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ABSTRACT: Silicon nanowires (SiNWs) are an important
class of materials for biomedical and electronics applications,
with the nanowire diameter playing a fundamental role in
device functionality. Here we present a method, based on light
scattering intensity and ensemble electron microcopy (EM)
measurements, that allows for a precise optical determination
of a speciﬁc NW’s diameter within an accuracy of a few
nanometers (4.8 nm), an error of only ∼8.0%. This method
takes advantage of the strong dependence of optical scattering
on SiNW diameter to construct an optical to EM transform,
with Lorentz-Mie theory showing that this method can be used
for NWs up to ∼150 nm in diameter. Additionally, this
technique oﬀers some potential insights into biophysical interactions, allowing the optical calibration of individual intracellular
SiNW force probes, enabling a ∼100-fold improvement in experimental uncertainty. Using these probes, we were able to
measure drug-induced vasoconstriction in human aortic smooth muscle cells (HASMCs), which exerted ∼171 pN of force after
∼30 min of exposure to the hormone angiotension II. These ﬁndings represent a scalable method for characterizing SiNW-based
devices that are easily extendable to other materials and could be of use in ensuring quality control for future photovoltaics,
optical sensors, and nanomaterial biosensors.

1. INTRODUCTION
The optical properties of semiconducting silicon nanomaterials
have drawn much interest recently, as these structures can
display interesting size-dependent optical properties both on
the ensemble level,1−3 and at the single nanowire scale,4 with
such materials being considered for applications in photovoltaic
devices,5−9 wave guides,5,10 colorimetric markers11 and photodetectors.5,12,13 One critical aspect of these materials is their
characteristic nanometer-sized diameters, which can play an
important role in governing device performance and aﬀects
such properties as charge distribution,14 temperature sensitivity,15 and photovoltaic quantum eﬃciency.16 Therefore, a
precise determination of nanowire diameter is important for
many device applications, and could be of potential interest as
part of the quality control process for consumer products.
Previous work has shown that the diameter of nanowires can
be determined optically using the nanowire’s dark ﬁeld (DF)
spectra,17,18 and has even been used for in situ monitoring of
nanowire growth.19 To achieve this, an in-optics spectrometer
is required, which can collect the optical spectrum of individual
nanowires; however, these setups can be expensive and are not
commonly available in most laboratories. Additionally, the
requirement for an optical spectrum can limit access to in situ
biological applications, as only certain spectral windows are
available in tissue and media samples,20 preventing the
© XXXX American Chemical Society

collection of a complete spectrum. However, recent work has
been done on integrating nanowires with biological systems,21
for instance as next generation biosensors22,23 and drug delivery
vectors.24 Therefore, a more ideal system would be able to
observe both cellular components and silicon nanomaterials
simultaneously, while remaining readily achievable at the
laboratory scale. To demonstrate that such a system is possible,
here we show that optical scattering intensity is strongly
correlated with silicon nanowire (SiNW) diameter. Using
ensemble information about the sample’s optical scattering
intensity and underlying the diameter population (collected
using electron microscopy, EM), we are able to construct an
optical-EM transform which allows for the precise determination of an individual SiNW’s diameter using DF microscopy
(Figure 1).
Furthermore, we show that this work is relevant to the
emerging ﬁeld studying the bionanomaterials interface. In our
previous work, we demonstrated that kinked SiNWs can be
used as intracellular force probes to study cell behavior.25 Using
Euler−Bernoulli beam theory, we were able to model SiNW
deformation to extract force information from the observed
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for examination under transmission electron microscopy
(TEM); however, this presents several challenges. First, while
much work has been recently done on correlative light-electron
microscopy,26 it can still be diﬃcult to track individual cells
across microscopes and requires a signiﬁcant time investment
for each sample. Second, cell ﬁxation can lead to cellular
artifacts, limiting the accuracy of these methods. Therefore, a
more desirable approach to calibrate these probes would be to
use an independent technique that allows for the characterization of the underlying nanomaterials, circumventing this
time-consuming process. To achieve this, we have introduced a
method that relies on ensemble population distributions,
meaning that individual force probes can be optically calibrated,
circumventing the need to use EM methods for each individual
force probe.

