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Abstract—This work presents a microwave microfluidic
sensor for high performance liquid chromatography (HPLC)
applications. The sensor is based on a modified square ring
loaded resonator (SRLR), where a transmission line and a
ring are electrically shorted with a center gap. A microfluidic
channel is bonded above the gap for liquid-under-test (LUT)
measurement. When the dielectric constant of LUT is above
a threshold value, two degeneration modes of the resonator
are separated, resulting in two transmission-zero frequencies.
The threshold dielectric constant can be easily tuned by the
gap size. High sensitivity is achieved when LUT dielectric con-
stantis close to the threshold value. These features enable the
proposed resonator to be optimized for different microfluidic
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applications. To validate the design, three resonators with 10 um, 30 xm and 90 um gap sizes are built and tested
with water-methanol solutions in various volume fractions. Additionally, the sensor is connected in series with HPLC
system for caffeine and sucrose detection. The detection linearity is characterized by measuring water-caffeine samples
from 0.77 ppm to 1000 ppm. A 0.231 ppm limit of detection (LOD) is achieved, revealing a comparable sensitivity with
commercial ultraviolet (UV) detectors. The compatibility of the proposed sensor to gradient elution is also demonstrated.

Index Terms— Degeneration mode, HPLC, microfluidic, microwave, modified square ring loaded resonator, isocratic

and gradient elution.

I. INTRODUCTION

ICROWAVE sensors, featured with low cost, label-

free detection and ease of integration, have been
continuously developed for various microfluidic applications,
such as measuring flow rate [1], [2] and cells in suspen-
sion [3]-[5], characterizing micro particles [6], [7] and liquid
dielectric properties [8]-[11], monitoring bio-chemical con-
centrations [12]-[14] and gas/liquid quality [15], [16], and
analyzing mixture compositions [17], [18]. But the develop-
ment of microwave detectors, along with radiofrequency (RF)
and refractive index (RI) detectors, for HPLC (High Perfor-
mance Liquid Chromatography) gradient elution applications
has been unsuccessful so far. Gradient elution is the main
operation mode of HPLC, which is considered the third
most used chemistry instrument. A major issue there is the
carrier solution composition varies with time. Corresponding
dielectric property variations overwhelm microwave as well as
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RF and RI signals. In [19], we showed an interferometer-based
microwave sensor which operated reasonably well under gradi-
ent HPLC elution conditions. The results show that microwave
techniques are promising for universal HPLC detector appli-
cations and to address the issues associated with evaporative
light scattering detectors (ELSDs), which are considered a
universal method and more popular than mass spectroscopy.
Nevertheless, the obtained microwave sensitivity, a 71.4 ppm
LOD for caffeine detection, needs significant improvement for
practical applications.

A simple microstrip transmission line (TL) was used
in [19] with broadband operation capabilities similar to other
TL-based dielectric spectroscopy sensors [20]-[23]. For high
sensitivity, narrow-band resonators are well-known for con-
centrated electrical fields in the sensing zone and higher
signal-to-noise ratio (SNR). Numerous resonator related work
has been published. For instance, a novel microstrip split-ring
resonator (SRR) with two gaps is proposed for measuring flu-
idic velocity and interrogating multiphase flow in [24]. How-
ever, the sensitivity is limited at high permittivity due to the
depolarization effects. A whispering-gallery-mode resonator is
designed in [25] for liquid complex permittivity measurement
in nanoliter volumes. But the non-planar geometry limits the
capability for lab-on-chip integration. A half-wavelength pla-
nar resonator integrated with an active feedback loop technique
is proposed in [26] to boost the quality factor in the aquatic
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environment. Yet the sensitivity for microfluidic applications
still needs to be demonstrated. The sensors in [27]-[30] are
made of cavity resonators for the high-accuracy fluid profiling
at microwave frequencies. Unfortunately, the complex design,
modeling and construction are not desired.

