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ARTICLE INFO ABSTRACT

Keywords: Surface enhanced Raman spectroscopy (SERS) utilizes the fingerprint features of molecular vibrations to identify
Sur_face e_nhan“d 3aman spectroscopy and detect substances. However, in traditional single focus excitation scenarios, its signal collection efficiency of
Barium titanate microspheres array the objective is restricted. Furthermore, the uneven distribution of samples on the SERS substrate would result in

SERS microfluidic chip
Multiple focus arrays
Photonic nano-jets

poor signal stability, while the excitation power is limited to avoid sample damage. SERS detection system al-
ways requires precise adjustment of focal length and spot size, making it difficult for point-of-care testing ap-
plications. Here, we proposed a SERS microfluidic chip with barium titanate microspheres array (BTMA)
embedded using vacuum self-assembled hot-pressing method for SERS detection with simultaneous enhancement
of sensitivity and stability. Due to photonic nano-jets and directional antenna effects, high index microspheres
are perfect micro-lens for effective light focusing and signal collecting. The BTMA can not only disperse exci-
tation beam into an array of focal points covering the target uniformly with very low signal fluctuation, but
enlarge the power threshold for higher signal intensity. We conducted a proof-of-principle experiment on chip for
the detection of bacteria with immuno-magnetic tags and immuno-SERS tags. Together with magnetic and ul-
trasonic operations, the target bacteria in the flow were evenly congregated on the focal plane of BTMA. It
demonstrated a limit of detection of 5 cells/mL, excellent signal reproducibility (error~4.84%), and excellent
position tolerance of 500 pm in X-Y plane (error~5.375%). It can be seen that BTMA-SERS microfluidic chip can
effectively solve the contradiction between sensitivity and stability in SERS detection.

1. Introduction commonly utilize a functionalized substrate and a focused beam
featuring a small spot size of few microns and a limited numerical

Surface Enhanced Raman spectroscopy (SERS) based on electro- aperture (NA) for sample detection (Langer et al., 2020). There are some
magnetic enhancement and chemical enhancement can enhance the limitations for its applications:1), The substrate is costly and always only
molecular vibration signal by 10-10'* times, and use the fingerprint for one-time use; 2), Due to the uneven distribution of samples within
property of molecular vibration to identify the target substances, with the SERS substrate especially for very low-density case, there is a non-
the advantages of non-contact, high sensitivity, high selectivity and negligible possibility that no sample appears in the focus region, which
single molecule detection (Kim et al., 2022; Liu et al., 2022; Mungroo may result in significant signal fluctuations in the detection, leading to

et al., 2015; Xie et al., 2024; Yu et al., 2024). In practice, SERS the decreasing of system stability. On the other side, increasing the
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coverage area of the spots may enhances stability, but at the cost of the
signal intensity. There is a tradeoff between stability and amplification;
3), Moreover, for single-focus detection system, the highly concentrated
laser power also would lead to sample damage, thereby total signal in-
tensity is always limited by the local power density threshold; 4), The
SERS detection process is always very complicated. The operators need
to manual focusing and search for samples with highest intensity, which
in some distance is a subjective criterion; 5), There is no on-chip inte-
gration of the whole SERS detection process for point-of-care applica-
tions. Hence, a portable SERS system, which is facile to achieve on-chip
integration and has compatibility with stability and signal gain, is ur-
gently desired (Fan et al., 2020).

Dielectric microspheres (DMs) are perfect micro-lens for excellent
localized light amplification, which can provide good Raman enhance-
ment capabilities without plasma assistance, due to the contributions of
photonic nano-jets (PNJs), optical whispering-gallery modes and
directional antenna effects (DAEs) (Pahl et al., 2022; Wang et al., 2022).
Based on PNJs effect, DMs with relatively large index difference can
generate a highly focused beam at very small distance with large nu-
merical aperture (NA), converging the incident light into tens nano-
meters, increasing the optical power density substantially onto the
neighboring target objects, exciting and collecting the Raman signals
most effectively (Du et al., 2011; Gasparic et al., 2019; Geints et al.,
2018; Mi et al., 2022; Ruzankina et al., 2022; Yang et al., 2016; Yousefi
et al., 2021; Zhang et al. 2020, 2022). Further due to DAEs effect, DMs
can restrict the scattered light to a narrow region with a small diver-
gence angle, thus maintaining the signal-to-noise ratio, reducing the
offset of the focal plane position relative to the sample surface, and
achieving better signal amplification and stability in the vertical direc-
tion (Yan et al., 2015). Moreover, a dielectric microspheres array (DMA)
can uniformly disperse the single focused spot into an array of focal
points evenly covering the target with very low signal fluctuation and
high stability. This distributed multi-focus configuration could enlarge
the power threshold for higher signal intensity and better sensitivity. If
the DMA can be productively fabricated and easily integrated with
detection system, it will be an ideal portable SERS system with better
practicality and feasibility.

