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Regents and instruments

All oligonucleotides used in this work were purchased from Shanghai Bio-Engineering Company
(Shanghai, China), and the sequences of DNA and miRNA used in this work were shown in Table
S1. The monomer 10, 12-pentacosadiynoic acid used for PDA was purchased from Tokyo Chemical
Industry Co., Ltd., and purified to remove the polymerized part before use. Ethylenediamine-
substituted Pentacosadiacetylene (EPDA) were synthesized in analogy to the previous procedure.!
All other solvents and reagents were of analytical grade and used as received. Milli-Q water (18.2
MQ " cm) was used in all cases. Human serum samples were collected from Anhui Provincial
Hospital. Oligonucleotides were quantified by UV-vis absorption spectroscopy, using a
SHIMADZU UV-2550 PC spectrophotometer. Fluorescence spectra were measured by a JY-ihR
550 spectrophotometer. Optical microscopy images were obtained in a BX-51 fluorescence
microscope. The Raman characterization was performed with a LABRAM-HR Confocal Laser
Micro Raman Spectrometer with 514.5 nm radiation at room temperature.

PDA microtubes were prepared using a similar procedure described in the literature.! Amine-
functionalized PDA microtubes were prepared by a hierarchical self-assembly method.? Then
aqueous solution of glycol diglycidyl ether (200 pL, 3 mmol) was added dropwise to PDA
microtubes to form epoxy-functionalized PDA microtubes since one of the epoxy group in the
glycol diglycidyl ether has great tendency to react with amino group on the surface of PDA
microtubes.> Then DNA Probe-1 (5’-NH-CTATAGGCGAACGATTAACCTAC-3") modified
PDA microtubes were prepared as described in Fig. S1. Finally, BHQ3@PDA composite
microtubes were prepared through DNA hybridization process between Probe-1 and Probe-2 (5°-
AATCGTTCGCCTATAG-BHQ3-3"). The preparation process was monitored by Raman
spectroscopic analysis (as shown in Fig. S2).

Probe design principle and Analytic framework

In the present work, we proposed a system integrated two subsystems for the discrimination of SNV
at low concentration, one is a subsystem composed of catalytic hairpin assembly (CHA) working as
an amplification circuit, and the other is a competitive inhibition system to reduce the signal
produced from SNV. To distinguish let-7a, let-7c, let-7e and let-7f simultaneously, a series of
amplification and competitive probes were designed as listed in Table S1. In the proposed CHA
amplification process, one target (T) can catalyze two hairpin probes (H1, H2) to form a duplex and

yield multiple signal outputs. H’ used in competitive inhibition process is aimed to bind with the
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mutant target that containing specific SNV and suppress its signal. We could increase the sensitivity
and decrease the background simultaneously, the possible reason are two-fold. First, unlike
traditional CHA in solution, we proposed a novel heterogeneous CHA (hetero-CHA) design
integrating with PDA microtube waveguide system, offering the advantages to enhance the target
signal, but suppress the background leakage simultaneously.* In heterogeneous CHA amplification
strategy, single-stranded (ss-) target miRNA can be enriched onto the surface of PDA microtube
due to strong attraction (cation-mt interactions between the nucleobase in ss-miRNA and amine
cation on the surface of PDA microtube), facilitating the target triggered CHA circuit and strand
displacement reactions on the surface of PDA microtube. While the double-stranded (ds-) DNA
duplex generated by the uncatalyzed hybridization of H1, H2 remained in the solution (isolated from
PDA microtube due to the electrostatic repulsion), suppressing the background leakage signal.
Moreover the introduction of mismatched base pairs in H2 could also decrease signal-background
ratio significantly.Secondly hydrophilic PDA microtube was placed on OTS-modified hydrophobic
substrate. The analyte droplet can be concentrated to a small area after solvent evaporation due to
the small interface between the hydrophobic substrate and the droplet. Based on the condensing-
enrichment effect, the analyte was enriched and anchored onto the PDA microtube, enhancing the
sensitivity.? Particularly, to reduce the uncatalyzed strand exchange, a block which could inhibit
nonspecific strand exchange reaction was really important. Thus we introduced mismatched base
pairs in H2 which could impede uncatalyzed strand exchange reactions and led to a significant
decrease of the signal-background ratio.