Recently, some methods/techniques have been proposed
to enhance the resonator sensitivity. A metamaterial-infused
resonator is proposed in [31] to improve the coupling level,
which results in enhanced sensitivity and linearity for high-
permittivity liquids. In [18], a microwave sensor made of a
transmission line loaded with parallel-connected series LC
resonator is proposed. Just one capacitor is incorporated as
sensing element in the resonant structure. Thus, the sensi-
tivity can be improved without using distributed capacitors.
In [32]-[34], a splitter/combiner configuration loaded with
a pair of resonators is proposed to resist cross sensitivities
caused by external factors, such as temperature and moisture
variations. Some shape modifications in SRRs [35]-[38] are
proposed to enhance the electrical field intensity for higher
sensitivity.

In this work, we propose a dual-mode microwave microflu-
idic sensor based on a modified square ring loaded res-
onator (SRLR). The perturbation introduced by the liquid-
under-test (LUT) results in separation of two degeneration
modes, so that the resonant properties are fully exploited.
By carefully tuning the gap size, the sensitivity for different
permittivity ranges can be optimized and improved accord-
ingly. The paper is arranged as the following. Section II
describes the proposed resonator design, its equivalent circuit
analysis and full-wave simulation verifications. Section III
shows a microfluidic sensor based on the proposed resonator
and the measurement results of water-methanol mixture.
In addition, the sensor is connected in series with a commercial
HPLC system for caffeine and sucrose detections under both
isocratic and gradient elution. Section IV are discussions and
conclusions.

Il. DUAL-MODE RESONATOR DESIGN

Figure 1 shows a schematic of the proposed sensor, in which
a microstrip line and a rectangular ring are electrically shorted
with a gap at the center. A microfluidic channel is placed above
the gap. A vector network analyzer (VNA) is used for mea-
surements. The introduction of LUT splits the degenerating
resonance modes at f] and f>. The presence of analyte in flow
will cause simultaneous f1 and f> shifts in opposite directions,
thus, contributing to sensor sensitivity enhancement.

A. A Dual-Mode Ring-Based Resonator

Fig. 2 shows the equivalent circuit model of the proposed
resonator with Z; and 6;, the characteristic impedance and
electrical length of corresponding TL sections in Fig. 1. The
center gap can be modeled as a m-network of edge slot
capacitances (Cgqp and C.ng) [39], as shown in Fig. 2(a).
Due to fringing field effects, both Cgyp and C.ug will be
affected when LUT is introduced in the gap area. The values
of Cgqp and Cepg will increase and decrease, respectively,
along with increasing LUT permittivity (¢zyr). Under even-
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Fig. 1. The schematic of a dual-mode microwave microfluidic sensor
based on a modified SRLR.
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Fig. 2. (a) The equivalent circuit of the modified SRLR-based res-
onator. (b) Even-mode excitation equivalent circuit of the resonator.
(c) Odd-mode excitation equivalent circuit of the resonator.

or odd-mode excitations, the symmetrical plane in Fig. 2(a)
behaves as a perfect magnetic wall or a perfect electric wall,
respectively. The bisection of the odd-mode and even-mode
excitation equivalent circuit are in Fig. 2(b-c), where Yg and
YE/Y O represent the corresponding input admittances from
left and right sides of the bisection network under even-
/odd-mode excitations. Based on even-odd analysis [40]-[42],
the resonant condition for even-mode excitation in Fig. 2(b)
can be derived as

Im(Ys+YE) =0 (1

where
Zs + jZptanfs

= 2

ST Zs(Zo + jZstan0s) @
Z [} 1

vE _; 1+ 7> tan 01 cot 2 14+ oCorlZs tan 63 )

Zztanf3 —

_ [} 1
Zitanb) — Z» cot 2 o7
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Fig. 3. (a) A top view of the proposed SRLR-based resonator layout for
HFSS simulation and fabrication. (b) The cross section view along dash
line mn in (a). The dimension of the resonator chip is 18mmx30mm.

