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ABSTRACT: Detection of small amounts of biological com-
pounds is of ever-increasing importance but also remains an
experimental challenge. In this context, plasmonic nanoparticles
have emerged as strong contenders enabling label-free optical
sensing with single-molecule resolution. However, the performance
of a plasmonic single-molecule biosensor is not only dependent on
its ability to detect a molecule but equally importantly on its
efficiency to transport it to the binding site. Here, we present a
theoretical study of the impact of downscaling fluidic structures
decorated with plasmonic nanoparticles from conventional micro-
fluidics to nanofluidics. We find that for ultrasmall picolitre sample
volumes, nanofluidics enables unprecedented binding character-
istics inaccessible with conventional microfluidic devices, and that
both detection times and number of detected binding events can be improved by several orders of magnitude. Therefore, we propose
nanoplasmonic—nanofluidic biosensing platforms as an efficient tool that paves the way for label-free single-molecule detection from
ultrasmall volumes, such as single cells.
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D etection of tiny amounts of chemical and biological
entities is one of the most important tasks in chemistry,
biology, medicine, environmental monitoring, and homeland
security. Optical sensors based on plasmonic nanoantennas
supporting localized surface plasmon resonance (LSPR) are
promising to provide a solution for this challenge since they
combine high sensitivity with label-free detection and vast
miniaturization potential.'" Furthermore, by utilizing individual
plasmonic nanoparticles (NPs) as highly sensitive probes, the
detection of single biomolecule binding events has been
demonstrated in multiple studies,” as well as in a highly
multiplexed fashion.” From an application perspective, single-
molecule detection is particularly important when only a
limited sample volume is available and/or when only a very
small number of biomolecules are present in the sample.* This
is, for instance, relevant for the study of single cells that have a
volume of a few picolitres only.” Such single-cell analysis
enables studies of intracellular variability in many biological
processes and it has been hallmarked as a necessity for progress
in cell biology and tissue engineering.6 However, studies at the
single-cell level require the capacity to manipulate small sample
volumes down to a picolitre and the capacity to detect
extremely low concentrations of target molecules.”® To this
end, plasmonic biosensors combined with a microfluidic device
have recently been used for the detection of single-cell
cytokine expression.”

© 2020 American Chemical Society
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The practical relevance of nanoplasmonic biosensor devices,
however, does not depend only on the ability of a plasmonic
NP to transduce the single binding event, but also—and
equally critically—on the ability of the device to effectively
transport a single biomolecule to the binding site. Here, the
performance of conventional surface-based biosensors often
suffers from inefficient mass transport that influences the
binding kinetics and leads to very long detection times for low
concentrations of target molecules. Therefore, strategies to
improve mass transport by enforcing sensor operation in the
diffusion-limited regime have been reported for plasmonic
nanoarchitectures like sparse arrays of plasmonic nano-
particles,10 nanoholes, and nanopores.11 However, as it was
pointed out in several theoretical mass-transport studies,'”">
plasmonic nanostructures can be of benefit only if a large
number of sensing entities are involved.

Here, we present a theoretical analysis of the mass-transport
characteristics of nanoplasmonic sensor architectures with
particular focus on the impact of the size of the sample volume
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Figure 1. (a) Schematic depiction of a nanoplasmonic biosensor comprising an array of plasmonic NPs functionalized with analyte-specific
receptors. The transport of the analyte molecules present in the sample volume to the surface of the particle is defined by the flow velocity, v, and
the diffusivity, D. The binding and unbinding of the analyte molecules are defined by the kinetic rate constants k,, and kg respectively. (b—e)
Typical scenarios related to single-molecule detection: (b) a large sample volume is flown through a fluidic channel, (c) an ultrasmall sample
volume is pipetted into a fluidic well, and (d) a single cell is inserted into a fluidic well. The cell can then either be Iysed to enable subsequent
analysis of the intracellular content or secrete metabolites that are analyzed and (e) a single cell is immobilized inside a fluidic structure adjacent to
a nanofluidic channel and the intracellular content or its metabolites are transported into the sensing region, where they are detected.

on binding kinetics. In particular, using both an analytical
approach and stochastic simulations of molecular mass
transport, we show that for applications where ultrasmall
sample volumes are critical, such as in single-cell analysis,
efficient mass transport to the plasmonic sensor still remains a
considerable challenge. Moreover, we propose a solution to
this problem by combining nanoplasmonic sensing with
nanofluidics into a single device. Nanofluidics provides an
efficient tool for the handling of fluids in the subpicoliter range
by downsizing the fluid control to the nanoscale."* However,
apart from proof-of-principle studies demonstrating the
feasibility of nanoplasmonic—nanofluidic biosensing,">'° it
has so far mostly been used in the context of fluorescence
microscopy.'”'® As the key result of our study, we identify a
regime where the downscaling of the fluidic system from
widely used conventional microfluidics to the dimensions
characteristic of nanofluidic structures enables the reliable
plasmonic label-free detection of single molecules within a
realistic detection time range that has not been accessible
previously.

