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Synthesis of programmable atom-like nanoparticles (PANs) with high valences and high yields remains
a grand challenge. Here, a novel synthetic strategy of microfluidic galvanic displacement (u-GD) coupled
with microfluidic DNA nanoassembly is advanced for synthesis of single-stranded DNA encoder (SSE)-
encoded PANs for reliable surface-enhanced Raman scattering (SERS) sensing. Notably, PANs with high
valences (e.g., n-valence, n = 12) are synthesized with high yields (e.g., >80%) owing to the effective
control of interfacial reactions sequentially occurring in the microfluidic system. On the basis of this, we
present the first demonstration of a PAN-based automatic analytical platform, in which sensor
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Introduction

Since the concept of “programmable atom-like nanoparticles”
(PANs) based on nucleic acid-modified nanoparticles was
proposed over two decades ago,' numerous engineering strat-
egies have been developed for conferring DNA valence bonding
on nanoparticles.>” Distinguished from the fixed valence bonds
of atoms which are dominated by their intrinsic electronic
structure, the valence bonds of PANs can be tuned by rational
design and construction of specific structures of DNA-
nanoparticle conjugates. Furthermore, by mimicking bio-
macromolecules, such PANs can be used as building bricks to
assemble more complex and ordered three-dimensional (3D)
supramolecular materials (e.g., superlattices, supercrystals, etc)
by deliberate design and a series of hybridization reactions.***
These products feature exotic properties and functions and
have been used in imaging, sensing, therapeutics, and so
forth.>**® So far, a variety of DNA structures including thiolated
DNA, spherical nucleic acids, DNA tiles, DNA origami and DNA
patches have served as the sticky “glue” for nanoparticles for
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valence engineering of PANs.?* Analogous to the valence
bonds of atoms, these DNA structures confer nanoparticles with
specific chemical or topological properties. Despite these
elegant features, assembly of PANs with high valences and high
yields remains a grand challenge in current synthetic systems
due to the small size of nanoparticles (normally 5-20 nm),
random DNA arrangements around each nanoparticle and
uncontrollable aggregation of nanoparticles in the liquid
phase.”*?® Furthermore, the extraction efficiencies of purifica-
tion of PAN products by gel electrophoresis are only 30-50%.>%*°
Taken together, the low yield of high-valence PANs limits their
wide application. To push high-valence PANs forward in wide-
ranging real applications, a more robust method for synthesis
of high-valence PANs in a high-yield manner is necessary.

On the other hand, microfluidics as an emerging class of
synthetic method have been demonstrated for preparing
nanomaterials with controlled structures, shapes, compositions
and sizes.**** Unlike bulk synthesis, microfluidic synthesis has
several unique features such as small reagent volumes, rapid
mass and heat transfer, precise reaction control and so forth.
However, the specific Reynolds number (Re = dvp/u) in
a microfluidic system (e.g., Re < 100) is much lower than that in
bulk solution (e.g., Re > 2300). In such low Re regimes, laminar
flow dominates over turbulent flow, where mixing mainly relies
on an inherently slow process of molecular diffusion at the
interface.*® Such heterogeneous mixing is detrimental to the
synthesis of homogeneous colloidal PANs. To enhance micro-
mixing, external perturbation energies (e.g., pressure field and
ultrasound) or rationally designed micromixers are needed.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Intriguingly, electroless deposition is capable of reducing metal
ions to metallic nanoparticles on an electronically isolated
interface at ambient temperature and without a chemical
reducer, which mainly relies on ion diffusion at the inter-
face.’”*® Thereby, as a major step forward, we envision that
PANs in situ formed on solid supports might be facilely and
controllably synthesized with high yields even at low Re by
combining microfluidics, electroless deposition and DNA
nanotechnology.

Herein we report a simple and purification-free approach to
prepare single-stranded DNA encoder (SSE)-encoded program-
mable atom-like nanoparticles (PANs) with high valences (n-
valence, n = 11 &+ 1) and high yields (e.g., >80%). The employed
SSEs are composed of sticky poly adenine (polyA) domains and
non-polyA domains, in which the length of the polyA domains
defines the valences and the sequence information of the non-
polyA domains encodes the orthogonality. The synthesis of
high-valence PANSs relies on the sequential control of three types
of interfacial reactions in microfluidic systems, which are
galvanic displacement (GD) reactions between metallic ions and
the silicon surface (a typical electroless deposition reaction),
affinity reactions between SSEs and the surfaces of GD-
generated nanoparticles, and DNA hybridization reactions
between SSEs and their complementary sequences. Through
microfluidic sample loading, the resulting SSE-encoded PANs
exhibit a good reproducibility in the detection of analytes via
precisely controlling the sample flowing rate. Furthermore, the
ratiometric signals of the ratio of analyte signals to SSE signals
can be used for reliable quantitative analysis.