Zp is the system characteristic impedance, and w is radian
frequency. Similarly, the resonant condition for odd-mode

excitation in Fig. 2(c) can be written as
Im(Ys +Y%) =0 “)

where

1
1 + w(zcgap+cend)23 tan 63
Z3tan 63 —

_ 2 [}
1 7 tan 6; tan 5

0 -1
Zytan 6 + Zs tan 3 ©Q2Cqap+Cond)

)

By substituting eq. (2) and (3) (or eq. (2) and (5)) into eq. (1)
(or eq. (4)), the resonant frequency f» (or fi) of even (or
odd) modes can be determined. The multiple transmission line
dimension parameters and the gap size provide the flexibility
for design. The ratio of even- and odd-mode resonant fre-
quency can be derived as

B S

N Cend
which indicates larger resonant frequency separation when
gLyt increases due to Cgqp VS Cepg ratio. Therein, the Cygqp
and C,,q are both affected by the dielectric layers, indicating
that the resonant modes, determined by eq. (1)-(5), can be
indicators for dielectric property of LUTs. The two-frequency
difference between the resonant modes, as shown in Fig. 1, is
expressed as

(6)

fa =1/ — fal @)
The sensitivity can be defined as [43]
Ofa _ Afd

S=—=— 8

oe Ae ®)

where Ae is LUT permittivity variation.

B. Full-Wave Simulations

Full-wave simulations using HFSS (High Frequency Struc-
ture Simulator) are conducted for the SRLR-based resonator,
shown in Fig. 3(a-b). The resonator dimensions are summa-
rized in Table I. Four resonators with different gap size from
10 ym to 90 um are simulated while sweeping the LUT
permittivity from 1 to 80 with a constant tangent loss of 0.055.

Fig. 4 shows LUT permittivity effects on resonant modes
when the gap size is 90 um. It’s noteworthy that the two

TABLE |
PARAMETERS OF THE SRLR-BASED RESONATOR

Parameter Symbol Value
Metal layer Thickness t 240 nm
Gap Size g 10/30/50/90 pum
Channel Height h; 250 um
Channel Width Wehannel 250 ym
Channel Relative Permittivity (PMMA)  €chamner 3.4-j0.0034
LUT Relative Permittivity eLur unknown
Substrate Thickness (Quartz) h> 1 mm
Substrate Relative Permittivity Esub 3.78
Resonator Dimension wi 2.2 mm
W) 2.2 mm
w3 3 mm
Wy 2.5 mm
L; 8.7 mm
L, 9 mm
0-
251
2101
—~ =15
g -20;
o251
2301
=35 .
-40 frfwhene't :;:ig A
-45
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Fig. 4. Demonstration of LUT permittivity effects on the degeneration
modes when the gap size is 90 um. The tangent loss (tand) of LUT is
always 0.055.
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Fig. 5. Frequency distance between the two degeneration modes and
sensitivity for different gap sizes from 10 um to 90 um.

degeneration modes don’t split until the LUT permittivity is
larger than 20. When the permittivity increases from 30 to 80,
f1 decreases while the f> increases, resulting an increasing
frequency difference Af. Fig. 5 shows Af vs. LUT permit-
tivity for different gap sizes from 10 x#m to 90 um, as well as
the corresponding sensitivity. It is shown that all the simulated
nonlinear curves have an &’ threshold value, after which
there is a sharp Af slope, indicating a high sensitivity. The
sensitivity gradually decreases along the increasing &’. The
“threshold” permittivity is determined by the gap size, which
determines at what ¢’ the two degeneration modes start to split.
These features enable the proposed resonator to be optimized
for various applications for different dielectric liquids. It’s
noteworthy that under gradient elution in HPLC applications,
the analytes usually elute out by low water-volume mobile
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@ ) (b)

(a) Microfludic channel parts for holding the resonator chip and
connecting to HPLC system. (b) A picture of the assembled sensor.

Fig. 6.

phase, i.e. low-permittivity solution. Therefore, the capability
to sustain high sensitivity performance under low permittivity
makes this design a promising sensor for minute sample
detection under gradient elution.

