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Abstract

In this study, we use nanopore arrays as a platform for detecting and characterizing individual
nanoparticles (NPs) in real time. Dark-field imaging of nanopores with dimensions smaller than
the wavelength of light occurs under conditions where trans-illumination is blocked, while the
scattered light propagates to the far-field, making it possible to identify nanopores. The intensity
of scattering increases dramatically during insertion of AgNPs into empty nanopores owing to
their plasmonic properties. Thus, momentary occupation of a nanopore by a AgNP produces
intensity transients that can be analyzed to reveal the following characteristics: 1) NP scattering
intensity, which scales with the sixth power of the AgNP radius, shows a normal distribution
arising from the heterogeneity in NP size, 2) the nanopore residence time of NPs, which was
observed to be stochastic with no permselective effects, and 3) the frequency of AgNP capture
events on a 21 x 21 nanopore array, which varies linearly with the concentration of the NPs,
agreeing with the frequency calculated from theory. The lower limit of detection (LOD) for NPs
was 130 fM, indicating that the measurement can be used in applications where ultrasensitive
detection is required. The results presented here provide valuable insights into the dynamics of NP
transport into and out of nanopores and highlight the potential of nanopore arrays as a powerful,

massively parallel tool for nanoparticle characterization and detection.
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Digital sensing of nanoparticles (NPs) and NP-supported biomarkers has recently gained
considerable attention due to its capacity to enhance analytical resolution and sensitivity, while
also providing nearly background-free signals.'”> Three use cases have attracted significant
attention. (1) Optical-based digital sensing methods utilize Au NPs to detect analytes, such as
nucleic acids based on particle counting through dark-field microscopy, where probe DNA-
functionalized Au NPs bind to target DNA and are isolated through a sandwich assay with
magnetic beads.? The concentration of the target DNA is determined by counting the released Au
NPs, with the number of particles directly corresponding to the target DNA concentration. (2) Walt
and co-workers developed the single-molecule optical array (Simoa) approach to detect and
quantify biomarkers by utilizing beads to implement immunoassays by encapsulating them
individually in microwells.*” In this approach, fluorogenic reactions are turned on only if the
analyte is present in the bead/microwells, allowing the microwells containing the analyte to be
identified. The analyte concentration is obtained by counting the number of strongly emitting
microwells using fluorescence microscopy. (3) Finally, electrochemistry-based digital sensing is
usually based on counting/quantifying surface collisions or nano-impacts, in which single NPs
stochastically collide with an ultramicroelectrode (UME) biased to a well-defined electrochemical
potential.>!! The collision generates isolated transient current spikes or steps, which are associated
with single NP collision events. This method can be employed to detect both bare NPs and
biomarker-functionalized NPs.!># Although these NP-based methods can provide high sensitivity
- with LODs in the femtomolar concentration range - their appeal would be enhanced by making

them faster and/or non-destructive.

To address the possibility of enhanced digital detection, optical dark-field microscopy is explored
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here to monitor the transient capture of single AgNPs in the absence of an electrochemical bias,
i.e. at open-circuit potential. We employ arrays of nanopores, fabricated to satisfy the requirements
of zero-mode waveguide (ZMW) operation,'® with pore diameters, d, smaller than a critical value,
d. ~ N /1.7, where A is the excitation wavelength in the medium. Under these conditions, the
scattered light intensity from individual nanopores is bimodal, depending on whether or not the
specific pore contains either 0 or > 1 AgNP. The ZMW nanopore structure also facilitates the
sequestration of single NPs from the bulk and enables the acquisition of reliable scattering
intensity-time readouts which narrate the NP occupation history of a given nanopore. Moreover,
the array of nanopores enables massively parallel multi-channel data acquisition, resulting in high-
throughput analysis. After automating the counting of NP capture events from a 21 x 21 (441)
nanopore array an LOD of 130 fM was obtained for 78 nm diameter AgNPs in an acquisition

lasting 75 s.

Nanopore arrays were fabricated on a Au-SiO» structure as previously reported by our laboratory,
and a detailed procedure is provided in the Supporting Information (SI).'*"'® Using this
fabrication procedure, an array of 21 x 21 nanopores (a total of 441 nanopores) with an interpore
separation of 2 um was fabricated, as shown in Figure 1(A). The cross-section of an individual
nanopore, shown in Figure S1, displays an inverted conical frustum with approximate top and
bottom diameters of 160 nm and 120 nm, respectively. Next, the entire 21 x 21 nanopore array
was imaged using a transmission-based dark-field microscope (DFM, Figure S2). DFM image of
the nanopore array (Figure 1(B)) shows that it blocks the normal transmission of incident light
completely, due to the ZMW character of the structure, scattered light from the nanopores is

effectively out-coupled and captured in the far-field with the EM-CCD detector. The resulting
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image shows an array of bright spots where each bright spot corresponds to an individual nanopore.