1. MASS TRANSPORT IN NANOPLASMONIC
BIOSENSORS

In this study, we assume a nanoplasmonic biosensor
comprising a fluidic structure containing a solution of analyte
molecules that is transported via diffusion and convection
when pressure-driven flow is induced through the structure.
One of the walls of the fluidic structure is decorated with an
array of plasmonic NPs functionalized with immobilized
receptors with a surface density, Iy (Figure 1). We assume
that the analyte molecules exclusively bind to the receptors
(i, there is no unspecific binding) in a 1:1 ratio and the
interaction is characterized by the association and dissociation
constants, k,,, and k.4 It has to be noted, that this represents
an idealized situation, where unspecific binding is not taken
into account. In practice, suppression of unspecific binding
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represents a considerable challenge, especially for biosensing in
complex media. However, we propose that it can be efficiently
mitigated using established biochemical surface functionaliza-
tion methods."” Moreover, we assume that the array of
plasmonic NPs, as well as the optical readout, is designed in a
way that single-binding and unbinding events can be resolved.
In this setting, the binding and unbinding of analyte molecules
is controlled by the complex interplay between convection,
diffusion, and reaction of the analyte with the immobilized
receptors and can be described by the convection—diffusion
equation coupled with the first-order Langmuir kinetic
equation

g% = DV’c — v-Vc

ot (1)

dar

= konCS(FO - F) - koffF (2)
where D is the diffusivity of the analyte molecule, v is the flow
velocity field defined by the architecture of the fluidic
structure, ¢ is the (bulk) concentration of the analyte molecules
inside the fluidic structure, cg is the (bulk) concentration of
unbound analyte molecules at the NP surface, and I' is the
surface concentration of the bound analyte molecules.

In the following sections, we have explored the binding
characteristics for a series of typical scenarios related to single-
molecule detection by focusing on the impact of characteristic
dimensions of the used fluidic structures to enable the direct
comparison of micro- and nanofluidics in this respect. As we
will demonstrate further, the key characteristic that leads to
qualitatively different conclusions is the sample volume
(volume of the analyte solution, V;) relative to the volume
of the fluidic structure. Therefore, each section of our work
reported below describes a different scenario in this respect.
Section 2 analyzes the situation that considers an infinite
sample volume that flows through a fluidic channel. In practice,
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Figure 2. (a) Schematic depiction of the simulated system consisting of an infinite sample volume, which flows at a volumetric flow rate Q through
a sensing region of a fluidic channel of height H, width W, and length L, comprising a functionalized plasmonic NP array of area A. (b) Summary of
the parameters used in the calculations. (c, d) Top view of the two investigated configurations of the fluidic channel: (c) meandering channel with
L = 1000 ym and W = 10 ym and (d) straight channel with L = W = 100 um. Both types of fluidic systems contain the same NP array defined by
the area A = 100 X 100 um? i.e., the field of the view of a 100X microscope objective. (e) Calculated comparison of k,, and k,,I'y describing the
relative rate of reactive capture with respect to the rate of analyte transport for both the meandering channel (dashed lines) and the straight channel
(solid lines). The results shown for k,, correspond to a range of technically relevant flow rates Q, a specific size of analyte molecules defined by D,
and they were calculated for the two channel types assuming the channel height H ranging from 10 ym characteristic of microfluidics down to 100
nm characteristic of nanofluidics. The results shown for k,,I'y correspond to the values characteristic for protein interactions, that is, k,, = 10*—10°
M~1s71" Note that for the entire range of assumed parameters k,, > kI, which means that the system is predominantly reaction-limited.