SERS Microfluidic chips (SERS-LoC) can simplify the manual oper-
ations which could greatly improve the level of system integration (Ahi
et al., 2022; Huang et al., 2015; Ma et al., 2021; Panneerselvam et al.,
2022; Wang et al., 2020; Wu et al., 2024; Xiong et al., 2018; Yang et al.,
2022). The whole process including sample enrichment, sample
washing, and SERS detection process could be integrated on chip,
solving the problems of poor signal reproduction in sample analysis and
easy sample contamination in open system, and achieving rapid and
sensitive detection of microliter or even nanoliter of sample liquid. On
the other side, the high refractive index DMA can be embedded in the
lower index microfluidic channels for effective detection system inte-
gration, which has the unique advantages in solving the problems faced
by SERS.

In this paper, we have designed and fabricated a BTMA-SERS
microfluidic chip with high index barium titanate microsphere arrays
(BTMA) embedded in the top layer of polymethylmethacrylate (PMMA)
plate channel, using the vacuum self-assembly hot-pressing method.
BTMA can evenly disperse a single focused spot into multiple focus ar-
rays with uniformly Raman signal excitation and wider signal collection
angle. By applying the magnetic and ultrasonic operations within the
chip, the target samples homogeneously concentrated at the bottom of
the channel also on the focal plane of BTMA microlens, achieving the
double improvement of signal sensitivity and stability. Finally, we
conducted a proof-of-principle experiment on chip with sample capture
by using FesO04@Au magnetic nanoparticles (MNPs), and ultrahigh
sensitive detection of Pseudomonas aeruginosa (PA) bacteria by using
SERS probe. After the whole process, PA was detected with a limit of
detection (LOD) of 5 cells/mL, with 4 times signal enhancement, very
small relative standard deviation (RSD) of signal reproducibility of
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4.84%, and excellent position tolerance of 500 pm in X-Y plane
(RSD~5.375%). Receiver operating characteristic (ROC) curve with an
area under the curve (AUC) of 1 indicated the high specificity and ac-
curacy of the chip for determining PA clinical samples. It can be seen
that our BTMA-SERS microfluidic chip can effectively solve the
contradiction between sensitivity and stability in SERS detection, and
has the potential for clinical application.

2. Materials and methods
2.1. Materials

Barium titanate (BaTiO3) microspheres with a diameter of 180-200
pm were supplied by Cospheric LLC (California, USA). Ethanol anhy-
drous (C3HgO), phosphate buffer saline (PBS) and Tween 20 were pur-
chased from Shanghai Macklin Biochemical Technology Co., Ltd
(China). Octadecyltrimethoxysilane (C1H4603Si) and acetone
(CH3COCHs) were purchased from TCI Shanghai. Chloroauric acid tet-
rahydrate (HAuCl4-4H20), trisodium citrate (TSC), and hydroxylamine
hydrochloride (NH,OH-HCI) were purchased from Shanghai Sinopharm
Chemical Reagent Co., Ltd (China). Polyethyleneimine branched (PEI,
MW 25 kDa), bovine serum albumin (BSA), polyvinylpyrrolidone (PVP,
MW 40 kDa), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDC), N-hydroxysuccinimide (NHS), 2-(N-morpholino) etha-
nesulfonic (MES), and DTNB were obtained from Sigma-Aldrich (USA).
Monoclonal anti-pseudomonas aeruginosa antibodies (Catalog #JNDX,
12007) were bought from Jiangnan university (China). Sputum diges-
tion solution (R30485) were purchased from Shanghai yuanye Bio-
Technology Co., Ltd. The blood samples of healthy male mice (BLAB/
c) were provided by Beijing. The sputum clinical samples were provided
by Nanjing Drum Tower Hospital.

2.2. Preparation of immuno-Mag@Au NPs

We modified the PEI-mediated seed growth method to prepare MNPs
with good dispersion and high stability (Liu et al. 2020, 2023). In the
preparation method shown in Fig. S1, the cationic polymer PEI was first
coated on the Fe3O4 surface to form a positively charged interlayer.
Then, negatively charged 13 nm colloidal gold (AuNPs) are densely
fixed on the Fe3O4 surface to form seeded magnetic particles by elec-
trostatic forces combined with the positively charged PEI Finally, a
rough and continuous layer of gold shell outside the magnetic core is
obtained by reductive deposition of Au>* on the seeded surface. Sub-
sequently, 50 pM MUA bind to the surface of MNPs with Au-S bond
under optimal ultrasonic use, providing a large number of sites for
antibody coupling.