A) Scanning electron microscopy B) Dark-field microscopy

.................

Figure 1. Images of a 21 x 21 nanopore array. (A) SEM and (B) dark-field microscopy images.

Scale bars = 10 pm.

Next, a solution containing 13 pM (7.8 x 10° particles mL") of 78 nm diameter AgNPs was
introduced to the nanopore array substrate and monitored using DFM with individual frame
integration times of 50 ms. Under these conditions, the volume-based average occupancy of the
individual nanopores with volume 6 aL is (n,,oe) ~4.65 x 10, and the occupancy for the entire
array is (Ng,rqy) ~0.02. Because the expectation occupancy of any individual nanopore is ~0, the
background signal consists of light scattered from nanopores containing only solvent. The
introduction of AgNPs caused the nanopore array to exhibit blinking behavior, consisting of
transient high-intensity events localized to individual nanopores, which are apparent in SI video
1. To analyze the blinking behavior, we used a custom MATLAB code (see SI Section 4, Figures
S3 and S4 for detailed information) to obtain background-subtracted intensities that were plotted

as a function of time for each nanopore and used for further analysis.

Figure 2 shows representative intensity-time traces from two different nanopores color coded (red
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and blue) in Figure 1(B). At t = 0 s, Figure 2(A) shows a low baseline scattering intensity pore
that remains constant until ca. 40 s; this is assigned to empty nanopore scattering. Shortly after 40
s, there is a sharp increase in the intensity, assigned to Zore+np, Which then returns back to the Zyore
after ~1 s. Another, somewhat longer, intensity transient is observed at = 55 — 58 s. Both transients
exhibit essentially the same intensity increase over the baseline. We attribute both intensity
transients to the stochastic capture and momentary trapping of single NPs within the nanopore. As
the AgNP enters the nanopore, the scattering intensity increases due to the localized surface
plasmon resonance (LSPR) at the resonant wavelength of the AgNP, as shown schematically in
Figure 2(C). The intensity-time trace in Figure 2(B) shows another transient response with a much
longer residence time (t = 35 s) of the NP in the nanopore than either of the transients in Figure
2(A). Intensity-time traces of a representative selection of other nanopores are shown in Figure

SS.
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Figure 2. Nanopore scattering behavior in the presence of AgNPs. Intensity-time traces of two
nanopores shown in the (A) red and (B) blue boxes in Figure 1(B). (C) Schematic diagram
showing a cross-sectional view of a single nanopore before and after the insertion of AgNPs into

a nanopore, causing the scattering intensity to increase from Zyore t0 Ipore + NP

To better understand the coupling of LSPR modes with nanopore scattering and coupling to the
far-field during AgNP insertion, finite-difference time-domain (FDTD) simulations were
performed (see SI Section 6 for details). The electric field distribution for 450 nm radiation

propagating through a single unoccupied (i.e., no AgNP) nanopore under dark-field illumination,
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shows that the nanopore blocks trans-illumination, and only a small portion (~8 %) of the scattered
light is coupled to the far-field, Figures S6(A) and S6(B). However, if an 80 nm diameter AgNP
is placed at the bottom of the nanopore, a dipolar plasmon mode associated with the AgNP
effectively couples to the far field, Figures S6(C) and S6(D). In contrast to these results, placing
the AgNP at the top or middle of the nanopore structure does not produce dipolar plasmon modes
at the bottom of the nanopore, as shown in Figure S7. Overall, the FDTD simulation confirms that
insertion of AgNPs into the bottom of the nanopore significantly increases the scattering intensity

by effectively coupling dipolar plasmon modes to the far-field.