this situation can be encountered when a sample is taken from
a patient and flushed through the fluidic structure (Figure 1b).
The volume is large enough (i.e,, uL or mL) that the detection
time is not limited by the time needed to flow the whole
volume through the fluidic system.”® Sections 3 and 4 analyze a
different scenario that considers a finite sample volume,
containing only a limited number of molecules, where the
means of loading the sample into the device is critical. In
practice, this situation corresponds to applications dealing with
ultrasmall sample volumes (pL or nL). Specifically, Section 3
considers a confined finite sample volume in an enclosed
fluidic well without flow. This situation is encountered when a
tiny amount of a sample is pipetted inside a well, followed by
enclosing the well (Figure 1c); alternatively, a single cell is
inserted into the fluidic well, and then the cell can be either
lysed and intracellular content is subsequently analyzed” or its
metabolite secretion is studied”" (Figure 1d). Section 4
considers a finite sample volume that flows through a fluidic
channel. This scenario corresponds to a situation where, for
e.g, a single cell is immobilized close to a nanofluidic channel
and the intracellular content or its metabolites are transported
into the nanofluidic sensing region, where they are detected’
(Figure le).

2. INFINITE SAMPLE VOLUME

In this section, we consider the first case of an infinite sample
volume that flows through a fluidic channel with a volumetric
flow rate, Q (Figure 2a). For this scenario, the problem of mass
transport described by eqs 1 and 2 can be treated analytically
in terms of the two compartment model,>>** which states that
when binding occurs quasi-steadily, the analyte concentration
at the surface can be described as
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C 1

) 1+ konrf/km (3)
where I't = Ty — I' is the surface concentration of the free
receptors, ¢, is the initial (bulk) concentration of the analyte
molecules, and k,, is the mass transfer coefficient, which can be
calculated analytically (see SI Section 1) via parameters related
to both the fluidic conditions and the architecture of the NP
array.”> The term in the denominator, the Damkdhler number
ko I'¢/k., describes the relative rate of analyte reactive capture
with respect to the rate of analyte transport to the sensor
surface. In a regime when k, < k I’y the collection rate is
dictated mainly by the transport of the analyte molecules to the
binding sites, ie., the system is diffusion-limited. In the
opposite regime, when k, > k,I'; mass transport supplies
analyte molecules more quickly than the receptors can bind
them, the system is therefore reaction-limited. In essence and
at the general level, this means that for each specific affinity
format (defined by k., kos Iy of the used molecules) the
maximum collection rate is achieved when the system is
reaction-limited.

For our analysis, we define our system such that the
dimensions of the sensing region of the fluidic channel are
given by its height H, width W, and length L. The sensing
region comprises the functionalized NPs that are defined by
their surface area A, and their shape. The NPs are arranged
into an array with a surface density I, covering the area A =
100 X 100 yum? that fits the field of view of a 100X microscope
objective. To implement this scenario, we consider two
different arrangements of the fluidic channel: (i) a meandering
channel with W = 10 ym and L = 1000 gm (Figure 2c) and
(ii) a straight channel with W = L = 100 ym (Figure 2d). We
note that the thickness of the walls between the meandering

https://dx.doi.org/10.1021/acssensors.0c01774
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Figure 3. (a) Schematic depiction of the simulated system considering a finite sample volume, V, placed inside a fluidic well with a volume V and
height H, decorated with an array of functionalized plasmonic NPs covering an area A. (b) Dependency of the normalized initial collection rate (eq
6) on the height and volume of the fluidic well in the reaction-limited regime. The maximal A is limited by Ag, = 100 X 100 um?, i.e., the field of
view of a 100X microscope objective. (c—f) Schematic depictions of the investigated fluidic wells defined by their heights (c, d) H = 100 nm
(nanowell) and (e, f) H = 10 um (microwell) and by their volumes (c, e) V=1 pL and (d, f) V = 100 pL.

channels is omitted in the theoretical analysis. In practice,
using state-of-the-art nanofabrication, wall thicknesses down to
300 nm are easily feasible due to well-established vertical etch
processes,”® thereby not significantly impacting the conclusions
from our calculations. To investigate the analyte transport to
the binding sites, we have calculated the mass transfer
coefficient, k., and compared it to values of k., I’y typical for
protein interactions (Figure 2e)."” Specifically, we carried out
calculations for a NP array with parameters previously
efficiently used for single-molecule biosensing3 (Figure 2b)
and for the two types of fluidic systems depicted in Figure 2c¢,d,
by systematically varying the channel height H from 10 ym, as
characteristic of microfluidics, down to 100 nm, as character-
istic of nanofluidics, and by screening a range of technically
relevant flow rates Q. Details of the calculations, as well as
the results of the extended analysis for a range of scenarios
characteristic for a broad set of parameters pertaining to the
fluidic structure (H, W, L, Q), NP array, (A, A, T',), and
analytes (D, k,,,), can be found in SI Section 1 and Figures S-1,
S-2. We note that for all of the assumed parameters that are
relevant for current state-of-the-art single-molecule nano-
plasmonic biosensors, k, > k. Iy can be achieved for high
enough, but still technically relevant, Q. This also means that
the collection rate can reach its maximum, i.e., the reaction-
limited regime, irrespective of the fluidic structure dimensions.
Thus, ¢, % ¢, (eq 3), and the collection rate (number of bound
analyte molecules per unit time) can be written as