2.3. Preparation of immuno-SERS tags

In this work, we prepared immuno-Au SERS tags using 40 nm AuNPs
was used to prepared immuno-Au SERS tags as molecular recognition
and quantitative detection tool according to the synthetic steps shown in
Fig. S2. AuNPs (40 nm) were fabricated through the citrate reduction
method. Briefly, 1 mL of trisodium citrate (1%, w/v) was added rapidly
to the 100 mL of boiling solution of HAuCl4 (0.01 wt%) with stirring.
The suspension was boiled for 15 min and then allowed to reach thermal
equilibrium at room temperature. 20 pM of DTNB was added and
vigorously stirred for 4 h to obtained Au-DTNB NPs. Then, 2 mL pre-
pared Au-DTNB solution was resuspended in MES solution (2 mM, pH
5.4) containing 10 mM EDC and NHS to activate carboxyl groups for 15
min. The products collected by centrifugation (4600 rpm, 7 min) were
suspended in PB (2 mM, pH 7) buffer to coupling with 10 pg of the
capture antibody under shaking for 2 h. Excessed carboxyl sites were
blocked by 50 pL of 10% BSA. The immuno-AuNPs were collected by
centrifugation (4700 rpm, 6 min) and resuspended with 200 pL of PB
buffer.



Z. Dong et al.
2.4. Preparation of BTMA by vacuum self-assembly hot-pressing method

This process utilized the vacuum self-assembly hot-pressing method
to prepare BTMA, involving the creation of a 2 mm diameter hollow
circle mold fixed on a slide. Anhydrous ethanol is applied to this area,
and barium titanate microspheres (BTM) are evenly spread over the
ethanol-dripped surface. Due to liquid surface tension, BTM self gravity
and total lateral forces (capillary force, electrostatic repulsion and
spatial potential resistance), BTM gradually covers the circular area. A
PMMA plate is placed over the mold, and the assembly is sealed in a
vacuum bag for evacuation. This vacuum treatment eliminates air
bubbles between BTMs, enhancing their compactness and stability. The
sealed BTMA mold is heated with 160 °C for 1.5 h on a thermostatic
table with pressure applied, and after cooling naturally in the air, the
more compact and stable BTMA was produced.

2.5. Theoretical simulation

COMOSL Multiphysics field finite element method was used to
theoretically simulate the light scattering path of BTMA. The 785 nm
wavelength is used as the excitation light source in the model, which is
incident on the microspheres from top to bottom from PMMA. With
perfectly matched layer and periodic boundary conditions, the excita-
tion light incident on the microspheres generates Mie scattering and
forms a photonic nano-jet. In the study of DAESs, an electric dipole with a
wavelength of 877 nm was placed on the surface of a silicon wafer as a
point source emission point to simulate the modulation of scattered light
by microspheres.

3. Results and discussion
3.1. Working Mechanism of BTMA-SERS microfluidic chip
The fundamental mechanism and detection technique of the BTMA-

SERS microfluidic chip proposed is illustrated in Fig. 1. Firstly, when the
BTMA are covered by a large-diameter laser beam, the BTM acts as a
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micro-lens to generate the PNJs effect, converging the incident light and
producing highly focused multiple focus arrays. Compared with the
traditional single focusing point scenario, the multiple-focus arrays
generated by BTMA, on the one hand, can completely cover the samples
on the SERS substrate, avoiding the instability of the detection signal
caused by the uneven distribution of the samples; on the other hand, it
scatters the power density of the single focusing beam, amplifying the
power threshold of the Raman detection process, consequently pre-
venting damage of the samples owing to the focused beam. For large
diameter BTMA with large refractive index, which produce a directional
antenna effect that can limit the scattered light closer to parallel prop-
agating waves. Meanwhile, BTMA has a larger NA than standard lens
probes, contributing to a significant increase in light collection effi-
ciency (Fig. 1a and b). More importantly, BTMA with localized PNJs and
DAEs can effectively enhance Raman scattering. The excitation light
generates PNJs at the bottom of the BTMA, which significantly enhances
the excitation intensity. Under the effect of PNJs, MNPs-PA-Au@DTNB
aggregated at the bottom of the BTM arrays generates a high-intensity
localized surface plasmon resonance. Thus, we used BTMA to detec-
tion sample, achieving a four times enhanced Raman signal (Fig. S3).
DAE:s restrict the scattered light to a narrow region with a small diver-
gence angle (+4.5°), effectively increasing the Raman scattering in-
tensity in the optical axis direction and enabling efficient far-field
energy collection. Meanwhile, the offset of the focal plane position
relative to the sample surface is reduced and Raman detection in the
vertical position without precise focusing is permitted. Then, the PEI-
mediated seed growth method was improved in this study, and well-
dispersed MNPs were prepared for rapid capture and enriched PA.
Antibody-conjugated Au NPs (40 nm) SERS tags were acted as recog-
nition module to form a sandwich structure with the PA captured by the
MNPs. And the measurable SERS signal at 1336 cm ™' generated by the
encoded Raman reporter molecule (DTNB) was used for quantitative
analysis. (Fig. 1¢).

