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Abstract

The ultra-sensitive determination methods have been approaching to Sub-Picomolar detection
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limit as well as confronting a series of challenges, where the greatest challenge we have to over-
come is that lower level of detected signal resulting from lower concentration of target molecules
is normally masked by background noise. Improving signal to noise ratio (S/N ratio) of detection
method is a critical solution to address this concern. Therefore, in this review, we summarized the
recent advances and challenges in ultra-sensitive detection and discussed methods to improve S/N
ratio. Applying nano-confined effect of nanopore and nanochannel to amplify detected signal of
target molecules is an efficient strategy. Meanwhile, since background noise is also magnified, re-
ducing background noise is still a limiting factor in developing ultra-sensitive detection. Another
strategy is to separate detected signals that are masked by background signal by applying noise
analysis with the help of numerical method. Finally, we provide a brief discussion about future
trend in developing ultra-sensitive detection.
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YT BT BT [10], 4] 1 B o XML T4 0K 07 2 (4R A 0 25 B 68 D9 AR W) 3 M A S 8 1 I TRDRS 2
It BRI AL G850 A 77V T AN RE A I PR A6 A0 B A e R v %) — S 4 (19 T, 4 T ) 1) 25K
Ri[16], A GARM[LT15) . AT HAMMAUK RERIEE AR S, AR 8 5o, v L&
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Figure 1. Detailed depiction of a nanomotion detection experiment. Before the attachment of the living specimens to the
sensor, the fluctuations are small (Left). When the specimens are immobilized on the sensor, its fluctuations increase (Cen-
ter). Finally, if the microorganisms are killed, through a chemical or physical agent, the sensor reverts to small fluctuations
(Right). Reprinted with permission from ref. [10]. Copyright 2015 American Academy of Sciences
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FE R BERES, HALEE S 2B TS FRIE3), PR USSR s ARSI 5% B AR S B
MR, AR ME L LR 2138 M B R % B MIFHPUIEIR 1R k. N T e N S5 E R R
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Figure 2. Noise-based impedance sensing with OECTSs. (a) Wiring diagram of an OECT for noise based sensing. Vp = —0.6
V, applied V¢ is uniform white noise of amplitude 100 mV, Ig and Iy can be measured individually or simultaneously. (b)
Raw noise recording of applied white noise, V¢ (black), as well as the measured current noise (Ip, green; Ig, blue) with cells
(light colors) and without (dark colors). The FFT of 2 min noise recordings for the I based measurements (c) yielding the
transconductance vs. frequency response of the ionic circuit, and of the I based measurements (d), providing an estimate of
the system impedance. Dotted yellow lines are measurements of the same systems through a harmonic frequency sweeping
approach. The grey region in (d) is dominated by ambient current noise, rendering data in this region useless for impedance
sensing using the gate current. Reprinted with permission from ref. [22]. Copyright 2015 Springer
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T E R N T DA R A R AR R S S RS . 140, Widdershoven [241%6 A F|H CMOS FEFIGK L7
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Figure 3. (a) Schematic of protein binding and unbinding to an antibody-modified SINW FET sensor. S and D correspond to
the source and drain metal contacts to the NW. (b) A schematic of electrical noise in a time-domain measurement. (c) Sche-