dN
J= E ~ konCO(FOAs - N) - koffN

(4)
by using eq 2 where A, = I',A A represents the active sensing
area, that is, the area covered by receptors. From eq 4 it can be
seen that in the reaction-limited regime, for any specific affinity

format (defined by k,,, ks and I'y) and any specific analyte
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concentration, the collection rate can only be improved by
enlarging the active sensing area. However, the size of the
active sensing area is limited by a series of constraints related
to the optical readout for single-molecule detection: (i) The
maximal surface area of the NPs in the array (A,) is limited by
the condition of single-molecule resolution since the optical
response to a single-molecule binding event worsens with
increasing dimensions of the plasmonic NP.** (ii) The
maximal area of the NP array (A) is limited by the field of
view of the used microscope. (iii) The maximal density of the
NP array (T,) is limited by the optical resolution of the
microscope, i.e., the response from each individual NP has to
be resolved separately, avoiding incidental cross-talk between
neighboring NPs.

In other words, and as the main conclusion for a fluidic
channel connected to an infinite reservoir of the analyte,
changing the channel dimension from the micro- to the
nanofluidic regime has little to no impact on the collection rate
under predominantly reaction-limited conditions and, there-
fore, neither offers a handle to significantly improve the overall
binding characteristics nor the sensor response time.

3. FINITE SAMPLE VOLUME INSIDE A FLUIDIC WELL

The situation described above becomes very different when we
consider a scenario where the sample volume, V, is very small,
that is, in the pL range and thus below the volumes that
effectively can be handled by traditional microfluidics (uL or
mL). In this regime, as we will illustrate in detail, the
characteristic dimensions of the fluidic system have a
significant impact on the binding characteristics and thus on
the critical timescales for single-molecule detection. In the
following example, we assume the finite sample volume (V)
containing a finite number of molecules, My = ¢,V that is
placed in an enclosed fluidic well under stagnant conditions

https://dx.doi.org/10.1021/acssensors.0c01774
ACS Sens. 2021, 6, 73—-82
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Figure 4. Binding characteristics of 1 pL sample volume confined inside a microwell and a nanowell with defined heights, H = 10 ym and H = 100
nm, respectively. The architecture of the wells corresponds to those described in Figure 3e for the microwell and Figure 3¢ for the nanowell. The
parameters corresponding to the NP array and molecules are summarized in Figure 2b. (a, b) Dependency of the mean waiting time until the first
binding event on the number of the analyte molecules present in a 1 pL sample volume, M,, at the concentration ¢. (c—f) Mean number of binding
events for each molecule present in a 1 pL volume, N*/M,. The results are shown for the k,,—k.¢ space of biomolecular interactions typical of

proteins.

without applied flow (Figure 3a). The fluidic well is defined by
its volume, V > V,, and height, H, and comprises an array of
functionalized plasmonic NPs defined in the same manner as
in Section 2. It has to be noted that in the situation when V, <
V, the analyte molecules are transported into the entire volume
by diffusion and the sample is therefore diluted.

The analytical theory of mass transport™ used in Section 2 is
essentially not applicable for such an enclosed system, as it is
valid only for an open system in a quasi-steady state.
Therefore, we have instead utilized a stochastic diffusion-
reaction model that rigorously describes the behavior of
molecules inside fluidic wells with functionalized surfaces
(details in Methods ). We have carried out simulations for a
broad range of parameters pertaining to the dimensions of a
fluidic well (H, V), the architecture of an NP array, (4, A, T',),
and properties of analytes (D, k,,). As one important general
conclusion, the results show (SI Section 2, Figures S-3, S-4)
that for all scenarios relevant for current state-of-the-art single-
molecule nanoplasmonic biosensors, the mass transport is
mostly reaction-limited. Moreover, the binding characteristics
are independent from the vertical or horizontal position of the
molecules inside the well at the beginning of the detection
process. In other words, the binding characteristics are
independent of the sample placement or, in the case V, < V,
the concentration profile during sample dilution (diffusivity of
analyte molecules). Therefore, the concentration of the
unbound analyte molecules at the surface of the NPs
corresponds to the mean concentration of the unbound
analyte molecules inside the fluidic well, ie., ¢,(t) = My/V —
N(t)/V. Thus, using eq 2, the collection rate can be written as
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dN

dt

] ~ kon(% - N)(l—‘()As - N) - koffN

v v ©)