Finally, we utilized vacuum self-assembly hot pressing to embed the
microsphere arrays in polymethyl methacrylate (PMMA) and encapsu-
lated them with the runner layer and other components to form the

@ Au@DTNB

“g 74" antibody

@ wnps
@ P, aeruginosa M MNPs-PA-Au@DTNB

Before After After
Ultrasound Ultrasound Cleaning

Fig. 1. Working Mechanism of BTMA-SERS microfluidic chip. (a) Traditional single focus covering samples on SERS substrates. (b) Large NA BTMA form multiple
focus arrays evenly covering samples on SERS substrates. (¢) Mechanism of formation of MNPs-PA-Au@DTNB sandwich structure. (d) The overall conceptual diagram

of BTMA-SERS microfluidic chip and its detection mechanism.
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BTMA-SERS microfluidic chip (Fig. 1d). In the influence of the magnetic
field, the MNPs-PA-Au@DTNB was formed uneven aggregation within
the chip detection area. To optimize this phenomenon, ultrasound vi-
bration was introduced to promote more homogeneous aggregation of
the MNPs-PA-Au@DTNB, and to assist in the cleaning of the MNPs-PA-
Au@DTNB after the detection was completed, facilitating the reuse of
the chip (Fig. S4 and Video SI). The SERS intensity at 1336 cm™! for
different concentrations of PA was measured by a portable Raman
spectrometer and the reproducibility of the Raman signal was measured
and analyzed. Besides, the SERS signal intensity at 1336 cm™! was tested
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to maintain a good stability when the laser beam produced a lateral
movement (+500 pm), using 10° cells/mL concentration of PA as a
sample.

Supplementary video related to this article can be found at htt
ps://doi.org/10.1016/j.bios.2024.116505

3.2. Characterization of immuno-Mag@Au NPs

High-resolution transmission electron microscope (HRTEM) and
energy dispersive spectrometer (EDS) elemental mapping analysis were
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Fig. 2. Characterization of MNPs. (a)-(c) HRTEM images of Fe304 MNPs, Mag-13 nm Au seeds and MNPs. (d) Elemental mapping images of MNPs. (¢) HADDF image
of a single MNP. (f) UV-vis spectra of Fe304, Mag-13 nm Au seeds and MNPs. (g) Magnetic hysteresis curves of Fe304 and MNPs. (h) Magnetic properties of MNPs in
complex samples. (i) TEM image results of PA captured by MNPs. (j)-(k) Results of capture efficiency of immuno- MNPs s at PA concentrations of 10? cells/mL-10°
cells/mL. The error bars indicated the standard deviations calculated from three independent experiments.
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used to characterize the prepared MNPs. Fig. 2a shows the HRTEM
image of the Fe3O4 magnetic particles (FesO4 MNPs), which clearly
shows that the diameter of the Fe304 MNPs is about 190 nm. Fig. 2b
shows the HRTEM image of the seeded Fe304 MNPs, which shows that
the 13 nm NPs are densely adhered to the surface of the Fe30O4 after PEI
coating. The dense gold seeds provided sufficient sites for the subse-
quent anisotropic growth of the gold nano-shells. Fig. 2c shows a
HRTEM image of the obtained MNPs with a distinct core-shell nano-
structure and rough surface. The EDS spectrum (Fig. S5) indicates that
the components of MNPs are only Fe, O and Au used. Elemental mapping
image in Fig. 2d further demonstrated that Au (blue) was densely and
uniformly distributed in the external surface the Fe (red) and O (green)
cores. Furthermore, high-angle annular dark-field scanning TEM
(HAADF) image shown in Fig. 2e confirms that the MNPs core surface is
coated with an Au shell.