I1l. EXPERIMENTAL MEASUREMENTS

The sensors with gap size of 10 ym, 30 gm and 90 um,
are built to verify the proposed sensor. The resonators are fab-
ricated with standard microfabrication techniques on a 1-mm-
thick quartz wafer. A 200-nm-thick copper film is deposited
on a 20-nm-thick Ti adhesion layer to form the resonator
structure. Another 20-nm-thick Ti is deposited on the copper
layer. The dimensions of the loaded ring structure are listed in
Table 1. The microfluidic channel, shown in Fig. 6 (a), is made
with Polymethyl methacrylate (PMMA). A 250 ym wide and
250 pum deep trench is mechanically milled and aligned with
the gap area. Then, the resonator chip is bonded to the PMMA
microfluidic channel with ultraviolet (UV) glue, as shown
in Fig. 6(b). The female tapered fittings drilled in the metal
parts allow an easy connection to the HPLC system. A vector
network analyzer (VNA) operating from 100 KHz to 8 GHz
is used to measure the S parameters.

A. Water-Methanol Mixtures Measurements

Some water-methanol mixtures with water volume
fractions from 0% to 100% are prepared to characterize sen-
sors’ broadband performance. Corresponding to the increasing
water volume fraction, the calculated &’ increases from
27 to 78 [44]. A programmable single syringe pumps
(NE-1010) is used to fill the liquids in the microfluidic
channel. Fig. 7 shows the measured broadband Sj
performance of the sensor with a 90-um gap for these
water-methanol mixtures. The shifts of resonating frequencies
(f1, f2) agrees well with the simulated results in Fig. 4.
Similarly, the sensors with gaps of 10 gm and 30 xm are also
measured, and the frequency differences (Af = f> — f1) and
sensitivity are plotted in Fig. 8. For the sensor with a 90-um
gap, the sensitivity at 40% water-methanol is estimated as
50 MHz/A¢’. Table II summarizes the performance of some
published resonator-based sensors. It shows that our proposed
sensor has high sensitivity.

B. HPLC Measurements

Caffeine and sucrose in DI-water solutions are prepared with
different concentrations for HPLC measurements. The sensor

4 water volume fraction:
——0% - 60%
251—0—10% —e—s80%
——=20% —A—100%
2304 —0—40%

S,,(dB)

01 2 3 45 6 7 8
Frequency (GHz)
Fig. 7. The measured Sy¢ of the sensor with a 90-um gap for various

water-methanol mixtures from 100 KHz to 8GHz. The water volume
fraction varies from 0% to 100%.
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Fig. 8. Measured frequency distance between the two degeneration
modes and sensitivity for different sensors with gap sizes of 10 um, 30
wum and 90 um.

TABLE Il
COMPARISON OF THE RESONATING-BASED MICROFLUDIC SENSORS

Ref. Sensitivity Resonating Q factor Volume Year
Frequency (sample)
[45] 5.28 MHz/A¢' 2.1 GHz 27 (water) 462 nL 2014
[46] 0.57 MHz/A¢' 5.85 GHz 191 Immersed 2015
(water) in solution

[47] 5.25 MHz/A¢' 2 GHz 525 (air) 61 nL 2017
[16] 0.66 MHz/A¢' 2.3 GHz 47 (water) 589 nL 2018
[48] 14.25 MHz/A¢' 2.1 GHz 48 (air) 2 uL 2019
[18] 8.7 MHz/A¢' 1.91 GHz 26 (water) 390 nL 2019
This 90-um gap: f=1.4 GHz Q=46.9 137.5nL 2020
work 50 MHz/A¢' f=5.16 GHz  Q,=26.4

at 40% water- (water)

methanol

system, as illustrated in Fig. 1, is connected in series with
the reverse HPLC-UV system Ultimate 3000, which consists
of a pump system, an auto-sampler, a column compartment
and a various wavelength UV detector from Thermo Fisher
Scientific. Eluents are separated by an EVO Cjg column
(4.6 x 250 mm, 5 um particle, Kiretex, North America).
HPLC-grade methanol and DI water are used as mobile phase
A and B, respectively. For caffeine and sucrose detection
measurements, the isocratic elution is performed at a ratio
of 60:40 or 40:60 (A:B) while the gradient elution starts from
15:85 (A:B), reached 85:15 and then goes back to 15:85. The
injection volume is 100 xL. Table III summarizes the mobile
phase programs. For HPLC measurement of minute analyte
in carrier solution, the single resonating-frequency monitoring
method [49] is used for a high data-acquisition rate and low
noise performance. The first odd-mode resonating frequency
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TABLE IlI
HPLC ELUTION PROGRAM