Results and discussion
General design of SSE-encoded PANs in the p-GD system

Fig. 1 gives the general design for SSE-encoded PANs in the
microfluidic system. Three types of interfacial reactions are
sequentially and effectively controlled in the whole synthetic
process: GD reactions between silver ions (Ag") and the silicon
surface (1% reaction), affinity reactions between SSEs and
nanoparticles (2"¢ reaction), and DNA hybridization reactions
between SSEs and their complementary sequences (3™ reac-
tion). First, we prepare ~71 nm core silver nanoparticles
(cAgNPs) with uniform dispersion and narrow size distribu-
tions, which are in situ formed on the silicon surface based on
GD reactions. The whole GD synthesis involves an anodic
reaction (oxidation and dissolution of silicon, Si + 6F~ — SiFg>~
+ 4e7) and a cathodic reaction (Ag deposition, Ag" + e~ —
Ag®).3738 Experimentally, hydrogen fluoride (HF) solution (5%, v/
v) is pumped into the microchannel to form Si-H bonds on the
silicon surface, followed by the injection of nitrogen to separate
the former HF solution and the latter reaction solution (step 1).
In step 2, the reaction solution containing HF (10%, v/v) and
silver nitrate (AgNO;) is pumped into the microchannel. After
these two steps, cAgNPs on the silicon surface are achieved. The
GD mechanism is also illustrated in the top dotted frame.
Typically, Ag nuclei are formed in the vicinity of the reactive
silicon surface when Ag" receives electrons from the valence
band (VB) of silicon. Meanwhile, SiO, is formed underneath the
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cAgNPs and etched away by the HF solution. As a result, pits are
formed immediately beneath the Ag deposits, and the cAgNPs
gradually sink into the resultant pits when they are formed.?”*
Different from the uncontrollable GD reaction in the bulk/
macro system, the Ag nucleation as well as its growth rate
could be effectively controlled in the p-GD system, resulting in
the formation of uniform cAgNPs with sharp size distribution.
The highly ordered cAgNPs serve as the key template in the
following fabrication of high-valence PANs.

After washing cAgNPs with distilled water and nitrogen, the
SSE solution (polyA-P1) is pumped into the microchannel (step
3). The SSEs contain two domains: sticky domains (polyA) and
bonding domains (P1). The sticky domains are made up of
alternating polyA sequences (usually 15, 30 and 60 consecutive
adenines), which can irreversibly stick and wrap around the
surface of cAgNPs.**?** The bonding domains consist of non-
polyA sequences (please see the sequence details in ESI Table
11), which are repelled away from cAgNPs for further hybrid-
ization. As such, the multi-valence engineered cAgNPs (Ag-
polyA-P1) can be achieved in one step, and the valence of
cAgNPs can be well defined by microfluidics-mediated affinity
reactions between SSEs and the cAgNP surface. To further
fabricate SSE-encoded PANs, ~10 nm colloidal gold nano-
particles conjugated with polyA-P2 (Au-polyA-P2) are finally
pumped into the microchannel (step 4), in which P2 is the
complementary sequence of P1. Ultimately, high-valence PANs
with similar topologies are obtained based on base paring
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Fig. 1 Illustration of the stepwise fabrication of SSE-encoded PANs in

the microfluidic system. The detailed models illustrating the micro-
fluidic GD (u-GD) reactions between Ag™ and the silicon surface (1
reaction), affinity reactions between SSEs and nanoparticles (2™
reaction) and DNA hybridization reactions between SSEs and their
complementary sequences (3" reaction) are shown in dotted frames.
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between P1 and P2 due to the relatively precise control of DNA
hybridization reactions.