The dynamic synthesis of Au shell with continuous protuberances
was further confirmed by UV-vis spectroscopy. As shown in Fig. 2f, the
initial SPR absorption peak of Mag-Au seeds was located at 538.5 nm,
and after the formation of the rough Au shell layer, the absorption peak
was significantly red-shifted to 569 nm, which was attributed to the
adoption of the magnetic core-shell hybrid nanoparticle structure with
nanogaps, and the SERS activity of MNPs was significantly improved.
Meanwhile, we also used zeta potential results for the monitoring of the
corresponding preparation steps of MNPs (Fig. S6). Fig. 2g depicted that
the magnetic saturation (MS) value of MNPs was 44.47 emu/g, which is
only 24.7% lower than that of Fe304 MNPs (59.03 emu/g), maintaining
a high magnet content. No hysteresis lines appeared in the graphs,
indicating that the superparamagnetism and strong magnetic respon-
siveness of MNPs endowed it with the ability to rapidly and completely
separate analyte from complex solutions. As shown in Fig. 2h, MNPs can
be completely separated from each of the three composite samples
(PBST buffer, serum, and whole blood) within 30s under the action of an
applied magnetic field. We compared the Raman signals when different
concentrations of MNPs were used for detection PA and obtained the
optimal concentration of 15 pM for MNPs (Fig. S7). The capture of PA by
15 pL MNPs is shown in Fig. 2i-k. The average capture efficiency of
MNPs exceeds 90% at PA concentration between 10% and 10° cells/mL,
especially with the highest recorded of 99% at 10 cells/mL. Manual
spreading of plates inevitably has errors, resulting in a high experi-
mental error in the capture efficiency of high concentrations of PA. In
conclusion, monodisperse MNPs have been successfully synthesized and
a volume of 15 pL demonstrates high bacterial capture efficiency within
15 min, making it suitable for pathogenic microorganism detection.

3.3. Characterization of immuno-SERS tags

Immuno-SERS tags typically consist of a metal nanosubstrate, an
organic Raman reporter molecule and a bio-recognition element (Bai
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et al., 2020; Spaziani et al., 2023; Xie et al., 2023). The significant SERS
enhancement attributed to the electromagnetic mechanism occurring
between Raman reporter molecule and noble metal (Song et al., 2018;
Wang et al., 2015). The dynamic light scattering (DLS) result shown in
Fig. 3a confirmed the average diameter of synthesis AuNPs. DTNB with
large Raman scattering cross section and the absence of fluorescence
interference was the first choice for the Raman reporter molecule. The
SERS enhancement factor (EF) of Au at 1336 cm~' from DTNB was
calculated to be 1.15 x 10° by using a previously reported method,
which could meet the requirement of sensitive detection (Supporting
information S1 and Fig. 3b). After DTNB was encoded on AuNPs by the
Au-S bond, the PA antibody was directly combined with the carboxyl
groups of Au-DTNB NPs through EDC/NHS chemistry. Zeta potential
results (Fig. S8) successfully monitored the formation of the immuno-Au
SERS tags. Moreover, we evaluated the SERS intensity and stability of
immuno-Au SERS tags at 5pM-500pM of DTNB coding concentrations.
As illustrated in Fig. 3c, the Raman signal was no longer significantly
enhanced or even decreased when DTNB concentration exceeded 40 pM.
Notably, the Au colloid changed color at this time, indicating the
agglomeration precipitation of particles. Hence, 40 uM of DTNB was the
optimal encoded concentration.

3.4. Fabrication and Characterization of BTMA-SERS microfluidic chip

We have fabricated a barium titanate microsphere arrays SERS
microfluidic chip for fast, stable and ultrahigh resolution bioanalysis
(Fig. S9). The BTMA are embedded into PMMA by vacuum self-assembly
hot-pressing method (Fig. 4a and Fig. S10). The vacuum treatment can
reduce the air bubbles between the BTMs, which makes the BTMA
arrangement more compact and reduces the light loss (Fig. S11). The
indentation depth and focal length of the BTMs varied with the hot-
pressing time. And when the hot-pressing time is 1.5 h, the micro-
sphere indentation depth is about 100 pm, the prepared BTMA were
neatly arranged, compact and stable, and not easy to fall off (Fig. 4b—c
and Fig. S12). The location of the BTMA in the chip is shown in Fig. 4d. It
is worth noting that the chip utilizes strong magnetic and piezoelectric
ceramic vibrator (PCV) have been employed to assist in the controlled
homogeneous aggregation of the MNPs-PA-Au@DTNB sandwich struc-
ture (Fig. S13) and are located underneath and on the surface of the
bottom silicon slice, respectively. Furthermore, the ultrasonic vibration
of the PCV can aid in cleansing the sandwich structure of MNPs-PA-
Au@DTNB, thereby facilitating the chip’s reusability (Fig. S14 and
Video SI).