Amplification probes (H1, H2) and competitive probes (H’) were dissolved into the Tris-
acetate/EDTA/Mg?* buffer and separately heated at 95 °C for 10min, followed by slowly annealing
to room temperature to ensure the formation of hairpin structure. Single BHQ3@PDA composite
microtubes was placed on the OTS coated hydrophobic substrate. Then 20 pL buffer solution
(containing 80 nM H1, 80 nM H2, 10 nM H’, the correct target and the mutant target at various
concentration) were dropped onto the surface of BHQ3@PDA composite microtubes. For example,
the analyst solution contained 80 nM H1la, 80 nM H2a, 10 nM Hc¢’ when we tried to distinguish let-
7a and let-7c¢, regarding let-7a as correct target and let-7c as mutant target. The other experiments
were similar to the discrimination between let-7a and let-7c. The droplet would be pinned to the
microtube in a small contact area due to the wettability difference between the hydrophilic
microtube and its surrounding hydrophobic substrate. After incubating at 25°C for 2 h and rinsing
with buffer for several times, the waveguide performance of the composite microtube was
characterized by single-tube PL imaging method. The control experiments merely with
heterogeneous CHA amplification were carried out without H’ at the same conditions. Each test was
repeated at least 5 times. The half length of error bar is equal to the value of standard deviation at
each condition, and 95% of the data points will be within the region of mean + standard deviation.’
Stability and reproducibility

First the prepared BHQ3@PDA microtube was heated at 90°C for 5 minutes and rinsed with buffer
immediately. Thus the hydrogen bond in probel-probe2 duplex was broken and the revival of PL
intensity could be observed due to the removal of BHQ3 from the surface of PDA microtube (Fig.
S6a). Then we used the heated microtube to hybridize with Probe-2 (modified with BHQ3) and
found the PL intensity was as low as heated before, indicating the successful anchoring of BHQ3
on the microtube. Two more reproduction and reuse cycles exhibited similar PL intensity variation,

clearly verifying that the proposed BHQ3@PDA microtube could serve as a reusable detection



platform. Besides three groups of BHQ3@PDA microtubes were stored at 4 °C with different
storage times (0, 5 and 10 days) and employed in discrimination experiments (Fig. S6b).
Temperature and formamide

We have implemented the experiments to study the influence of increasing temperature or adding
formamide on the SNV discrimination (Fig. S4). As shown in Fig. S4, upon increasing temperature
or addition of formamide, the DF value was found to be varied slightly. Increasing temperature or
adding formamide to buffer might speed up DNA hybridization,® however, the hybridization rate of
amplification probe with target, or SNV would both be accelerated, only slightly variation in DF
values could be obtained in this case.

Discrimination of Let-7 family in clinical samples

The serum samples were extracted from cancer patients and healthy people without further
separation and enrichment process. 10 pL human serum was mixed with 10 pL buffer solution
(containing 160 nM H1, 160 nM H2, 20 nM H’) to prepare the analyst solution. Then the above
analyst solution was dropped onto the surface of BHQ3@PDA composite microtubes. After
incubating at 25°C for 2 h and rinsing for several times, the waveguide performance of the composite
microtube was characterized by single-tube PL imaging method. Particularly, the serum samples
were treated with the analyst solution containing four amplification probes and one specific
competitive probe. For example, pancreatic cancer serum samples were analyzed in four different
conditions, containing Ha’ or Hc’ or He’ or Hf”, respectively. To prove practicality of this method,
a series of discrimination experiments (3-5 serum samples from pancreatic, lung, ovarian, gastric
cancer patients and healthy people, respectively) were carried out to distinguish the average
expression of let-7a, let-7c, let-7e and let-7f in clinical serum. In heterogeneous CHA amplification
strategy, single-stranded (ss-) target miRNA can be enriched onto the surface of PDA microtube
due to strong attraction*, avoid possible structural damage from enzyme in serum.” Second, the
double-stranded (ds-) DNA duplex generated by target catalysis (such as H1-H2) is more stable than
ss-miRNA and harder to be degraded.® Therefore the target and CHA components remain intact and
active in serum. Therefore, PDA microtube waveguide platform with amplification-competition
strategy could be directly applied in 50% serum and the detection can perform really well in real
samples.