Preparation and characterization of cAgNPs in the p-GD
system

Fig. 2a and b give the schematic diagram and the photo of the
home-made microfluidic device, which is composed of three
layers: the upper polymethyl methacrylate (PMMA) pattern,
middle silicon wafer and bottom aluminum alloy bracket. The
PMMA pattern is made up of two input ports and one output
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Fig. 2 Characterization of cAgNPs. (a) Schematic diagram of the
microfluidic device. (b) Photo of the microfluidic device. Schematic
illustrations of silver ion (Ag™) diffusion and the formation of core
AgNPs (cAgNPs) at the silicon surface in the (c) microfluidic or (d) bulk
GD system. Simulations of silver ion diffusion in the microchamber
with (e) or without microfluidic flow (f). (g) Top-view and (h) side-view
SEM images of cAgNPs prepared in p-GD systems and corresponding
(i) histograms of size distribution. (j) Top-view and (k) side-view SEM
images of cAgNPs prepared in bulk-GD systems and corresponding (1)
histograms of size distribution.
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port (diameter: 2 mm, height: 0.5 mm), microchannels (width:
200 pm, depth: 100 um), and one hollow cylindrical micro-
chamber (diameter: 2 mm, height: 0.5 mm). Prior to integration
of the microfluidic device, the silicon wafer with a size of 0.7 cm
x 0.5 cm is rinsed with distilled water and acetone several times
to remove impurities. To synthesize cAgNPs, hydrogen fluoride
(HF) solution (5%, v/v) with a flow rate of 3 pL min™ "' is first
pumped into one input port, and Si-H bonds on the silicon
surface would be formed when the HF solution reaches the
silicon wafer embedded in the microchamber. Next, HF solu-
tion (10%, v/v) containing a certain concentration of silver
nitrate (AgNO3) is pumped into the input port with the same
flow rate. As a result, Ag" ions can be readily reduced on the
silicon surface to form cAgNPs when Ag' ions with a higher
standard reduction potential (e.g., Ag'/Ag = 0.799 V) touch the
silicon oxide layer with a lower electrochemical potential (e.g.,
SiF¢®> /Si = —1.2 V). After the initial nucleation, the growth of
cAgNPs is typically driven by the local concentration of Ag" ions
around the nuclei and growing particles. Notably, such
a concentration of local ions is mainly determined by the ion
transportation in the microfluidic field due to the quick
consumption of reacting Ag" ions around the reactant silicon
interface. Such a steady microfluidic field prevents the aniso-
tropic diffusion of Ag" ions, ensuring the formation of homo-
geneous and well-distributed cAgNPs (Fig. 2c). However,
anisotropic ion diffusion in the bulk GD system leads to the
initial heterogeneous nucleation and the following unbalanced
growth rate of cAgNPs at different deposition sites (Fig. 2d).

Of note, Ag" transportation in the microfluidic system is the
coupled process of creeping flowing and mass diffusion, while
Ag" transportation in the bulk system is only effected by mass
diffusion. Accordingly, simulations of ion transportation in the
microfluidic system (Fig. 2e) as well as in the bulk system
(Fig. 2f) are systematically performed by using COMSOL mul-
tiphysics. Typically, homogeneous Ag’ distribution in the
microfluidic system can be quickly reached within only 5 s,
while Ag" diffuses slowly and thus an apparent concentration
gradient of Ag"' appears in the bulk system even when the
simulating time is 120 s. The simulation results prove that the
equilibrium of ion transportation can be rapidly achieved in the
designed microfluidic system. The SEM images of cAgNPs
prepared in the microchamber from the top view (Fig. 2g) and
side view (Fig. 2h) confirm that the as-prepared cAgNPs with
similar size and morphology are uniformly distributed on the
silicon surface. In contrast, bulk GD synthesizes cAgNPs with
broad size distribution, which are randomly dispersed on the
silicon surface, as validated by the top-view SEM image (Fig. 2j)
and side-view SEM image (Fig. 2k). For quantitative compar-
ison, the size of the as-synthesized nanoparticles was deter-
mined by the measurement of 300 particles by using the
software of Nano Measurer. As shown in the histograms of size
distribution (Fig. 2i and 1), the size distribution of cAgNPs
prepared in the p-GD system is much narrower than that in the
bulk GD system under identical conditions. In particular, the
diameter of cAgNPs prepared in the microfluidic system is ~71
+ 18 nm, while the diameter of cAgNPs in the bulk system is
~155 £+ 57 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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To systematically investigate the effects of experimental
conditions on the growth of cAgNPs, a series of SEM images of
cAgNPs at different reaction time points, AgNO; concentrations
and AgNO; flow rates are recorded. As shown in Fig. S1,T the
size of cAgNPs prepared by microfluidics gradually increases
with the reaction time, AgNO; concentration and AgNO; flow
rate. However, if the reaction time is too long (e.g., > 4 min), the
AgNO; concentration is too high (e.g., > 0.75 mM) or the AgNO;
flow rate is too rapid (e.g., >3 pL min~ %), the size distribution of
cAgNPs becomes wide and the morphology of cAgNPs becomes
irregular. As such, the optimal reaction conditions for synthesis
of cAgNPs in the u-GD system are 0.75 mM AgNOj;, 4 min of
reaction time and 3 pL min ! flow rate.