matic of Lorentzian and 1/f functions in the frequency domain. (d) Models of a two-level system (left) and a RC circuit
(right). Reprinted with permission from ref. [26]. Copyright 2010 American Chemistry Society
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RSN E[29], B4 T-IE[31].
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Figure 4. (a) Schematic of a nanofluidic thin-layer cell with two independently addressable electrodes functionalized with
SAMs and separated by a nanometer scale distance, z. L, is the length of the access nanochannel leading to the active region
while the active region has a length L,. (b) Fluctuations in the amperometric traces obtained for 100 uM Fc(MeOH),. The
DC component has been offset to focus on the fluctuations. The amplitudes of the traces for the oxidizing (blue) and reduc-
ing (red) electrodes are directly correlated, but the currents are opposite in sign as expected for redox cycling. Reprinted with
permission from ref. [33]. Copyright 2011 American Chemistry Society
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Rl A2 T RIS o AEAC B T o i UK AL SRR B R R R, DR R R A — LTy
FENRENE S IR VA SIS B, N DRAORILAR G I E S5 L 9K SLIRE 2 HET
— ARSI R TR S MR 9K SL B S BT LA A . Golovehenko S#[3418F 7T 1 [ A &AL EESNK
FLAR T FLAT R B0 18 7 28 FL R R R 3 R ML, SR T I B SE i pH SR/l 9K FLI S 5 H
HiPtsh, Wkl 5 Frs. Siwy SE[35]WFFT 1 AT FUIRE T HIEREWAURAL(PET), BIE9KIL, RALEERN
KAL) LF W o DL T RI9KFLAR T S5 R A L3 o)A (K 22 57 S B PET MUK FLAE i L SRS B
TR UF W P BTSSRIV S R T T SRS TE R O TLAE AT U R s, N
Ber AR A0 A S0 T R YT 2 PR AR AR o SR A R i 4. TIAE 1993 AN 1994 4F LU A STHRIRE A HL Mg 5 I3
) BT B 3 B 5T 400K LA B R JE 1] 5T 1L [36] BA K KB FE 45 5 8 2 [371 0 M BIR i 7 1%,
Bezrukov St D B0 1R R TUM S AR 1 G IlIE LS & SR M E S, IR e S R AT
T B7152 5 M [38] o SR GUKIEIE B T AR R AT, SRR T EIE R L B BT IR R I R AR
o FEARERIREE, AWARIEIE R i AT 42 0 8 T fs R BRI N, SRR B AR s
fRH4[39]. N Tt IR RAK AL B TR F T, IR EARILE AR RBUL, —RIIK TR
T IR I P AE LR B A 3 T HRGE . Bonthuis IR EISAEIL, S HT TR T 9K LI HIA
B RIUBEE & TR, &7 2 A AR 3 BURSUT SRR A (10 5 15 [40], T 9K IEiE ik
AR PIK SRS 5 RS 5 IR 5 1 1) (IR AT RE I [41] . Deeker SN 1 A AR B AK AL
FETHI AN K AL A X 300 25 - HL U 35 (R TRk [42] - Bocquet S5 R F 18 4 BT E B T B8 FAE AN K AL R TR
B AR B S BT RIUR UF 5 [43]; Rigo S5 I B il WK LA I T Mg i M, B TR
W5 R RAFAEIR — A S, AT e S P e 5 3 P 55 R TIC G, T e s (L PO e 5 0 8 P2 B
FHEUE R R AR R, B SRR MBI T, s 1 WA KIEE Ho IR M B T R RN T T
FI TR IR AT 9% [44] . BEE B 7RSS IOANTE, 11 LU M 5 i o P A i B AE AR AL, DML
TR, BSERENS KB ST Ja B 1S 2. .
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Figure 5. A nanopore is a narrow channel in a thin Si3:5N4 membrane. A current of electrolyte ions flows through the na-
nopore in response to an applied voltage. Detail: surface protonization reactions. Inset: Typical current noise spectra at 0 mV
(lower trace) and 150 mV (upper trace) applied voltage at 1 M KCI and neutral pH. Reprinted with permission from ref. [34].
Copyright 2009 American Physical Society
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5 LA 7 BORE 7 RS FUTEARAT 56 FIR P3N A AL IR 30 (PR Bh 4 22 (1 I [)) 55 3 AL 40 BORL T 1) B
fuf A5G [45]-[52]. Mayer 5@ZH7E /T A TAE M 2R 1 [45], 0 BRI A 45 & 1 7 15[53], Xl FLor
THERE T R AT T 0, — VIR T BN B E B2 1 B TR S 446] [53] (JBAR L AR
HAT . )y BORBONERSE) . R GG, A — > 7B AR R I i gk AL, wT
B AL RSN, AR m AR BN R S BRI )5 R SRR Kok
TARRIE AR, IR AN KL 1~ RS (1 SRS 2 1R 0 [54]

