting Information
(Figure S8a), the stepwise change curve of light intensity is
observed, which results from the concentration variations in
the microlens cavity. The intensity change is converted to the
RI calibration curve, as shown in the Supporting Information
(Figure S8b). Figure S8c−i in the Supporting Information
shows the RI responses for different test sample solutions. The
Knc values can be obtained according to the calibration curve in
the Supporting Information (Figure S8b). As shown in Figure
4b, the measured and published Knc values are almost the
same. Combining Knc, Kor, the flow velocity, and the channel
dimension, the derived D values are presented in Figure 4c
with a mean error of 19 ± 10% through cross-validations. The
results of cross-validations, including the test sample set, the
training sample set, the established model, and R-square values,
are provided in the Supporting Information (Table S3).
Measurements of Environmental Samples. Total

dissolved solids (TDS) is a critical index in the environmental
analysis and desalination industry, conventionally measured by
a weighing method or represented by conductivity as a fast
measurement. That said, the weighing method is time-
consuming, and volatile compounds normally cannot be
taken into account due to evaporation loss. For the
conductivity method, correction factors have to be added in
analyzing different categories of samples.51 Additionally, since
some organic substances (e.g., glucose) are nonionizable and
cannot be measured by the conductivity-based method, TDS
might be underestimated. In this study, we exploited the TRI
as a new optical supplementary assay to characterize the OE-
TDS in different environmental samples. As shown in the
Supporting Information (Table S4), the mean OE-TDS in
river water is higher than that in public drinking water, while
the airborne samples from Rigi station and Bern station have
comparable mean OE-TDS. Figure 5a−e presents the optical
responses to the switching between ultrapure water and the
environmental sample fluids. Although some waterborne and
airborne samples (sampling information described in the
Methods section) exhibit strong absorption in the blue region,
the light intensity at 589 nm is not affected and is still valid to
calculate the optical responses. By a combined use of the TRI
method and the conductivity method, the waterborne and
airborne environmental samples are grouped into two clusters.
Two linear relationships between the optical responses and
conductivity are well established, as shown in Figure 5f. It
suggests a significant composition difference of dissolved
matter between the waterborne and airborne samples as well as
a high composition similarity in the local water and air
environment despite concentration variations.

■ CONCLUSIONS
In this work, we have studied the fundamental characteristics
of the transient phenomenon during microfluid switching,
including the velocity profile, mass transfer, and effects on
optical responses. The LFI naturally develops in a Poiseuille
flow during microfluid switching within a 3D-MIMC and acts
as a TRI. During fluid switching, both up peak and down peak
can appear depending on the switching sequence. The results
indicate the optical responses are highly sensitive to both the
RI and Pe values of microfluids. High Pe and Knc can lead to a
high Kor. At Pe = 1363, the LoD for NaCl solution
concentration quantification is calculated as 0.001% (w/w),
representing an excellent performance through intensity
modulation. A significant linear relationship is established

among Kor, Knc, and Pe. According to this model, D values can
be derived after obtaining Knc using the microlens cavity within
the same chip. The fluid switching operation within the 3D-
MIMC provides a simple method for the characterization of
multiple material properties. Furthermore, we have employed
the TRI to analyze waterborne and airborne environmental
samples, demonstrating its potential in quantifying and
differentiating dissolved matter originating from different
matrices. We envision more applications of the TRI within
the 3D-MIMC in industrial metrology, water purification, and
environmental monitoring.
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Zürich, Zürich 8093, Switzerland; Laboratory for Advanced
Analytical Technologies, Empa, Swiss Federal Laboratories
for Materials Science and Technology, Dübendorf 8600,
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