SSE-encoded PANs by the p-GD system

After the fabrication of homogeneous cAgNPs, 10 mM sodium
phosphate buffer containing ~300 nM SSEs (polyA-P1) is
pumped into the input port with a relatively low flow rate (e.g.,
0.5 uL min ") for 8 h to ensure the efficient connection between
polyA and cAgNPs. The preferential adsorption of the silver
surface with polyA leads to the formation of the multi-valence
engineered cAgNPs (Ag-polyA-P1). Then distilled water is
pumped into the other input port, washing away the uncon-
nected polyA-P1. Subsequently, 0.1 M sodium phosphate buffer
containing ~1 mM of AuNPs modified with polyA-P2 (Au-
polyA-P2) is pumped into one input port with a relatively low
flow rate of 0.5 uL min ' for 12 h. During this process, the
microfluidic device is placed on a heating plate at 37 °C. The
appended recognition blocks of P1 and P2 favor DNA hybrid-
ization, resulting in the fabrication of SSE-encoded PANs. Ulti-
mately, the formed high-valence PANs are rinsed with distilled
water and dried with a flow of nitrogen for further character-
ization. As shown in the SEM image in Fig. 3a—c, several ~10 nm
AuNPs (Fig. S2t) are uniformly distributed on the surface of
cAgNPs. The Au-Ag nanohybrids of PANs are also confirmed by
UV-vis spectra (Fig. S37). For clarity, AuNPs were intentionally
colored using Adobe Photoshop.

The number of DNA molecules that can be functionalized on
a NP surface depends fundamentally on the NP surface area.
Thereby, the size of the core AgNPs as well as the size of satellite
AuNPs used in the assembly of PANs will greatly affect the final
“valences”. The number of AuNPs per cAgNPs(total number of
cAgNPs is 300) is statistically analyzed in the histograms in
Fig. 3d. Typically, among these 300 cAgNPs, ~61% AgNPs have
a diameter of 70.5 £ 3.7 nm and, of these, around 85.2% AgNPs
have 11 4+ 1 AuNPs bound to them; ~25% AgNPs have a diam-
eter of 63.1 £ 3.7 nm and, of these, around 82.0% AgNPs have 8
=+ 1 AuNPs bound to them; ~12% AgNPs have a diameter of 81.6
+ 7.4 nm and, of these, around 75.6% AgNPs have more than 12
AuNPs bound to them;2% AgNPs have a diameter of 55.7 +
3.7 nm and, of these, around 55.2% AgNPs have less than 7
AuNPs bound to them. Indeed, the size of AgNPs is highly
correlated with the number of covalent bonds. Analogously, the
simulations of SSEs (polyA-P1) in the microfluidic system
(Fig. 3e) and in the bulk system (Fig. 3f) are also performed
using COMSOL multiphysics. Consequently, uniform SSE

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization of SSE-encoded PANs. (a—c) SEM images of
SSE-encoded PANs prepared in the microfluidic system at different
magnifications. Scale bars are 400 nm, 200 nm and 100 nm. For clarity,
the AuNPs in (b) and (c) are colored using Adobe Photoshop. (d)
Statistical analysis of n-valence PANs (n<7,n=7-9,n=10-12and n >
12) corresponding to cAgNPs with different diameters. The total
number of cAgNPs is 300. Simulations of SSE (polyA—P1) diffusion in
the microchamber with (e) or without (f) microfluidic flow using
COMSOL. (g) Raman spectra collected from the as-prepared PANs in
the microfluidic system and corresponding SERS mapping results of
the 730 cm ™! SERS peak (h). (i) Raman spectra collected from the as-
prepared PANs in the bulk system and corresponding SERS mapping
results of the 730 cm™ SERS peak (j).