Equation S suggests that for each specific affinity format
(defined by k,,, kg '), the sample volume and concentration
(defined by M,), the collection rate can be improved by
maximizing the A/V ratio. In other words, enlarging of the
active sensing area (4,) is beneficial only if it does not require
an increase of the volume of the well (V > V), as this would
lead to further dilution of the sample. Thus, as the key point, in
comparison to the case for the infinite sample volume analyzed
first, not only the architecture of the NPs, but also the size of
the fluidic structure is critical in the present scenario.

To now showcase this scenario explicitly, we consider
different volumes, V, of a fluidic well that range from
subpicolitre to hundreds of picolitre and two fixed heights, a
microwell with H = 10 gm and a nanowell with H = 100 nm
(Figure 3c—f). All assumed fluidic wells comprise plasmonic
NP arrays with the same I', and A, and the same number of
molecules, M,. In both cases, we assume that the area of the
plasmonic NP array is either limited by Ag, = 100 X 100 ym?,
the field of view of a 100X microscope objective, or by the
dimensions of the horizontal wall of the fluidic well. To
provide a general comparison of binding characteristics that are
valid for any number of molecules present in the sample
volume, affinity formats and NP arrays, the initial collection
rates, J,o (eq S, N(t — 0) = 0), we thus show as the
normalized values (Figure 3b)
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For both the micro- and the nanowell it applies that for V >
HAg, the area of the NP array is limited by the field of view of
the microscope and thus the normalized initial collection rates
increase with decreasing volume since the A/V ratio increases
(eq 6). For V < HAj, the area of the NP array matches the
area of the wells” horizontal wall and thus the normalized initial
collection rates are constant since the A/V ratio also is
constant. As a consequence, the normalized initial collection
rates for volumes V > 100 pL are equal for the nanowell
(Figure 3d) and the microwell (Figure 3f), since the areas of
the NP array are identical and match the field of view of the
microscope. However, for volumes V < 100 pL, the initial
collection rates are remarkably higher for the nanowell (Figure
3c) than for the microwell (Figure 3e), since the area of the
NP array inside the nanowell is larger. Therefore, for ultrasmall
sample volumes (V, < 100 pL), the collection rates can be
improved by up to 2 orders of magnitude by decreasing the
dimensions of the fluidic system from the microfluidic to the
nanofluidic range and by matching the volume of the fluidic
well to the sample volume. In this way, analyte dilution is
avoided, while at the same time the sensing area is maximized.
We also note that, analogously to the case of Section 2, binding
characteristics are not dependent on the width of the well, as
long as the well is able to host the entire NP array (Figure
2¢,d).

To further investigate the impact of the size of a fluidic well
on the binding characteristics of an analyte from a finite
volume, we have calculated two important characteristics: (i)
the mean waiting time until the first detected binding event by
the sensor, t;, and (ii) the total number of binding events, N*,
detected as a function time. Using eq S, the mean waiting time
until the first binding event can be defined as

v
konMO FOAS

]t—>0

=7 =
1= ?)
Please note that this parameter is sometimes referred to as the
accumulation time.'" Assuming that the number of analyte
molecules is much smaller than the number of receptors (N, =
[hA,), My < Ny, eq S can be solved analytically, and the
number of binding events can be written as

2 konNO k
N* = M1 — OV thr)] 4 MKk gt (8)

where K™! = 1 + k,gV/( kouINy).