After confirming that the scattering intensity increase is due to transport of AgNPs into the
nanopore, the intensity behaviors were analyzed from each of the transients. The intensity increase
due to the NP insertion (/yp) was calculated by subtracting lyore from Lore+np i.e., Inp = Ipore+np -
Lyore. Figure 3(A) shows a histogram of Iyp obtained from 1057 intensity-time traces exhibiting a
normal distribution with average (Iyp) = 17.8 and standard deviation oy = 3.4. The measured value
for Iyp depends on two factors: 1) the size of the NP, and 2) the axial (z-axis) position of the NP
within the nanopore. The simulations in Figures S6 and S7 show that the NP scattering is strongest
when the nanoparticle is located at the bottom of the nanopore, so dispersion in the axial position
is less important in determining the /yp distribution in Figure 3(A) than dispersion in the size
distribution of the nanoparticles. Assigning the /yp distribution predominantly to heterogeneity in
the NP radius also makes sense, because for a plasmonic NP the scattering cross-section is
proportional to the sixth power of NP radius as shown in eqn. (1),!%2°

87 g6
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where oscar 15 the scattering cross-section for a spherical NP, £ is the wavenumber of the electric

field, R is the radius of the NP, and &, and &, are the relative permittivities of the NP and

surrounding medium, respectively.

Further, the distribution of experimentally observed Iyp values varies by 19% from the average
Inp, which agrees well with the width of the optical scattering cross-section area distribution
(~23%) given by Mie theory (See SI Section 7 for details), thus supporting the interpretation that
the deviation in the Zyp is due to the heterogeneity in the NP size. Additionally, the experiment was
repeated employing 62 + 5 nm diameter AgNPs and the corresponding /yp was analyzed. The
histogram of 62 nm AgNPs Iyp (Figure S8, blue) shows a smaller average Iy (10.9) in comparison

with the Iyp of 78 nm diameter AgNPs (17.8) as expected based on eqn. 1.
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Figure 3. Experimental scattering intensity and residence time distributions for AgNPs in
nanopores. A) NP scattering intensity (/vp) histogram with a fit to a normal distribution (red solid
line). B) NP residence time (t) histogram with a fit to an exponential function (red solid line). Both

histograms were created by analyzing 1057 intensity-time traces.

Next, the AgNP residence times (t) within the nanopore were characterized by analyzing the
widths of the l,or+np transients. The histogram of t values collected from 1057 intensity-time
traces is shown in Figure 3(B) exhibits an exponential distribution with a decay constant, 1, of 8.6
s and a median 1t of 2.7 s. 62% (655) of the 1057 traces analyzed showed 7 less than 5 s, and 76%
(802) showed 7 less than 10 s. Since the NP is functionalized with citrate, while the nanopore is
unfunctionalized, the variation in t likely arises from a combination of factors - heterogeneity in
the NP zeta-potential, surface charge of the nanopore, and the hindered sub-diffusive motion of
the NP within the confined nanopore environment. Interestingly, no permselective behavior was
observed. The negatively charged SiO> nanopore surfaces did not significantly impede the
transport of the citrate-capped AgNPs even without additional supporting electrolyte to screen the

SiO; surface charge,?!*

reflecting relatively small or negligible electrostatic interactions between
the NP and the nanopore. Alternatively, when the Au portion of the nanopore was functionalized
with biotinylated thiol, and streptavidin-functionalized 60 nm diameter AgNPs were introduced
(SI, Section 9), T values as long ~325 s, Figure S9(A), nearly 40x longer than those observed for

citrate-capped AgNPs. The increase in 1 reflects the strong affinity between the biotin-

functionalized nanopore and streptavidin-functionalized AgNPs and the effective capture/trapping

of the AgNPs.
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Next, we calculated the experimental frequency (fexp) of AgNP (concentration = 13 pM) intensity
transients on a 21 x 21 array nanopore. In 75 s, 141.8 events were observed on average over three
separate experiments, which corresponds to the fox, = 1.89 s''. The theoretical frequency (fi) of
AgNPs entering the recessed nanopore structure was calculated using the following equation,?’

_ 4xCypDypr*NoNpore
h =

4L + v (2)

where Cyp is the NP concentration, Dyp is the NP diffusion coefficient, » is the radius of the
nanopore, L is the length of the nanopore, N, is the Avogadro’s number, and Nyor. is the number
of nanopores in the array. It is important to note that eqn. (2) is strictly true for recessed cylindrical
structures with uniform radius, and the nanopores used here were conical frustum-shaped with
different top and bottom diameters. Nevertheless, the nanopores were approximated as being
cylindrical with » ~ 100 nm, for which a 13 pM AgNP concentration produces a calculated fi; =
1.56, which agrees reasonably well with the experimental value fe,, = 1.89 + 0.12. The experiment
was then repeated with different concentrations of AgNPs, and the observed total number capture
events shows a linear increase with AgNP concentration, as expected, Figure 4. The lowest
detectable concentration was 0.13 pM which produced 2.3 capture events on average from three
75 s-duration experiments. The values of fc, and fi.. (Table S1) show reasonable agreement for all

concentrations 0.13 pM < C< 13 pM.
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Figure 4. Capture event frequency as a function of AgNP concentration (13, 6.5, 1.3, and 0.13

pM) with a linear fit shown in a red solid line.