distribution in the microfluidic system can be quickly reached
within 10 s, while the SSE concentration gradient is still obvious
in the bulk system even when the simulating time is up to 200 s.
The uniform SSE distribution leads to the uniform adsorption
of SSEs on the surface of cAgNPs, which is also beneficial for the
subsequent formation of the uniform PAN structure with
similar valences after DNA hybridization.
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To further clarify the distribution of DNA in the PAN struc-
ture, Raman characterization of the as-prepared nanostructures
is performed. These nanostructures are made of DNA-
engineered nanohybrids, and thus, in principle, there are lots
of DNA sequences (ie., polyA-P1, polyA-P2 and their hybrid-
ization products) in SERS hotspots.**** As revealed in Fig. 3g
and i, the characteristic Raman peaks related to DNA molecules
are clearly observed. Typically, the 730 cm™ " peak is assigned to
the breathing and the ring skeleton vibration modes of adenine
(A); the 787 cm™" peak belongs to the ring breathing mode
vibration of thymine (T) or cytosine (C); the 1475 cm ™' peak is
mainly assigned to symmetric stretching vibration of the
imidazole of guanine (G); the 1640 cm™ " peak is assigned to T
and C (mainly T). The detailed assignments of Raman spectra
are listed in Table S2.f The Raman spectra and SERS mapping
in Fig. 3g-j originate from DNA molecules, serving as the linker
in the PAN structure. As revealed in Fig. 3g and i, the charac-
teristic Raman peaks related to DNA molecules are clearly
observed (the detailed assignments of Raman spectra are listed
in Table S27). In addition, similar Raman spectra with nearly
the same intensity are randomly collected from a square area in
PAN synthesized by microfluidics (Fig. 3g and h), suggesting the
uniform distribution of DNA in the ordered PAN structure. In
contrast, the chaos of Raman spectra and SERS mapping is
observed in bulk systems (Fig. 3i and j), suggesting that the
distribution of DNA is not uniform in the unordered PAN
structure in bulk systems. These Raman data demonstrate that
microfluidics produces more uniform and ordered high-valence
PANs over the ones made by bulk methods.

In order to understand the SERS effect of PANSs, finite-
difference time-domain (FDTD) simulations of the electromag-
netic field (EM) intensity distribution in PANs, AgNPs@Si and
AuNPs-AgNPs@Si (the AuNP solution is directly dripped onto
the AgNPs surface) are performed, as shown in Fig. 4. The gap
between AuNPs and AgNPs in PANSs is set as 10 nm, and the gap
between AuNPs and AgNPs in AUNPs-AgNPs@Si is set as 0 nm.
Typically, the value of EM-field enhancement is ~2.06 fold in
AgNPs@Si, ~6.98 fold in PANs and ~18.84 fold in AuNPs-
AgNPs@Si under the same testing conditions, indicating that
relatively strong plasmonic coupling between AuNPs and AgNPs
can be obtained by fabricating the PAN structure. However, due
to no linker between Au and Ag nanoparticles, AuNPs are
randomly distributed or even agglomerated on the AgNPs
surface, and the RSD of the Rhodamine 6G (R6G) signal
collected from AuNPs-AgNPs@Si is higher than 20%. The
experimental results of Raman spectra are shown in Fig. S4,f
which are consistent with the simulation results.

Next, the kinetics of SSE adsorption on cAgNPs are system-
atically investigated. Cy5-labeled SSEs (polyA-P1-Cy5) are
pumped into the microchannel. The UV absorbance intensities
of Cy5 in the initial SSEs and unconnected SSEs at each time
point are recorded using a UV-vis spectrometer. Accordingly,
the unconnected concentrations (C) of SSEs with different
lengths (polyA15, polyA30 and polyA60) are calculated using the
corresponding calibration curves in Fig. S5a.t Fig. S5bf shows
the kinetic curves of polyA30-P1-Cy5 adsorption on cAgNPs in
the bulk and microfluidic system. Typically, the value of C/C,
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Fig. 4 FDTD simulation of the normalized EM-field intensity distri-
bution (IEI?/IEol?) for PAN, AgNP and Au—AgNP: (a) XZ and (b) XY plane
view of a single PAN on the silicon substrate. (c) XZ and (d) XY plane
view of a single AgNP on the silicon substrate. (e) XZ and (f) XY plane
view of a single Au—AgNP (without DNA as a linker) on the silicon
substrate.