Figure 4 shows relevant examples for ¢, and N* for a sample
volume V{ = 1 pL placed inside fluidic wells with different
heights—a microwell with H = 10 ym (Figure 3ef) and a
nanowell with H = 100 nm (Figure 3c). The parameters
defining the NP array and the binding properties of the
molecules are the same as in the previous example (cf. Figure
2b). Using these boundary conditions, we executed calcu-
lations that cover the k,,—k,; space of biomolecular
interactions typical of proteins with k,, ranging from 10* to
10° M~"s7! and ko from 1075 to 107% ™. Specifically, we
compare the results of the analytical model pertaining to the
reaction-limited regime (eqs 7 and 8, Figure 4a—f solid lines)
with the results of the corresponding stochastic simulations
(Figure 4a—f dashed lines). We note that the results from the
analytical model and the simulations generally agree very well,
except for fast binding kinetics, where the values of t, are

78

slightly higher (Figure 4a) and the values of N* are slightly
lower at the beginning of the binding curve (Figure 4c,e). This
suggests a moderate diffusion limitation in this regime, which,
however, does not affect the general conclusions discussed
below. As the key results, from the data it can be seen that ¢,
decreases linearly with increasing concentration of the analyte
molecules (i.e., the number of analyte molecules confined
inside the volume) and it is 2 orders of magnitude smaller for
the nanowell than for the microwell (Figure 4a,b). Specifically,
when only a few molecules are confined inside the microwell, ¢,
ranges from minutes (Figure 4a) to tens of hours (Figure 4b),
depending on k,,. As the key point, for most k,, this is far
beyond practical timescales. On the other hand, if the same
sample containing only a few molecules is confined inside the
nanowell instead, ¢, is substantially reduced to the practically
relevant timescales ranging from seconds (Figure 4a) to
minutes, depending on k,, (Figure 4b).

Furthermore, we see that the binding rate (number of
binding events per time, dN*/dt) is substantially increased for
the nanowell compared to the microwell for the whole k,,—k ¢
space (Figure 4c—f). Equilibrium is reached 2 orders of
magnitude faster, and also the binding rate at equilibrium is 2
orders of magnitude higher for the nanowell. Specifically, for
kinetics with low k,, and high kg it can be seen in Figure 4f
that, while in the microwell each molecule in the sample
volume is detected within 1 h with a probability of 3.5%
(corresponds to N*/M, = 0.0035), in the nanowell, each
molecule is detected about 10 times per hour (N*/M, = 10).
In other words, not only enables the nanowell faster detection
but it actually enables multiple detection events of a single
molecule within reasonably short time. The detection limit of
plasmonic biosensors with single-molecule resolution, defined
in terms of the minimal amount of analyte molecules detected
in a reasonable time, is mainly limited by the binding
rate.'”" >’ This unprecedented performance of the nanowell
implies that it, similar to a photon multiplier, can “multiply”
the signal from a very small number of analyte molecules and
thus, in principle, improve the detection limit significantly. To
put this finding into perspective from an application viewpoint,
we note that binding kinetics with low k,, and high k. are a
regime characteristic for many biological processes, such as
interactions of cell surface proteins.’® At the same time, low k,,
and high k. result in a very low surface concentration of
bound molecules in equilibrium, which makes their detection
very challenging or even impossible for traditional biodetection
techniques, such as biosensors based on surface plasmon
resonance (SPR), that rely on measuring the mean surface
concentration of the bound molecules.”" In this context the
predicted multiple detection of the same molecule enabled by
the nanowell, as the molecule binds and unbinds, constitutes a
significant advantage.

4. FINITE SAMPLE VOLUME INSIDE A
FLOW-THROUGH FLUIDIC CHANNEL

In Section 3, we have demonstrated the potential of
nanofluidics in the field of single-molecule detection from
ultrasmall sample volumes. However, despite the recent
advances in manipulation of such ultrasmall volumes,*
enclosing a sample into a nanowell as described in Section 3
is a considerable challenge to realize in practice. In addition, as
the size of a cell typically exceeds the height of a nanowell by
more than 2 orders of magnitude, in vivo single-cell analysis
would be very difficult. Therefore, in this section, we analyze
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evolution of the normalized analyte concentration distribution, c/c,, for the flow rate Q = 1 ym>s™" and diffusivity of the analyte D = 10 um
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(e) Time-dependent normalized averaged concentration over the sensing area, ¢/c,. We note that binding and unbinding is not considered here.

the potential benefits of nanofluidics compared to microfluidics
in a flow-through configuration. In particular, we assume that
the content of an ultrasmall sample volume V is transported by
diffusion and/or convection defined by D and Q, respectively,
to the sensing region of a micro- or nanofluidic channel, which
contains an array of functionalized plasmonic NPs defined in
the same manner as in Section 2 (Figure Sa—c). For this
specific configuration, the pertinent equations describing
diffusion, convection, and reaction (eqs 1 and 2) cannot be
solved analytically. Therefore, we have employed the stochastic
diffusion—convection—reaction model, described in Section 6.