For further the light scattering mechanism of BTMA in the chip, the
PNJs and DAEs of BTMA for enhanced Raman scattering are theoreti-
cally simulated by COMSOL Multiphysics field finite element method.
The modeling principle is shown in Fig. 4e, where the excitation light
source is incident on the microsphere surface from top to bottom by
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Fig. 4. Fabrication and Characterization of BTMA-SERS microfluidic chip. (a) The process of the vacuum self-assembly hot-pressing method. (b) The microscopic
view of BTMA embedded in PMMA layer. (c¢) The Scanning electron microscope images of BTMA which shows the Embedding depth of microspheres. (d) The
structure of each part of BTMA-SERS microfluidic chip, which the 2 mm BTMA is embedded in the top cover of the flow channel. (e) The modeling of BTMA for the
light focusing effect. (f) The light scattering mechanism of BTMA in the device: (i) Photonic nano-jets of BTMA; (ii) Directional antenna effects of BTMA; (iii) The

BTMA limits the Raman scattering emission angle to +4.5°.

PMMA and the bare BTMA is in contact with the fluid. With the focusing
property of the microsphere lens, when the excitation light is incident on
the microsphere, a PNJ is generated at the bottom of the BTMA (the focal
length is about 100 pm), which significantly enhances the excitation
intensity (Fig. 4f). In addition, the microsphere is an optical directional
antenna that limits the Raman scattering emission angle to +4.5°, which
effectively improves the Raman scattering intensity in the direction of
the optical axis and interns efficient far-field energy collection (Fig. 4f).

3.5. PA detection capability of BTMA-SERS microfluidic chip

P. aeruginosa is an immunocompromised opportunistic pathogen
responsible for 10 percent of hospital-acquired infections and is found
mainly in body fluids such as sputum and wound secretions (Li et al.,
2022). Early accurate and highly sensitive detection is essential. Hence,
we select PA as the target to verify the detection performance of
BTMA-SERS microfluidic chip in this work. The specific operation pro-
cess is illustrated in Fig. 5a. After PA was completely captured within the
incubation time of 15 min, immuno-Au SERS tags were added to the
Mag@Au-PA complex to form a MNPs-PA-Au@DTNB sandwich struc-
ture. The incubation time and addition amount of immuno-Au tags was
optimized to obtain the highest binding efficiency and improve SERS
detection performance. As displayed in Fig. S15, the highest Raman
signal and SNR can be achieved with a reaction time of 20 min, which
was finally selected as the duration of SERS tags binding. Fig. S16 shown
the Raman spectrum corresponding to addition amounts of SERS tags. At

10% cells/mL of PA, the Raman signal was enhanced and linearly
correlated with the increase of SERS tags range from 10 pL to 100 pL.
Significantly, the Raman signal tends to be saturated when the tags were
above 90 pL. Considering the realization of higher concentration of PA
detection, the volume of SERS tags used in this experiment was opti-
mized 100 pL.

Next, we built the experimental platform shown in Fig. S17 and used
the experimental method of supporting information SI2 to measure the
various performances of the BTMA-SERS microfluidic chip. It is worth
noting that we have hydrophobic treatment on the chip to avoid liquid
remaining, while using alcohol, deionized water and nitrogen gas to
rinse the chip sequentially to eliminate the aggregation of tiny impurity
particles. In this process, we also have assisted the cleaning by means of
ultrasonic vibrations generated from an ultrasonic device fitted on the
chip. Finally, undesired aggregation is avoided to ensure the accuracy
and stability of the experiment. Fig. 5b was the average Raman spectra
measured from BTMA-SERS microfluidic chip, showing that the SERS
intensity gradually increased with increasing bacteria concentration
(5-107 cells/mL). Based on the results, we plotted the calibration curve
between the SERS intensity of DTNB at 1336 cm ™! and the logarithm of
the PA concentration (0-107cells/mL) at Fig. 5c. The BTMA-SERS
microfluidic chip possess a good linear relationship range from 5 to
10cells/mL with a linear correlation coefficient (R%) of 0.995. Ac-
cording to the calculated blank control signal and triple standard devi-
ation (IUPAC protocol), The LOD and limit of quantification (LOQ) of
BTMA-SERS microfluidic chip are 5 cells/mL and 6 -cells/mL,
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Fig. 5. BTMA-SERS microfluidic chip shows ultra-high resolution and specificity in PA detecting. (a) Incubation process for MNPs-PA-Au@DTNB. (b) Average SERS
spectra of PA detected using BTMA-SERS microfluidic chip. (c¢) Corresponding calibration curve for different concentration of PA. (d) Reproducibility of the BTMA-
SERS microfluidic chip for different concentrations of PA (10%cells/mL, 10°cells/mL, 10”cells/mL). (e) Average SERS spectra of PA detected using BTMA-SERS
microfluidic chip in whole blood of healthy mice. (f) Corresponding calibration line for different concentration of PA. (g) ROC curve. (h) Plate counting results
of four bacteria before and after immuno-Mag@Au capture. (i) The results of the specificity test for the four bacteria. The error bars indicated the standard deviations

calculated from three independent experiments.