(Co, the initial concentration of SSEs) reaches its lowest point
after reacting for 8 hours in the microfluidic system, or 12 hours
in the bulk system, suggesting that polyA fully covers the surface
of cAgNPs at this time. Moreover, the adsorption kinetics of
polyA30-P1-Cy5 in the microfluidic system (e.g., K: 6.44 X
107" mol g ' h™") are much higher than those in the bulk
system (e.g., K,: 8.06 x 10" mol g~ * h™") (~8-fold increase). As
for the polyA with different lengths in the microfluidic system,
the adsorption kinetics increase with the increase in length of
polyA (Fig. S5ct) due to the increasing binding sites between
SSEs and cAgNPs. Typically, K, is 5.69 x 10~ ** mol g~ * h™* for
polyA15, 6.44 x 107 '° mol g~* h™' for polyA30, and 8.84 x
107" mol ¢~' h™" for polyA60. Of note, the increased binding
constant would not favor more strands of DNA associating with
the surface. As such, the decrease in valence is attributed to
a steric argument rather than kinetics.

Sample loading via microfluidics

Besides the high-yield fabrication of SSE-encoded PANS, the
constructed microfluidic system can also be used for sample
loading and on-line SERS detection. To primarily analyze the
advantages of the developed microfluidic method in sample
loading, 10~* M R6G solution is pumped into the microchannel
with a flow rate of 3 uL min~'. In comparison, R6G with the
same concentration is dropped on the surface of SSE-encoded
PANs directly, which is the most conventional sample loading

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc05911k

Open Access Article. Published on 08 December 2020. Downloaded on 5/3/2026 1:14:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

(@)

RSD=14.2%

1 (

£ S

R'aman shift

Fig. 5 Sample loading via microfluidics. (a) Schematic illustration of
sample loading via a pipette gun. (b) Photo image (I) of the detection
zone and the corresponding SERS mapping (ll) of the Raman peak at
1364 cm™t in the same location by the conventional sample loading
method. (c) Corresponding Raman spectra of 10~* M R6G directly
dropped onto the prepared PANSs. (d) Schematic illustration of sample

loading via microfluidics. (e) Photo image () of the detection zone and

corresponding SERS mapping (I) of the Raman peak at 1364 cm ™t in

the same location by the microfluidic method. (f) Corresponding
Raman spectra of 10~* M R6G pumped onto the prepared PANs by
microfluidics.

method (Fig. 5a). We have obtained a real photo of a selected
detection zone on the substrate and the corresponding SERS
mapping of the Raman peak at 1364 cm™ " at the same location.
As observed, when R6G solution is dropped onto the substrate
via a pipette gun, there exists a ring-like zone in the photo image
(Fig. 5b-I) due to the coffee ring effect. As further confirmed by
the SERS mapping data, a ring-like SERS map is obtained from
the same zone (Fig. 5b-1I). Raman spectra from 30 random spots
in a defined area of 10 x 10 pm? are collected, and the RSD
value of Raman intensities of R6G at 1364 cm™" is ~14.2%
(Fig. 5¢). In contrast, when the R6G solution is pumped onto the
substrate via microfluidics, a “clean” chip could be observed in
the photo image (Fig. 5e-I) due to R6G molecules being
uniformly distributed on the substrate. Also, a uniform SERS
map is attained from the same zone (Fig. 5e-II). And a lower RSD
value of 5.6% can be achieved via on-line SERS detection
(Fig. 5f), suggesting a better reproducibility of the developed
sensing strategy. Besides for SSE-encoded PANs immobilized on
a silicon wafer, the good reproducibility is also due to the fact
that the control of fluids in the microfluidic channel leads to
even distribution of analytes in the detection area of the
substrate.

PAN-based sensors for reliable quantitative TET analysis

The successful high-yield preparation of SSE-encoded PANSs,
sample loading and on-line SERS detection in the constructed
microfluidic system prompt us to develop an automatic
analytical platform, in which the fabrication of SSE-encoded
PAN sensors, the injection of the sample and on-line measure-
ment are all performed by the designed microfluidic chip.
Moreover, in the SSE-encoded PAN sensors, SSEs are used not
only as valence bonds to assemble PANs but also as internal
standard (IS) molecules to correct the fluctuation of samples
and measuring conditions. To our knowledge, there has been
no report of this type of microfluidic analytical platform for
reliable quantitative SERS analysis.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Here, we attempt to use the microfluidic analytical platform
for the detection of tetracycline (TET) spiked in 16 human
serum samples and milk samples. TET as a typical broad
spectrum antibiotic has been widely employed in veterinary
medicine to combat bacteria. However, the accumulation of
TET residues in the human body would result in serious health
problems.*"** As a result, TET has been listed as a pharmaceu-
tical and personal care product (PPCPs) by the US environ-
mental protection agency (EPA). In this regard, there is a great
demand for the development of a sensitive, rapid and simple
method for the detection of TET in real samples. However, it is
still quite challenging to simultaneously realize ultrasensitive
and reproducible determination of TET in real samples with the
state-of-the-art SERS technology.