. Elution . .
Mobile Phase Analyte Mode Flow Rate Time AB
Caffeine  Isocratic 0.2mL/min  20min  60:40
Sucrose Isocratic 0.6 mL/min 10 min  40:60
Methanol (A) Caffeine  Gradient 0.2 mL/min 0 min 15:85
DI water (B) 6min  50:50
12 min 85:15
18 min  50:50
24 min 15:85
x10°
3.0
. UV detector
D 25{@2750m |
<
é 2.01 water-caffeine]]
g —— DI water
S 15 —=—0.77ppm |
S —o—4.7 ppm
g‘ 1.04 —4&—27.8 ppm
7 —0—166.7 ppm
2 0.51 —Oo— 1000 ppm |
0.0 J==oo—o > ;
12 13 14 15 16
Time (min)
(a)
0.330
. Proposed Sensor
C/J; g@“]sﬁs GHz water-caffeine:
X 0.3254 " DI water -
~ 034 e e aas] 0.77 ppm
g 0.3134 4.7 ppm
‘B u.mm 27.8 ppm
2 0.320 0311 166.7 ppi
E osol— i | 1000 ppm
[72] 7|(3.4 13.6 138 14.0 142 144/
g 0.315 ) >
-
H
0.310
10 11 12 13 14 15 16
Time (min)
(b)

Fig. 9. The measured responses of (a) UV detector and (b) the proposed
sensor for water-caffeine samples from 0.77 ppm to 1000 ppm. The
inset in (b) zooms in the signal peak from 13.4 to 14.4 min for DI water,
0.77 ppm and 4.7 ppm water-caffeine samples.

/1 is selected due to the stronger interaction between the elec-
trical field and analytes when compared to the even-mode one.
The sensor with the 10-um gap is selected for demonstration.
A data-acquisition rate of 20 Hz is achieved.

To examine the sensitivity of the sensor, the water-caffeine
samples with concentrations from 0.77 ppm to 1000 ppm are
measured under isocratic elution. Figure 9 shows the measured
responses of the commercial UV detector and the proposed
sensor, respectively, where the retention time of caffeine is
at ~13.9 min. The solvent of analytes that will not be
trapped by the column is eluted out firstly at ~ 11.2 min.
The parameters of fitting polynomial regression curve for
signal heights are summarized in Table IV. The correlation
coefficients R? for the polynomial regression line is 0.9874,
indicating a good agreement to the measured one. Besides,
the limit of detection (LOD) for caffeine can be estimated
by considering an SNR of 3. The estimated LOD of the
sensor on caffeine is 0.231 ppm. According to the injection
volume, the minimum detectable quantity (MDQ) is calculated

TABLE IV
SENSITIVITY OF THE PROPOSED MICROWAVE SENSOR
MEASUREMENTS ON WATER-CAFFEINE

Concentration (x: ppm) 0 0.77 4.7 27.8 166.7 1000

Signal Height (A[S2])
Polynomial Regression

0 0.0004  0.001  0.0024  0.0048
AlS511=0.0004x°-0.0034x%+0.0084x-0.0057

0.0166

R 0.9874
Noise (A[Sz1]) 0.00004
LOD (ppm) 0.231
MDQ (ng) 23.1
0.322 0.9
- Proposed Sensqr Sucrose Peak -
T=0.3204 @1.65 GHz: 065
(728 —{—1000 pp: <
= 0.3184 03 E
2 =
v 0316 0.0 g
g 0.3144 203 g
g UV detector B
etec
; 0.312 “Solvent Peak @275 nm: 0.6<C
0310 ‘ ~0=1000ppm | ) o
72,0 2.5 3.0 35 40 4.5 5.0 5.5 6.0
Time (min)
(a)
0.36 25
— Proposed Sensor Sucrose Peak R
= | @1.65 GHz: ] D
728 0.34 —{—20000 ppm 20 E
N £
g 0.324 |\ e d 15 =
% <+’ UV detector o
é 0.30+ @275 nm: 10 &
2] =0O—20000 ppm 8
=) 7
S (.28 Solvent Peak 15 _<Q
£ ()
0‘26—. . . - i i P : 0
2.0 2.5 3.0 3.5 40 45 5.0 55 6.0
Time (min)
()