respectively, with strong test stability. Six experimental groups con-
taining three concentrations of PA (102cells/mL, 10°cells/mL, 107 cells/
mL) were repeated to assess the reproducibility of different batches of
the proposed BTMA-SERS microfluidic chip. As demonstrated in Fig. 5d,
the relative standard deviations (RSD) value of SERS intensity was
4.84%, 4.81%, and 4.53%, respectively, indicating the superior repro-
ducibility of BTMA-SERS microfluidic chip and the ability to accurate
quantitative detection.

As a potential clinical pathogen detection tool, the analytical per-
formance of BTMA-SERS microfluidic chip in real blood samples needs
to be validated. Due to the strategy of first capturing PA with immuno-
MNPs in this work, subsequent SERS detection is not affected by

complex components. Samples of bacteria at different concentrations
(107 to 0 cells/mL) in serial dilution were spiked to the whole blood of
healthy mice and then tested in the proposed system. As shown in Fig. 5e
and f, the SERS intensity and dynamic change trend were similar to the
results in buffer solution, which proved that the LOD and LOQ of BTMA-
SERS microfluidic chip in whole blood detection were 5 cells/mL and 6
cells/mL, respectively. The calibration curve of the corresponding SERS
intensity at 1336 cm~! demonstrated a well-maintained linear rela-
tionship within 5-107 cells/mL of PA with a linear correlation coefficient
of 0.996. In addition, we compared with other biosensors for the
detection of PA (Table 1), and the comparison showed that the detection
of PA using BTMA-SERS microfluidic chip has a larger concentration
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Table 1
Performance comparison of BTMA-SERS microfluidic chip with other PA
biosensors.
Methods Detection Measured values References
Range of LOD
Electrochemical 10-10° CFU/ 2 CFU/mL Zhang et al.
mL (2019)
Fluorescence 10-107 CFU/ 10 CFU/mL Zhong et al.
mL (2020)
Localized Surface Plasmon 10-10°CFU/ 10 CFU/mL Hu et al.
Resonance mL (2018)
SERS 7-10°CFU/ 7 CFU/mL Zhou et al.
mL (2022)
SERS 10-107 CFU/ 10 CFU/mL Mi et al.
mL (2023)
SERS 5-107 cells/ 5 cells/mL This work
mL

range and lower detection limit. Additional validate the ability of the
chip to be used in clinical samples, we used the chip to measure 12
sputum clinical samples (8 positive patients and 4 healthy laboratory
volunteers), the detection results are shown in Fig. S18. Receiver oper-
ating characteristic (ROC) curve with an area under the curve (AUC) of 1
indicated the high specificity and accuracy of the chip for determining
PA clinical samples (Fig. 5g).

Finally, the specificity of BTMA-SERS microfluidic chip was vali-
dated by using three other common laboratory bacteria including E. coli,
K. pneumoniae, and S. aureus as interferents. 15 pL of immuno-MNPs
were added into 1 mL of bacterial solution containing 10° cells/mL to
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incubate and enrich within 15 min. The products were used for SERS
detection and 100 pL supernatant was used for blood agar plate coating.
As shown in Fig. 5h the capture efficiency of the prepared immuno-
MNPs for PA was more than 90%, while there was almost no conjuga-
tion reaction on the other pathogens. Further, we used the chip to
measure samples of each single bacterium and a mixture of four bacteria
(E. coli, K. pneumoniae, S. aureus and PA) respectively, which were still
able to accurately measure the Raman signals of PA (10° cells/mL). The
Raman signals of the three common laboratory bacteria were dynami-
cally variable at negative levels but all were below the LOD of the blank
signal, while the Raman signal intensity of PA was notably higher than
the other three bacterial. Through these experiments, BTMA-SERS
microfluidic chip has demonstrated ultra-high resolution and high
specificity in bacterial detection.