(@) (© (d)
Gq folded, 100 mM KCl 160 =100
i v ks aadi s kil 120 m > =
MR e 27| =
% 80 g 30 - Pore 1
© 40 g 25 —Pore 2
200 pA[ 2 0 ~—Pore 3
0.5 ms 9077200 400 600 800 1000 0 10 20 30 40
(b) Alpeﬁk (pA) Time (min)
+100 mM KCI
Gq unfolded,0 mM KCl l Gq mainly folded Gq folded
LAY v s somomnlan_ wopopgii
t=0 min t =3 min t=10 min t=30 min
0.5 ms

Figure 6. smGNA discriminates unfolded and folded Gg. Each peak represents one T30695 Gq attached to DNA carrier. (a)
Gq prefolded in 100 mM potassium chloride (KCI) in a nanopore measurement shows only folded Ggs. (b) Unfolded Gq in
the absence of KCI induces deep peaks at the beginning of the measurement indicate unfolded Gg. Upon addition of un-
folded Ggs in measurement buffer with 100 mM KCI, Ggs start to fold. In the first 3 min of measurement, the clear majority
of Ggs are folded. Nanopores detect unfolded Gq even after 10 min. A period of 30 min is required for folding of all Ggs. (c) A
clear difference between folded and unfolded Gqgs from the current drop of peaks (Alpeak) can be observed. The lower Alpeak is
attributed to folded Ggs, and higher current drop is coming from unfolded Gg. (d) Single-molecule kinetics of Gq folding for
different nanopores is presented. Reprinted with permission from ref. [55]. Copyright 2019 American Chemistry Society

6. STGNA X4 G-TURFHITBSRIF, B—MERFK— G-TIRF 730695 K& DNA #ik £[55]. (a) HKFL
MZE 100 mM KCI B &+ G-HBEERRAEGIHFBRESM G-HUEAE. (b) G-HBHAERSE KCl ZEMREREAMIE
&g, HMA 100 mM KCI B, G-PUREFIEIRIE. AR 3 H#A, KEo G-HUREFET, 10 HHELEE
B G-HURAFRAINE, 30 7HGE, AN G-ERFZTEINET. (o) MEMRITER G-HURAFRIERR THE
BEEMEER, RERRTHRENRRTEN G-HUREF, SHIERRTRERRKRTEN G-INERE. (d) TRRY
FIAKFLNER G-IIR KT EM NFLIE

HE AT DNA £ 70 T S A 0y T R DI Re A EEAER], TR TR BT %
B> T SLIURE E DIRER L B AR . ARG HTEOR, W — @3k, XRD. ZLAMIG I A 7R 0 R i
BEATRHRALEE, M LAAE B SR SRIUED) 72 TR BAE B o SOUARCTT iR BARRE AT LN 5 5, (HER
FE B A T T B R E A SRR M I 9K AL T R MRS AT FU IR A 0 A AR A
A CASEPLSE B, HICTRFE kAT AL . dnlsl 6 fos, Keyser BRAZL[S5]H MBS 7 LA T
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Figure 7. Imaging nanoparticles and charges with a bright field optical microscope. (a) Schematic illustration of the experi-
mental setup, showing an AuNP tethered to an ITO slide surface with a polymer. The AuNP is driven into oscillation with an
alternating electric field generated using a three-electrode electrochemical configuration, where WE, CE, and RE are work-
ing (ITO slide), counter (Pt coil), and reference (Ag/AgCl) electrodes, respectively. (b) Time sequence of bright field optical
images of AuNPs recorded by a camera. (c) FFT image obtained by performing FFT on each pixel of the optical images in
time domain. (d) Image contrast (converted to oscillation amplitude, red line) of an AuNP and applied potential (black line)
vs time showing oscillation of the AuNP. (e) FFT spectra of the AuNP (red line) and ITO background (black line). Diameter
of AuNP: 100 nm. Applied potential amplitude = 0.7 V, frequency = 10 Hz. Image scale bars in (b) and (c): 2 um. Reprinted
with permission from ref. [58]. Copyright 2019 American Chemistry Society
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