Fig. 10. The proposed sensor detection of (a) 1000 ppm and
(b) 20000 ppm water-sucrose samples under isocratic elution. UV detec-
tor result is included for comparison.

to be 23.1 ng. When compared to the UV detector results,
where the LOD is estimated to be 0.03 ppm, the proposed
sensor is ~8 times less sensitive. In addition, Fig. 10 shows
the measured results of water-sucrose at the concentration
of 1000 ppm and 20000 ppm, respectively. The solvent and
caffeine are eluted at ~3.4min and ~4 min, respectively. The
signal peak of 1000 ppm water-sucrose in the UV detector
is overwhelmed by the noise while being clearly detected in
the proposed microwave sensor. The proposed sensor demon-
strates a higher sensitivity than the UV detector on sucrose
detection. For the analytes that lack strong chromophores
of UV absorption, the proposed sensor can be used as an
alternative universal detection technique, and it demonstrates
a superior sensitivity than ELSD and RI detectors [50].

To verify the gradient-elution repeatability of the pro-
posed sensor, three gradient elution tests with 100 uL
blank injection (DI water) are performed at 1.65 GHz.
The gradient elution program is provided in Table III.
Figure 11 shows that the results are highly reproducible
with indistinguishable deviations. The relative standard
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Fig. 11. Repeatability tests under gradient elution with a 100 uL DI water
injection. The deviations between the tests are within the line thickness.
The inset zooms in the gradient baseline between 25 min and 26.5 min.
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Fig. 12.  The proposed sensor detection of 1000 ppm water-caffeine
sample under gradient elution by subtracting the results of DI-water
injection. UV detector result is included for comparison.

deviation (RSD) of gradient peak height and area is within
0.38% and 0.15%, respectively. Then a 100 uL aliquot
of 1000 ppm water-caffeine is injected and measured under
the same condition. Since the signal of the caffeine sample is
orders of magnitude smaller than gradient baseline, the curves
with blank injection are subtracted from the ones with caffeine
injection. Then the signal of caffeine sample is clearly obtained
in Figure 12, which shows that the developed microwave
sensor functions properly under gradient HPLC elution. The
signal height is 0.0232. It’s noteworthy that the SNR is
deteriorated when compared to the isocratic case. It’s mainly
caused by larger baseline noise.

IV. DiscussiON AND CONCLUSION

The proposed resonator is shown to achieve a high sensitiv-
ity over a wide LUT permittivity range. Similar to the optical
microring resonator arrays proposed in [51], the wide detection
dynamic range allows microwave SRLR sensor to work under
gradient elution. The sensitivities on caffeine detection under
gradient elution are comparable to that of RI detectors under
isocratic elution.

Based on a square ring loaded resonator, a microwave sensor
technique is proposed and investigated for HPLC detector
applications. Two resonating modes are both affected by the
loaded LUT. The sensitivity for different dielectric liquids can
be optimized by tuning the gap size of the ring. In static-
flow measurements of water-methanol mixtures at different
volume fractions, the proposed sensor achieves a sensitivity
of 50 MHz/A¢’ at 40% water-methanol when the distance

between two resonating modes is used as signal indicator.
When connected to a commercial HPLC system under iso-
cratic elution, the water-caffeine samples from 0.77 ppm to
1000 ppm are successfully detected by monitoring at a single
frequency. Besides, the water-sucrose samples at 1000 ppm
and 20000 ppm, whose signals are weak in UV detector, are
measured with the proposed sensor. Under gradient elution,
the water-caffeine at 1000 ppm is successfully detected with a
higher signal peak while smaller SNR than that under isocratic
elution. In conclusion, a sensitive microwave sensor that is
compatible with HPLC gradient elution is achieved. It’s a
promising technique as an alternative universal detector for
HPLC applications.
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