As schematically illustrated in Fig. 6a, the rigid dsDNA
molecules made of Cyanine Dye 3 (Cy3) labeled TET aptamer
and its corresponding cDNA are pumped into the microchannel
and linked to SERS substrates of SSE-encoded PANs via thiol
groups (please see the sequence details in ESI Table S1%). If
there is no TET, dsDNA will sustain the rigid configuration, and
thus the Raman reporter of Cy3 will be far away from the
substrates, leading to weak Raman signals of Cy3 (signal off). In
contrast, when TET exists in samples, cDNA will dissociate from
dsDNA due to the formation of the flexible structure of the TET-
aptamer complex. In this case, Cy3 is close to the SERS
substrates, generating strong Raman signals of Cy3 (signal on).
Of note, the TET sample solution in the microfluidic channel
maintains a constant velocity when crossing the substrate, and
thus the detection process is in a dynamic stable state. For
testing different samples, the PAN-based SERS chip can be
regenerated by replacing it with a clean silicon wafer, followed
by assembly of PANs and functionalization of PANs under the
same synthetic conditions. Owing to the precise control of the
fluid by microfluidics with the injection pump and accurate
optimization of synthesis parameters, the reaction conditions
of each step including concentration, flowrate, temperature and
reaction time can be well controlled. As a result, the PAN-based
analytical platform is ready for reliable SERS detection.

The Raman spectra of the constructed sensors are shown in
Fig. 6b. Typically, the 730 cm™ ' peak is assigned to the
breathing and the ring skeleton vibration modes of polyA; the
1390 cm ' peak, 1465 cm ' peak, and 1586 cm ' peak are
assigned to the »(C-N) stretching, »(C=C) ring-stretching, and
¥(C=N) stretching modes of Cy3 (Table S3 f). Among these
peaks, the Raman intensity of Cy3 at 1586 cm™ " is selected for
quantitative comparison due to its prominent feature in the Cy3
spectrum. The signal change at 1586 cm ' shows a TET
concentration-dependent manner, which can be used to
construct the corresponding calibration curve for quantification
of an unknown content of TET (Fig. 6¢). Of note, Raman peaks
at 730 cm ™" of polyA don't overlap with the characteristic peaks
of Cy3 at the excitation wavelength A, = 633 nm, and its
intensity remains stable during the detection of TET due to
polyA being tightly anchored on the plasmonic surfaces. As
such, the signals of polyA at 730 cm ™" can serve as IS signals to
normalize the variations of SERS signals. Without the calibra-
tion by IS signals of polyA, a poor linear relationship between
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Fig. 6 PAN-based automatic analytical platform for TET detection. (a)
Schematic illustration of the PAN-based automatic analytical platform
for TET detection. (b) Raman spectra of functionalized PANs, pure
Raman dye of Cy3 and polyA30. (c) Raman spectra of functionalized
PANs with different TET concentrations. (d) The linear fittings of the
ratiometric signal (/1sg6//sc. 1586/1730) Versus the logarithmic concen-
tration of TET. BG means background. (e) Raman spectra and (f) cor-
responding ratiometric signals (/1sg¢//730) from the functionalized PANs
loaded in milk and serum samples (n = 16) spiked with different
concentrations of TET.

