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Supplementary Note 1: Supporting Discussion 

Typically, the clinical tests in an outpatient visit require less than 15 minutes assay time, and 

point-of-care testing may require even less. The assay time for single molecule sensors is largely 

limited by the mass transportation of fluorescence-labeled probes and the analyte onto the 

sensor surface. The diffusion rate in commonly used microfluidic channels could be estimated 

with typical values of less than 10 µm/s1. Considering a millimeter-order height of the channel, it 

takes at least minutes for the diffusion to complete, the diffusion rate was described by the 

Stocks-Einstein equation, 

𝐷𝑃 =
𝑘𝐵𝑇

6𝜋𝜂𝑟
                               (S1), 

Thus in typical experiments, the analyte needs to be incubated on the sensor surface for tens of 

minutes before detection. 

Ideally, for dynamic sensing approaches such as the kinetic fingerprinting, they requires 

repetitive binding with a fast dissociation rate, but also a fast binding rate to reach equilibrium to 

shorten the assay time. However, simply changing the length of DNA probes or using low affinity 

antibodies could not satisfy both. For example, it has been reported that for a longer probe in the 

range of 6~9 nt, the binding rate (kon) increased linearly, and the dissociation rate (koff) decreased 

exponentially2. 

The SSM3 circumvent the above limitations by the following designs. First, nanoparticles 

tethered high affinity probes are used to replace the fluorescence-labeled probes. The high 

affinity probes ensure a fast binding rate to capture analyte, and the nanoparticles are 

manipulated to actively transport the analyte to the sensor surface. This effectively breaks the 

limit by mass transportation. Second, to accelerate the dissociation during detection, an external 

force is applied on the nanoparticle as a load on the molecular complexes. As a result, the SSM3 

effectively shorten the assay time to within 15 minutes in the current system. 

Supplementary Note 2: the limitation of endpoint ensemble measurement 

In the endpoint ensemble measurement, it reports the total number of bound molecules at a 

specific time point , mostly after reaching equilibrium. 

𝑁() = ∫ (𝑘on[A]𝑡[P]𝑡 − 𝑘off[AP]𝑡)d𝑡


0
 ,     (S2) 

The maximum readout is thus limited by the affinity of probes as  

[AP] =
1

𝐾𝑑
[A][P]        (S3) 

Supplementary Note 3: The surface coating density 

The AuNPs are 50 nm in diameter and the tethered linker is ~ 25 nm for miRNA detection. The 

micro motion of AuNPs observed in the experiments is around 90 nm, which defines the 

maximum number of capture probes on planar sensor surface. Likewise, the linker for protein 

detection is ~ 120nm and the micro motion is about 130 nm. The surface density and coverage 



area per analyte molecule are calculated as in Table S1. 

Table S1. Molecular spacings of capture molecules on surfaces 

 Surface density 

(molecules/μm2) 

Molecular spacing 

(nm) 

Coverage area per molecule 

(nm2/molecule) 

miRNA capture 

probe 

123 90 8156 

Aβ1-42 mAbs 59 130 16985 

 

Supplementary Note 4: ROC plot, and discrimination factor Q calculation 

The specificity of an assay is calculated from the number of true negatives (TN) and false 

positives (FP) according to the relationship: 

𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =
𝑇𝑁

𝑇𝑁+𝐹𝑃
                         (S4) 

The discrimination factor Q was calculated as: 

𝑄 =
𝐸𝑣𝑒𝑛𝑡𝑠 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑎𝑛𝑎𝑙𝑦𝑡𝑒

𝐸𝑣𝑒𝑛𝑡𝑠  𝑜𝑓 𝑢𝑛𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
                      (S5) 

 

Supplementary Note 5: Size and zeta potential of NPs 

Table S2. Molecular spacings of capture molecules on surfaces. 

Type of detection probe Size (nm) Zeta potential (mV) 

ssDNA-GNP 74.8±0.07 -31.67±1.38 

mAb-GNP 68.1±1.24 -27.16±2.48 

 

Supplementary Note 6: miRNA synthesis and probe design. 

For miRNA detection experiments, the corresponding sequences were shown in Table S3. Note 

that the red-marked capture probe sequences represent lock nucleic acid (LNA) rather than DNA 

nucleotides, which provide much higher affinity to the target analyte. The capture probe was 

thiol-functionalized at 3’ and both detection probes were biotin-functionalized at 5’. 

Table S3. The miRNAs and corresponding capture probes and detection probes. 

Name  Sequence  length 

miR-21 5’ UAGCUUAUCA GACUGAUGUUGA 3’ 22 nt 

Capture probe 3’ HS- ATCGAATAGT 5’ 10 nt 

Detection probe 3’ CTGACTACAACT -biotin 5’ 12 nt 

miR-155 5’ UUAAUGCUAAU CGUGAUAGGGGU 3’ 23 nt 

Capture probe 3’ HS- AATTACGATTA 5’ 11 nt 

Detection probe 3’ GCACTAT CCCCA -biotin 5’ 12 nt 

miR-362 5’ AAUCCUUGGAAC CUAGGUGUGAGU 3’ 24 nt 



Capture probe 3’ HS-TTAGGAACCTTG 5’ 12 nt 

Detection probe  3’ GATCCACACTCA -biotin 5’ 12 nt 

 

For single base pair mismatch experiments, the sequences are listed in the Table S4. The 

detection probe was designed to be complementary to miR-29a but with one base pair mismatch 

to miR-29c. 

Table S4. The miRNAs and oligonucleotides probes for single base pair mismatch experiments. 

Name  Sequence  length 

miR-29a 5’ UAGCACCAUCUG AAAUCGGUUA 3’ 22 nt 

miR-29c 5’ UAGCACCAUUUG AAAUCGGUUA 3’ 22 nt 

Detection probe  3’ biotin- ATCGTGGTAGAC 5’ 12 nt 

Capture probe 3’ TTTAGCCAAT -SH 5’ 10 nt 
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Figure S1 Typical bound lifetime profiles.  

 

 

  



Figure S2 Bound lifetime distribution of three miRNA (a, b and c) and control group without 

analyte (d). The bound time was determined via exponential fitting, the values were 22.94 ± 

7.49s for has-miR-21, 27.26 ± 8.93s for has-miR-155, 12.67 ± 2.35s for has-miR-362 and 4.11 ± 

0.26s for control, respectively. 

 

 

  



Figure S3 Time-dependent coefficient of variation (CV) in the number of AuNPs association and 

dissociation events. The CV is calculated by standard deviations divide by the average, which 

scales with 1/√N (N is the number of events). The CV for low concentration analyte decreased 

below 15% until 13.5 min. We thus conclude that 15-min assay is sufficient. 

 

  



Figure S4 The ROC plot of has-miR-29a detection with (blue line), or without (red line) the 

presence of has-miR-29c. The AUC values are 0.816 and 0.979 respectively. 
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