In conclusion, optical dark-field scattering has been used to investigate the transient capture of
individual AgNPs on a 21 x 21 nanopore array with pore diameters smaller than the wavelength
of visible light. The intensity-time traces of individual NP capture events indicate that the
scattering intensity increases dramatically upon the insertion of NPs into the nanopore, with
scattering being much stronger for NPs near the bottom of the pore, a result confirmed by FDTD
simulations. The NP-induced scattering intensities exhibit a normal distribution, which tracks the
NP size distribution, and the residence time of citrate-terminated AgNPs in the nanopore is
stochastic. Designing the NP surfaces to be chemically complementary to the internal nanopore
surfaces produced capture and trapping of individual NPs. Moreover, the frequency of capture
events is linear with AgNP concentration, in excellent agreement with the theoretical frequency,
with 130 fM being the lowest detectable NP concentration. The nanopore scattering approach
developed in this study provides a valuable method for isolating and efficiently examining

numerous individual NPs in a highly parallel platform. Furthermore, although not explored here,

Nanopore enabled Dark-Field based Digital Sensing (NEDDS) of Nanoparticles 12



the gold optical cladding layer can be used as a working electrode enabling high-throughput
correlated optical-electrochemical measurements of single NPs. Lastly, the nanopores can be
functionalized with biorecognition elements enabling the detection of biomarker-tagged NPs thus

accessing a wide range of diagnostically useful determinations.
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1. Chemicals and Materials
Citrate-capped 78 + 9 and 62 + 5 nm diameter Ag NPs (NanoXact Silver Nanospheres) were
purchased from Nanocomposix. 60 nm diameter streptavidin labeled Ag NPs (SNP60-SV-1) and
Thiol PEG Biotin (PG2BNTH-400) were purchased from NANOCS. Sodium citrate tribasic
dihydrate (#71402) was purchased from Sigma Aldrich. Glass coverslips (Nexterion Uncoated
High-Performance 1.5H Coverslips, Glass D263 ) were purchased from Applied Microarrays.
All aqueous solutions were prepared with deionized (DI) water (18 MQ-cm, Millipore Milli-Q

water purification system). All materials were used as received without further purification.

2. Fabrication of Nanopore Arrays

The procedure for the nanopore array fabrication was reported in our previous publication.!
Initially, a 10 nm titanium adhesion layer was deposited on a clean glass coverslip via electron-
beam evaporation, followed by a 200 nm gold film using a custom-made shadow mask.
Subsequently, a 100 nm SiO; layer was deposited on the gold film via plasma-enhanced chemical
vapor deposition. Finally, a dual-source SEM-FIB instrument was utilized to mill and analyze the
nanopore arrays, with FIB parameters set at 30 kV acceleration, 0.26 nA ion current, 100 ps dwell
time, 2 um pitch, and 2 nm Z-depth. The fabricated arrays were thoroughly rinsed with DI water
and then utilized for dark-field imaging experiments. The top and the cross-sectional view of a

single nanopore in the array are shown in Figure S1.
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Figure S1. A) Magnified plan view SEM image of one nanopore. B) Cross-sectional SEM view

of single pore showing 200 nm thick Au and 10 nm thick SiO; hierarchical layers.

3. Optical Dark-Field Imaging

Nanopore arrays were placed on an inverted optical microscope (Olympus-1X 71) equipped with
a 100x objective (Olympus oil immersion, NA 0.6). White light from a tungsten-halogen source
was directed through the dark-field condenser to illuminate the nanopore arrays from the SiO; side,
and the scattered low-angle light from the nanopore and/or Ag NPs was collected and imaged onto
an electron multiplier-CCD camera (Princeton Instruments). The experimental apparatus is
depicted schematically in Figure S2. Each experiment involved capturing 1500 images with an
integration time of 50 ms/frame, for a total acquisition time of 75 s. The image stacks or movies

obtained were saved as .tiff files and subsequently analyzed using MATLAB and Image].

S4



White light
Fssss g 092NA

o
D
P
D
£
@©
O
wn

Integration time:
50 ms (20 fps)

Figure S2. Schematic diagram of the dark-field microscopy instrument.