To showcase this scenario, we present the results of an
analysis of a specific example. However, as discussed below,
more general conclusions can be derived based on this
example. To relate directly to the results presented in Sections
2 and 3, also here we assume a sample volume V, = 1 pL,
which, for example, corresponds to the volume of a cell,*® an
NP array with A = 100 X 100 ym? with parameters defined in
Figure 2b and a fluidic channel with the width W = 10 ym and
length L = 1000 ym (Figure 5c). To compare the performance
of a nanofluidic with a microfluidic channel, we again compare
the two cases of channel heights H = 10 pgm (microfluidics)
and H = 100 nm (nanofluidics) (Figure Sab). Here, we also
note that the fluidic channel anywhere outside the sensing
region is assumed to have a height of 10 um.

In the first step of our analysis, to decouple the interplay of
diffusion, convection, and reaction, we have studied the
transport of analyte molecules through the fluidic channels
without considering binding in the sensing region (Figure
5d,e). Under a low flow rate (Q = 1 pum’s™'), the analyte
molecules are transported mainly by diffusion, which results in
a slow increase of the mean concentration of the analyte

molecules in the sensing region over time, o(t) = /V c/V,
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where V is the volume of the sensing region of the channel
(Figure 5d). Increasing the flow rate results in faster transport,
but shortens the time the analyte is present in the sensing
region (Figure Se). Furthermore, it can be seen that the analyte
transport differs considerably for the microchannel and the
nanochannel. For the microchannel, since the sensing volume
is 100 X higher than the sample volume, the maximum ¢(¢)
inside the sensing volume is 0.01 X ¢;, which corresponds to a
situation where 100% of the analyte molecules are present
inside the sensing volume. On the other hand, for the
nanochannel, since the volume of the channel is substantially
smaller and matches the sample volume, the maximum ¢(¢) is
much higher (0.3 X ¢,), and corresponds to a situation where
maximal 30% of all of the analyte molecules are present inside
the sensing volume. The rest of the molecules are “lost” due to
diffusion into the channel outside the sensing region.

In the second step of our analysis, we now include the
binding and unbinding of analyte molecules inside the sensing
region. The corresponding results for a k,,—k,s space
characteristic of proteins are presented as the mean number
of binding events for each molecule in the sample volume in
Figure 6a—d. It has to be noted that the mean number of
binding events for a nano- and microchannel with any applied
flow cannot exceed the limits set by the previous case of the
enclosed nano- and microwell, respectively, as described in
Section 3 (added as dashed lines in Figure 6). At the beginning
of the detection, the sample volume is localized mainly outside
the sensing region (i.e., T is low, see Figure Se), therefore the
mean number of binding events for each molecule is
considerably lower compared to the case of the enclosed
fluidic wells. Subsequently, as time passes, more and more
molecules are transported toward the sensing area in the
channel, (ie., T increases, see Figure Se). Therefore the mean
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and nanowells depicted in Figure 3c,e, respectively, are also shown. The results were obtained from stochastic simulations for a k,,—k.g space

characteristic of proteins.

number of binding events increases rapidly. However, it is
overall lower compared to the case of the enclosed fluidic well
due to the “loss” of molecules because of the applied flow.
Increasing the flow rate results in an increase of the mean
number of binding events at the beginning of the detection but
at the cost of losing more molecules that never bind. Hence,
the choice of the optimal flow rate is dependent on the binding
kinetics of the specific molecules at hand and the required
detection time. Specifically, for high k,, and low kg (Figure
6a), most binding events would be detected at a high flow rate,
independent of the detection time. On the other hand, for the
remaining cases (Figure 6¢,d), for short detection times more
binding events will be detected at high flow rates and for long
detection times more binding events will be detected at low
flow rates.

As the key result, we thus find that the overall binding
characteristics in the nanofluidic channel (Figure Sb) can be
improved by at least an order of magnitude compared to the
microfluidic channel (Figure Sa) or the enclosed microwell
(Figure 3e) for any specific type of binding kinetics or
detection time. Therefore, we postulate that such a
configuration presents an alternative to single-cell microfluidic
devices that are used for the analysis of the extracellular
environment and metabolite secretion”"** or for lysis and the
subsequent study of the intracellular content.>* To this end,
two experimental studies suggesting single-cell analysis based
on nanofluidic devices using fluorescent labeling® or nano-
sampling” exist.