Table S1 miRNA used in this work.

Name Sequence
Probe-1 (52) 5’-NH2-CTATAGGCGAACGATT _AACCTAC-3’
Probe-2 (5%) 5’-AATCGTTCGCCTATAG-BHQ3-3”

let-7a (3*2*1%*) 5’-TGAGGTA_GTAGGTT_GTATAGTT-3’

let-7c (3*2*1%*) 5’-TGAGGTA_GTAGGTT_GTATGGTT-3’

let-7e (3*2*1%) 5> TGAGGTA_GGAGGTT GTATAGTT-3’

let-7f (3*2*1%) 5> TGAGGTA_GTAGATT GTATAGTT-3’

Hla (12343%2%5%) | 5°-

GTT_AATCGTTCGCCTATAG-3’

AACTATAC_AACCTAC TACCTCA_TTCAGAGTCC_TGAGGTA_GTAG

Hlc (12343%2%*5%) | 5°-

GTT_AATCGTTCGCCTATAG-3’

AACCATAC_AACCTAC TACCTCA _TTCAGAGTCC_TGAGGTA_GTAG




Hle (12343%2%5%)

5’-
AACTATAC AACCTCC TACCTCA TTCAGAGTCC TGAGGTA GGAG
GTT AATCGTTC GCCTATAG-3’

HIf (12343%2*5%)

5’-
AACTATAC AATCTAC TACCTCA TTCAGAGTCC TGAGGTA GTAG
ATT AATCGTTCGCCTATAG-3

Ha’ (12343%2%)

5’-
AACTATAC_AACCTAC_TACCTCA_CCCAGATGTGTAGA_TGAGGTA_
GTAGGTT-3’

He’ (12343%2%)

5’-
AACCATAC_AACCTAC_TACCTCA_CCCAGATGTGTAGA_TGAGGTA_
GTAGGTT-3’

He’ (12343%2%)

5’-
AACTATAC_AACCTCC_TACCTCA_CCCAGATGTGTAGA_TGAGGTA_
GGAGGTT-3’

HE (12343%2%)

5’-
AACTATAC_AATCTAC_TACCTCA_CCCAGATGTGTAGA_TGAGGTA _
GTAGATT-3

H2a (34%3*2#4) | 5-TACCTCA_GGACTCTGAA TGAGGTA GTAGGTA TTCAGAGTCC-
3

H2c (34*3*2*4) | 5-TACCTCA_GGACTCTGAA TGAGGTA GTAGGTA TTCAGAGTCC-
3

H2e (34*3*2%4) | 5-TACCTCA GGACTCTGAA TGAGGTA GGAGGTA TTCAGAGTCC-
3

H2f (34*3*2*4) | 5-TACCTCA GGACTCTGAA TGAGGTA GTAGATA TTCAGAGTCC-
3

HI1(8 nt) 5-
AACTATAC AACCTAC TACCTCA TTCAGAGTCC TGAGGTA GTAG
GTT  AATCGTTCGCCTATAG-3’

H1(7 nt) 5-
AACTATA CAACCTAC TACCTCA TTCAGAGTCC TGAGGTA GTAG
GTTG_ AATCGTTCGCCTATAG-3’

H1(6 nt) 5-
AACTAT ACAACCTAC TACCTCA TTCAGAGTCC TGAGGTA GTAG
GTTGT  AATCGTTCGCCTATAG-3’

HI(5 nt) 5-
AACTA_ TACAACCTAC TACCTCA TTCAGAGTCC TGAGGTA GTAG
GTTGTA_  AATCGTTCGCCTATAG-3’

H1(4 nt) 5-
AACT ATACAACCTAC_TACCTCA TTCAGAGTCC_TGAGGTA GTAG
GTTGTAT _ AATCGTTCGCCTATAG-3’

H2(D2*M1) 5"TACCTCA_GGACTCTGAA TGAGGTA_GTAGGTA TTCAGAGTCC-

3,

H2(D2*M2)

5’-TACCTCA_GGACTCTGAA_TGAGGTA_GTAGGAA_TTCAGAGTCC-




37

39

H2(D3*M1) 5’-TACCTCA_GGACTCTGAA CGAGGTA GTAGGTT TTCAGAGTCC-
3 2
H2(D3*M2) 5’-TACCTCA_GGACTCTGAA_CAAGGTA_GTAGGTT_TTCAGAGTCC-

Table S2 Comparison of different methods for detection of let-7.
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Fluorescence 0-6.25nM 0.81nM 11
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. S1 Preparation of BHQ3@PDA composite microtubes.