4. Image Stack Analysis Workflow

The process used to analyze the image stacks in MATLAB is shown in Figure S3. Initially, each
movie consisting of 1500 image stacks was imported into MATLAB, Figure S3(A). Subsequently,
ImageSegmenter was utilized with an adaptive threshold and sensitivity of 0 to selectively
highlight the nanopores, as shown in Figure S3(B). The image was then binarized, with nanopores
being assigned a pixel value of 1, while the non-pore area was assigned a pixel value of 0, Figure
S3(C). The center position of each nanopore was then determined using the binarized image and
recorded separately. Thereafter, a 7x7 pixel region (three pixels from the center pixel on all four

sides) around the nanopore was designated as a region of interest (ROI), and the intensities in each
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ROI, Figure S3(D) yellow box, were integrated. Additionally, a separate 7x7 pixel background
ROI was identified in an area just adjacent to the nanopore ROI, Figure S3(D) red box. The
intensities within the background ROI were integrated and the resulting background was
subtracted from the nanopore ROI for each detected nanopore. The resulting array of background-

subtracted intensity values was then used for all subsequent analysis.
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Figure S3. Step-by-step workflow for image stack analysis using MATLAB. A) Raw dark-field

image stacks ready for analysis. B) Nanopore regions identified using MATLAB ImageSegmenter
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are shown in yellow. C) Binarize the image, white represents value of 1 and black represents value
of the 0. D) Determine the center of each nanopore ROI detected and use this position to define a
7x7 pixel ROI around the nanopore (yellow box) and a nearby background 7x7 pixel ROI (red

box).

For each movie analyzed, the output files contain: (1) one text file containing all the background
subtracted intensity-time traces for all the detected nanopores; (2) a composite nanopore array
image with a pore index as shown in Figure S4; and (3) intensity-time plots for each nanopore

with a file name “Pore-x, where x is the pore index as given in Figure S4.
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Figure S4. Composite image of the dark-field image stacks with the detected pores (yellow boxes)

and their corresponding pore index (yellow numbers).

Lastly, the peak intensities and residence timees were calculated by analyzing the text file

containing all the background subtracted intensity-time traces using another custom MATLAB
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code. For each intensity trace corresponding to a nanopore, the code identified the number of points

with intensities exceeding 3o from the average baseline, averaged them to obtain Zysre + np, and

subtracted the baseline average, Iyore, from them to obtain /yp. Multiplying the number of points

by the integration time of the EM-CCD yielded the residence time, t.

5. Representative Intensity-Time Traces
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Figure SS. Intensity-time traces of nine different nanopores with 13 pM of 78 nm diameter Ag

NPs exhibiting a range of intensity transient behaviors.
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6. FDTD Simulations

Numerical Simulation: Scattering of silver nanoparticle in nanopores was simulated using
Lumerical FDTD software from ANSYS. The structural parameters of silver nanoparticles and of
the nanopore were obtained from SEM and incorporated into the simulation. The complex
dielectric function of SiOz, gold and silver were obtained from Johnson-Christy and Palik,
respectively.?? In the dark-field scattering simulations, the dark-field source is constructed by two
Gaussian beams consisting of two concentric rings with slightly different amplitudes and a phase
difference of n.# This results in a destructive field in the overlapping region of two Gaussian beams.
A confocal dark-field light source is generated by tuning the virtual NAs of the inner and outer
Gaussian beams. Both in-plane ‘x-)” and out-of-plane or cross-section ‘x-z’ electric field profiles
are recorded by placing a frequency domain field and power monitor in the center of the
nanoparticles and output end of the nanopore. A mesh resolution of 10 nm was used in all

simulations.

Figure S6(A) shows a cross-sectional view (x-z plane) of the electric field distribution for 450 nm
radiation propagating through a single unoccupied (i.e., no AgNP) nanopore under dark-field
illumination, and Figure S6(B) shows the electric field distribution in the x-y plane for the same
nanopore at the bottom of the Au layer, i.e., at a depth indicated by the yellow dashed line in
Figure S6(A). As expected, the nanopore blocks trans-illumination, and only a small portion of
the scattered light is coupled to the far-field as evidenced by ~92 % drop in the intensity maximum
from entry to the transmission/scattering point, cf. Figures S6(A) and S6(B). However, if an 80
nm diameter AgNP is placed at the bottom of the nanopore, Figure S6(C), the x-y plane displays