5. CONCLUSIONS

In conclusion, our theoretical analysis has shown that
decreasing the dimensions of a fluidic channel from the
regime characteristic of microfluidics to the regime of
nanofluidics can reduce the detection time from ultrasmall
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volumes (below hundreds of picoliters) by up to 2 orders of
magnitude and thus make single-molecule detection practically
viable. Specifically, the showcased representative example
inspired by a single living cell with 1 pL volume has shown
that for the whole range of association and dissociation
constants characteristic of affinity-based protein detection,
most of the molecules in the sensing volume can be detected
within minutes. Furthermore, for kinetics involving the
creation of unstable complexes due to fast unbinding kinetics,
we have demonstrated that every molecule can be detected
multiple times within tens of minutes in a nanofluidic channel
and thus improve the detection limit of the sensor
considerably, thanks to this “molecular multiplier” effect. We
therefore predict that nanoplasmonic sensors integrated with
nanofluidics present a promising new paradigm for single-
molecule detection from ultrasmall sample volumes, such as
single cells.

6. METHODS

6.1. Stochastic Diffusion—Convection—Reaction Simula-
tions of Biomolecular Interactions. To describe the molecular
binding rigorously, we have implemented stochastic diffusion—
convection—reaction simulations. Our model is designed to mimic
the behavior of a single molecule inside a fluidic structure with
functionalized arrays of NPs. It is inspired by the previous work from
the field of stochastic simulations of diffusion-controlled reactions™
and random walk simulations of convective—diffusive transport inside
a fluidic structure.”®

The Reynolds number is a dimensionless parameter that helps
predict flow patterns in different fluid flow situations and it is defined
as

QDy
Av

Re =

)
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where Dy is the hydraulic diameter that for channels with a high
aspect ratio is equal to twice the shorter axis of the channel, A is the
channel’s cross-sectional area, and v is the kinematic viscosity (v =
107 m?s™' for water). Since the Reynolds number pertinent to
assumed geometries and the flow rates (Q = 0—100 pm®s™") varies
between 0 and 2-1077, which is far from the turbulent regime (Re >
2000), only laminar flow can be considered here. Therefore, for the
quasi-two-dimensional (2D) configuration (W > H), we assume the
axial fluid velocity to be

v,
z
wWH®

z(H — z) (10)
where z is the vertical coordinate, which follows the 2D solution to
the Navier—Stokes equations. For the configuration where W > H, a
2D velocity-field profile was calculated according to the analytical
solution of the 3D Navier—Stokes equations for channels with a
rectangular profile.*®

At time zero, M, molecules were randomly placed inside the
defined volume and their movement inside the fluidic structure was
recorded in time. At each time step, the position of each molecule was
updated through the addition of a convective and diffusive
component as

x(tyr) = x(t) + R, + v,At
y(tp) = y(t) + R,

2(ty)) = 2(t) + R, (11)
where R,, R, and R, were calculated separately at each time step as a
normally distributed random number with a mean of zero and a

standard deviation of v2DAt. The time step for all simulations was
set to Af = 107> s, determined by convergence tests.

The surface of NPs was discretized in a way representing different
molecular receptor locations, i.., into patches with area I'y'. When
the center of a molecule (a molecule of zero volume is assumed) hits
the surface of a plasmonic NP at a specific point of time, it is decided
based on the random number generation, whether the molecule binds
or further diffuses into the volume of the fluidic structure. Specifically,

if a random number R < P, where P,_ = 1 — exp(k,,I;</7At/D) is
the probability of the binding, a molecule binds to the receptor and
the time of the binding event is recorded. Further, in each time step it
is decided if the molecule unbinds. Specifically, if a random number R
< Py where Pz = 1 — exp(kyzAt) is the probability of unbinding, a
molecule unbinds and the time of the unbinding event is also
recorded. When the center of a molecule hits the wall of a fluidic
structure, it is reflected back in a specular fashion. Thus, by repeating
the process My, times (M, = 10° for a single molecule present in 1
pL volume was used), we obtain characteristic histograms of
subsequent binding and unbinding events, n(t). The mean waiting
time until the first binding event, ¢;, is then calculated as the mean
value of the first binding events detected for all molecules and the
mean number of binding events collected over time is then calculated
as

=2 [
N (t)_MSim »/1:0 ®) (12)
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