the logarithmic concentration of TET and the corresponding
SERS intensities of Cy3 at 1586 cm " is observed, with a low
correlation coefficient (R?) of 0.920 (Fig. 6d). In contrast, a good
linearity of the ratiometric signal (I15g¢/I730) versus the loga-
rithmic concentration of TET exists with a high R*> of 0.999.
Moreover, the constructed sensor displays an ultrahigh sensi-
tivity with a limit of detection (LOD) of ~4 fM, which is calcu-
lated by setting the signal-to-noise ratio to 3 : 1. The detailed
calculation process of the LOD is provided in the ESI.} The
obtained LOD is around four orders of magnitude lower than
those of most reported TET sensors (see Table S4t). The
developed TET sensor also exhibits good selectivity, as revealed
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in Fig. S6.1 In real applications, serum and milk samples (n =
16) spiked with TET with different concentrations are measured
using the developed sensors. As shown in Fig. 6e and f, the SERS
spectra obtained from the TET standard solution and milk and
human serum samples have no significant differences in both
intensity and characteristic peaks. Furthermore, the recoveries
of serum samples spiked with 1.12 nM, 11.2 nM, 112 nM and
1120 nM TET are 107%, 99%, 100% and 99%, and the corre-
sponding RSD values are 4.0%, 3.9%, 3.8% and 1.3%, respec-
tively. The recoveries of milk samples spiked with 1.12 nM,
11.2 nM, 112 nM, and 1120 nM TET are 107%, 100%, 101%, and
100% and the corresponding RSD values are 3.5%, 3.6%, 3.8%
and 1.1%, respectively. In addition, the SERS experiments on
SSE-encoded PANs synthesized in the bulk as a control were
compared with the SERS experiments on SSE-encoded PANs
synthesized in the microfluidic device. Specifically, as shown in
Fig. S7,T owing to the uniform and ordered SSE-encoded PANs
synthesized in the microfluidic device, they have a better
reproducibility (RSD = 5.67%) in the detection of TET than SSE-
encoded PANSs synthesized in the bulk (RSD = 9.63%).

Conclusions

Herein, a novel synthetic strategy that combines pu-GD with
polyA nanotechnology is developed for the achievement of
homogeneous SSE-encoded PANs with high valences (n = 11 +
1) and high yields (>80%) on a silicon wafer surface. In addition
to the preparation of PANs conducted by the microfluidic chip,
sample loading and on-line detection can also be achieved in
the proposed microfluidic system. As such, an automatic PAN-
based analytical platform is constructed, in which SSEs for
the first time act as both linkers and IS molecules. By using the
platform, as low as ~4.0 fM TET can be readily determined,
around four orders of magnitude lower than those by most re-
ported sensors. In addition, the constructed platform is feasible
for accurate determination of TET in serum and milk samples
with a high recovery close to 100% and a low RSD less than
5.0%. The developed strategy offers a new paradigm in rapid
and high-yield construction of complex PAN nanostructure-
based platforms for biosensing and biological diagnostics.

Experimental section
Fabrication of the home-made microfluidic system

The microfluidic device is composed of three layers: the upper
polymethyl methacrylate (PMMA) chip, middle silicon wafer
and bottom aluminum alloy bracket. The silicon wafer with
a size of 0.7 cm x 0.5 cm is sandwiched between the micro-
chamber and aluminum alloy bracket and fixed using a clamp.

Fabrication of SSE-encoded PANSs in the microfluidic system

To synthesize cAgNPs, hydrogen fluoride (HF) solution (5%, v/v)
is pumped into the input port via a syringe pump (WH-SP-01,
Wenhao Co., Ltd) first (3 uL min~", 30 min). Next, HF solu-
tion (10%, v/v) containing 7.5 x 10~ * M silver nitrate (AgNOj3) is
pumped (3 pL min~", 4 min). After the fabrication of cAgNPs,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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polyA-P1 (300 nM) in 10 mM phosphate buffer is pumped into
the input port (0.5 uL min~", 8 h) to ensure efficient connection
between polyA and cAgNPs. And distilled water is pumped to
wash away the unconnected polyA-P1. Subsequently, 0.1 M
sodium phosphate buffer containing ~1 mM AuNPs modified
with polyA-P2 (Au-polyA-P2) is pumped into the input port to
hybridize with polyA-P1 (37 °C, 12 h). The as-prepared PANs are
rinsed with distilled water for the following studies.

Fabrication of PAN-based TET sensors

For functionalization of PANs, double stranded DNA composed
of a TET aptamer and its complementary DNA in phosphate
buffer (pH = 7.0, 0.1 M NaCl, 100 nM dsDNA) is pumped into
the input port (0.5 uL min~", 12 h). Then, PBS buffer (pH 7.0) is
pumped to wash away the unlinked DNA strands. Standard
solutions, milk or serum samples containing TET with different
concentrations are injected into one input port (2.5 pL min?,
90 min). Then PBS buffer is injected into the other input port
(2.5 pL min~", 45 min) to remove dissociated cDNA strands. The
Raman spectra of Cy3 are recorded by using a Raman micro-
scope under 633 nm irradiation (100x objective, 1 s of acqui-
sition time, 0.2 mW laser power). Each sample is used for three
independent measurements.
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