1514 —
107111 5 2123
727 ﬂ
1535
2161
A
500 1000 1500 2000 2500

Raman shift (cm™)

Fig. S2 Raman spectra of (i) epoxy-functionalized PDA microtube and (ii) BHQ3@PDA microtube.
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Fig. S3 (a) The hybridization yield between H1 and let-7 (black line) calculated by NUPACK
software. The fluorescence enhancement in tip emission of PDA microtube at 640 nm after the
addition of different H1 (red line). (b) signal-background ratio with four different mismatches
in H2. None: no mismatch in H2; D2*M1: one mismatch in domain 2*; D2*M2: two mismatches
in domain 2*; D3*M1: one mismatch in domain 3*; D3*M2: two mismatches in domain 3*. The
concentration of H1, H2 and let-7a were 80 nM, 80 nM and 10 pM.
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Fig. S4 The tip PL enhancement upon addition of let-7a (gray) or let-7c (blue), (a) at different
temperatures, (b) in the buffer containing different volume concentration of formamide. The
concentration of let-7a or let-7c was 10pM. Hla, H2a, Hc’ were 80nM, 80nM and 10nM

respectively in all cases.
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Fig. S5 The tip PL enhancement of PDA microtube at 640 nm after the addition of let-7a or let-7¢
(a) at various concentration ratios of amplification probe to competitive probe (H1a: Hc'), (b) at
[probe]

various concentration ratios of amplification probe (H1a) to let-7a or let-7c (n=[let = 7]). (c) The
fluorescence enhancement in tip emission of PDA microtube at 640 nm upon addition of different
let-7a abundances, the total concentration of let-7a and let-7c was 10pM. (d) The fluorescence
variation of tip emission for PDA microtube after reaction in different solution (pure buffer or
serum/buffer (1: 1, v: v)). (i) blank, (ii) let-7c, let-7e and let-7f, (iii) let-7a, (iv) let-7a, let-7c, let-7e
and let-7f. The concentration of let-7a, let-7c, let-7e, let-7f in each analyst solution was the same
(0.1pM). The concentration of H1, H2, H were 80nM, 80nM and 10nM respectively in all cases.
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Fig. S6 (a) The tip PL enhancement upon addition of let-7a (gray) or let-7c (blue) at different storage
times. (b) The tip PL intensity after quenching and reproducing process. The concentration of let-7a or

let-7c was 10pM. H1a, H2a, Hc’ were 80nM, 80nM and 10nM respectively in all cases.
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Fig. S7 The tip PL enhancement of PDA microtube at 640 nm after the addition of healthy people

serum samples. Each analyst solution contained four amplification probes and one competitive
probe (Ha’, Hc’, He’ or Hf’). The concentration of H1, H2, H were 80 nM, 80 nM and 10 nM
respectively in all cases.

The theoretical discrimination factor

The working principle of amplification-competition system based on BHQ3@PDA microtube

platform is similar to that of the fluorescent dSDNA probe detection system. Therefore we utilize

the method as reported!® to calculate the theoretical DF. The equilibrium hybridization reaction is:



A+B=D+E, where A is the target, B is the probe, D is fluorescent product and E is the duck product.
[Blo

We define n as the initial concentration ratio between B and A (n= [A]O), y as the hybridization yield
)
o=y,

The equilibrium constant:

2
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n
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When 2Gtarget=_RTInK =0, K (=1, Xtarget=n+ 1.

o
According to previous research, the value of AGsny~16 kcal/mol at room temperature. There is K=

-AG

RT _e” 10.13

e , the ANV could be calculated with different value of n.

Table S3 The hybridization yield of target and SNV and their corresponding DFs at different n.

n Xtarget Xsny Xtarget
DF= Xsnv
1 0.5 0.0063 79
10 0.909 0.0199 45
100 0.990 0.0615 16
1000 0.999 0.182 5
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