3.6. Stability performance of BTMA-SERS microfluidic chip

In order to further investigate the potential of BTMA-SERS micro-
fluidic chip for practical applications, we have tested its stability prop-
erties. For BTMA-SERS microfluidic chip stability performance test, we
kept the position of the chip and its intra-chip MNPs-PA-Au@DTNB
aggregates fixed and the laser beam was moved +500 pm laterally with
a 100 pm gradient. Based on this, we used SERS-LoC (without BTMA)
and BTMA-SERS microfluidic chip (with BTMA) to detect the same
concentration of PA (105cells/mL), respectively. With the results of the
3D data shown in Fig. 6a, it is intuitively clear that the SERS-LoC
without BTMA, when the laser beam is moved laterally in the range of

b 25k

20k _________/__z__i__!_ ___________
| v w ¥ Rsp=sasn T W ¢
3 15k ® With BTMA (X)
= v With BTMA (Y)
= B Without BTMA (X)
£ 10kt A Without BTMA (Y)
E Yy
5k | z : xR ]
| |
‘ A A A | 7 | 7
of B mepsmaam 4 4
-600 -400 -200 0 200 400 600

Distance (um)

4 Original position

"\ BTMA range

\\_f

MNPs-PA-Au@DTNB
aggregate

Fig. 6. The results of the double enhancement of signal stability and intensity by using BTMA. (a) The comparison of Raman signal intensity and fluctuation in X-Y
plane for the case with and without BTMA, when the excitation beam is laterally moved a distance of +500 pm. (b) The detailed comparison in the X and Y directions.
(c) The MNPs-PA-Au@DTNB aggregates can always be covered by the multiple focus arrays formed by the BTMA when the laser beam is moved laterally.
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+500 pm, it leads to an uneven distribution of the aggregation hotspots
due to the homogeneous sample distribution of the SERS substrate.
Meanwhile, the small spot size of the focused beam and the small NA of
the objective probe limit its ability to completely cover the sample and
its light harvesting efficiency. Finally, as the amount of laser beam
displacement increases, the reduction of Raman signal is significant,
with RSD of 38.716% and 65.548% in the x and y displacement di-
rections, respectively. The average RSD is 52.132% (Fig. 6b). Under the
same conditions, we used BTMA-SERS microfluidic chip to detect the
same concentration of PA, stability and signal strength are improved.
The BTMA acts as micro-lenses to generate the PNJs effect, which con-
verges the incident light and produces a highly focus multi-focal array,
increasing the optical power density on the sample surface. The array
diameter of the multiple focus arrays is 2 mm, which is larger than the
area of the chip detection area, so that when the laser beam is moved
laterally, the multiple focus arrays still completely cover the sample in
the detection area (Fig. 6¢). More importantly, BTMA have a larger NA
and a wider range of light collection. The PNJ and DAEs of the BTMA,
which enhance the SERS signal by about 4 times, should be particularly
noted. At this point, RSD in the X and Y directions are 5.499% and
5.251%, the average RSD is 5.375%, which is about a tenfold
improvement in detection stability compared to SERS without the BTMA
(Fig. 6b). Therefore, the multiple focus arrays and large NA of the BTMA
were utilized to make the focus completely cover the sample on the SERS
substrate, which enhanced the light harvesting efficiency and reduced
the effect of the lateral movement of the beam on the signal stability. As
can be seen, BTMA-SERS microfluidic chip enhanced the detection sta-
bility while improving the SERS signal.

4. Conclusion

In this work, a BTMA-SERS microfluidic chip was designed and
fabricated that combined a magnet-ultrasound structure, a SERS anal-
ysis zone and BTMA for easy integration with both stability and signal
enhancement. BTMA are integrated into the chip using vacuum self-
assembly hot-pressing method, and the PNJs property of the BTMA is
utilized to highly converge the incident light into multiple focus arrays,
generates a high-intensity localized surface plasmon resonance, further
enhancing the Raman signal. Combined with the large NA and DAEs,
which limits the Raman scattering emission angle to +4.5°, which
effectively improves the Raman scattering intensity in the direction of
the optical axis and interns efficient far-field energy collection. MNPs
and Au@DTNB were used to specifically capture PA to form MNPs-PA-
Au@DTNB, and paired with the coordinated effects of magnetism and
ultrasound, flowingly MNPs-PA-Au@DTNB was controllably and uni-
formly focused under the plane of the multiple focus arrays. As a po-
tential clinical pathogen detection tool, we examined PA in whole blood
of healthy mice with the LOD and LOQ of 5 cells/mL and 6 cells/mL,
respectively. ROC curve with an AUC of 1 indicated the high specificity
and accuracy of the chip for determining PA clinical samples. More
important, BTMA is used as a micro-lens to form a highly focus multiple
focus arrays, which can completely cover the samples in the chip, which
achieved stable detection of PA within +£500 pm of the lateral move-
ment of the laser beam with an RSD of only 5.375%, which reduced the
need for precise focusing, while the signal reproducibility had a max
RSD of 4.84%. Thus, BTMA-SERS microfluidic chip has both high sta-
bility and high sensitivity, which have holds considerable potential for
widespread applications in fields like biomedicine, food safety, and
other areas requiring the point-of-care testing of pathogenic
microorganisms.
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