a dipolar plasmon mode associated with the AgNP which effectively couples to the far field, as
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evidenced by the intensity distributions in Figure S6(D). It is important to note that the simulation

was performed at A = 450 nm, to match the LSPR of 80 nm diameter AgNPs (Apeak = 463 nm). In

contrast to these results, placing the AgNP at the top or middle of the nanopore structure does not

produce dipolar plasmon modes at the bottom of the nanopore, as shown in Figure S7. Overall,

the FDTD simulations confirm that insertion of AgNPs into the nanopore significantly increases

the scattering intensity by effectively coupling dipolar plasmon modes to the far-field. In addition,

the scattered intensity is strongest when the NP is at the bottom of the nanopore.
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Figure S6. Electric field spatial distributions for nanopore/NP systems. (A) and (B) FDTD
simulations of electric field distributions in the x-z (A) and x-y (B) planes for an unoccupied
nanopore. (C) and (D) FDTD simulations of electric field distributions in the x-z (C) and x-y (D)
planes for a nanopore with an 80 nm AgNPs under dark-field illumination. (A) and (C) show a
cross-sectional view (x-z) of the nanopore, while (B) and (D) show the x-y plane of the nanopore
at the depth r indicated by the yellow dashed lines in (A) and (C), respectively, i.e., at the bottom

of the gold layer.
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A) Particle at the top C) Particle at middle
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Figure S7. Electric field distributions. FDTD simulation of electric field distribution for nanopore
with the 80 nm Ag NPs at the top (A) and (B) and middle (C) and (D) of the nanopore under dark-
field illumination. (A) and (C) show cross-sectional (x-z) views of the nanopore. (B) and (D) show
intensities along the x-y plane of the nanopore at the bottom of the gold layer indicated by the

yellow dashed lines in (A) and (C), respectively.
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7. Nanoparticle scattering cross-sectional area

The scattering cross-section was calculated using nanoComposix Mie theory calculator’
based on the nanoparticle particle diameter distribution, 78 + 9 nm. The peak scattering
cross-sectional area of 78 nm diameter AgNPs is 3.44 x 10* nm?, whereas, the scattering
cross-sectional area of 69, and 87 nm diameter AgNPs are 2.62 x 10* nm?, and 4.20 x 10*
nm?, respectively, giving a deviation of ~23% from the average NP diameter (78 nm)

scattering cross-section.
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8. Scattering Intensities for 78 and 62 nm Ag NPs
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Figure S8. NP scattering intensity (/xp) histogram with a fit to a normal distribution (solid lines)

for two different AgNP sizes, blue — 62 nm (from 530 intensity-time traces), and green — 78 nm

(from 1057 intensity-time traces) diameter AgNPs .
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9. Residence Time Analysis for Functionalized Nanopore-NP Pairs.

To explore NP-nanopore interactions, the Au portion of the nanopore was functionalized with
biotinylated thiol, and streptavidin-functionalized 60 nm diameter AgNPs were introduced. We
hypothesized that the high biotin-streptavidin binding affinity would result in NPs entering the
nanopore being captured/trapped inside the nanopore, thus shifting the distribution of t values to
longer times. Nanopores with biotin in the presence of AgNPs with streptavidin exhibit T values
as long ~325 s, see Figure S9(A), nearly 40x longer than those observed for citrate-capped AgNPs.
Additionally, out of 1021 intensity time traces analyzed, ~92% showed t > 75 s (acquisition time

for one movie) as shown in the t histograms in Figure S9(B).
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Figure S9. Residence time analysis for functionalized nanopore-NP pairs. (A) Representative
intensity-time trace for the insertion of streptavidin labeled 60 nm Ag NPs in biotin functionalized
nanopores obtained by merging 5 individual intensity time traces, each of 75 s. (B) NP residence

time (1) histogram for the 80 nm citrate-terminated Ag NPs with unfunctionalized nanopore (blue)

and 60 nm streptavidin-labeled AgNPs with biotin functionalized nanopore (red).
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10.Table S1: Experimental and Theoretical Capture Frequencies for 78 nm Ag NPs

Concentration of Ag Experimental Theoretical frequency, Difference
NPs (pM) frequency, foxp (s)) for | fue (s7) for 441 (fexp —fhe) Yo
441 nanopores nanopores
13 1.89 1.56 17.5
6.5 0.94 0.78 17.02
1.3 0.23 0.16 30.43
0.13 0.03 0.016 46.6
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