2. EXPERIMENTAL METHODS
2.1. SiNW Synthesis. SiNWs were grown using the vapor−
liquid−solid mechanism in a home-built chemical vapor
deposition system. To clean the silicon growth substrates,
they were ﬁrst rinsed with acetone and isopropyl alcohol (IPA),
and then dried under nitrogen gas. Substrates were then oxygen
plasma cleaned (Plasma Etch PS-100LF) for 10 min, and
coated in 1:3 dilute poly-L-lysine for 15 min. After rinsing with
deionized water, gold nanoparticles between 20 and 250 nm
(Ted Pella Inc.) were allowed to settle for 30 min and were
then dried under nitrogen gas. SiNW growth conditions were as
follows: 480 °C, 40 Torr, 60 sccm hydrogen carrier gas, and 2
sccm silane. In the case of intracellular force probes, kinks were
introduced into the wires as previously reported.27
2.2. Correlative Optical and EM Measurements. To
obtain correlative microscopy images, appropriate wires were
sonicated in IPA and dropcast onto lacy carbon coated copper
or gold electron microscopy grids (Electron Microscopy
Sciences). TEM micrographs were obtained using a 300 kV
FEI Tecnai G2 F30 Super Twin Transmission Electron
Microscope. After TEM imaging, the grids were then
transferred to an Olympus IX71 inverted microscope, and
submerged in the appropriate optical media (i.e., air or IPA).
LUCPlanFLNPh 20× and 40× objectives were used with a
numerical aperture (NA) of 0.4 and 0.65 respectively. High
angle transmitted darkﬁeld micrographs were obtained using a
using an Amscope LED-144-YK ring lamp LED attached to the
brightﬁeld condenser, as previously described.25 Typical LED
power was between 15%−20% of maximum power. Images
were recorded on a Hamamatsu ORCA-R2 C10600-10B digital
CCD camera at 16-bit depth with 0.3 × 0.3 μm2 pixel
resolution. For comparative intensity measurements, the
illuminating light intensity and image exposure times were
maintained across all samples.
2.3. Cell Culture. HASMCs were cultured under sterile
conditions using M231 growth media (Gibco) with supplement
(FBS, 4.9% v/v; ﬁbroblast growth factor, 2 ng/mL; EGF 0.5,
ng/mL; heparin, 5 ng/mL; gentamicin, 40 μg/mL; human
insulin-like growth factor-I, 2 μg/mL; and BSA, 0.2 μg/mL).
Cell cultures were maintained at 37 °C and under 5% CO2,
with media exchanged after 24 h, and every 48 h thereafter. All
cells were between passages three to nine. Both plastic and glass
substrates were used. For uptake, SiNWs were sonicated into
M231 media for 1 min, and pipetted into a culture dish. SiNWs
were allowed to settle overnight, before HASMCs were
introduced. HASMCs were incubated with the SiNWs ≈
72 h before vasoconstriction was introduced using the hormone

Figure 1. Schematic illustration of mapping between optical signal
intensity and TEM measured SiNW diameters. The same SiNW is
shown both under DF (left) and TEM (right), with the corresponding
line scan taken over the highlighted region (scale bars 5 μm and 25
nm, respectively). An optical transform function would alleviate the
need for individual correlative studies. To obtain the optical-EM
transform, ensemble DF and TEM micrographs are used to construct a
mapping function, providing an optical method to precisely determine
SiNW diameters.

Figure 2. SiNW diameter plays a critical role in calibrating Intracellular
force probes. (Upper) Schematic illustration of a kinked SiNW
intracellular force probe inside a human aortic smooth muscle cell
(HASMC), bending in response to intracellular forces. (Lower)
Euler−Bernoulli model of a simply supported bending SiNW beam is
used to measure the resulting force load, P, which scales as P ∝ D−4,
where D is the SiNW diameter. This makes D a critical parameter for
precisely calibrating these intracellular probes.

nanowire bending (Figure 2). However, the force loads, P,
modeled this way scale as P ∝ D−4, where D is the nanowire’s
diameter. As a result, the absolute values of the predicted forces
are very sensitive to even small changes in SiNW diameter.
While this still allows for a relative measurement of the timeevolved forces experienced within a cell, it makes a precise
determination of the magnitude of these forces diﬃcult to
achieve. Therefore, to calibrate this system, a careful measurement of the SiNW diameter is needed for each force probe.
One way to achieve this is to ﬁx and then stain these samples
B
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Figure 3. Constructing the Optical-EM transform. (a) Representative line scan measurement of relative SiNW optical intensities, with corresponding
DF image (inset, Scale bar 4 μm) (region of line scan in yellow and red). (b) Cumulative distribution function (CDF) of ensemble SiNW optical
scattering intensity, with associated population distribution (inset). (c) Representative TEM micrograph of SiNWs used to measure ensemble SiNW
diameters (Scale bar 150 nm). (d) Inverse CDF of ensemble SiNW diameters as measured by TEM (upper), with associated population distribution
(given as a probability density function, PDF) (inset). (e) Empirically determined optical-EM transform constructed using the ensemble CDFs.
Allows the assignment of individual SiNW diameter using optical intensity data.

optical intensities correctly with their corresponding diameters.
To probe this condition and obtain a theoretical understanding
of the principles underlying SiNW optical scattering, we will use
Lorentz-Mie theory based calculations. Lorentz-Mie theory has
previously oﬀered some insight into nanomaterials systems
such as GaAs,17 germanium,29 and silicon nanowires,4 and will
provide a basis for understanding this underlying assumption,
allowing us to establish a range over which the optical-EM
transform is valid. Collectively, this approach allows us to map
the optical scattering intensity of a SiNW to its diameter,
enabling a subdiﬀraction determination of a given nanowire’s
diameter.
To measure ensemble SiNW optical scattering intensities,
I(λ)norm, wires were sonicated and drop cast onto lacy-carboncoated copper or gold electron microscopy grids. Samples were
then submerged in isopropyl alcohol (IPA) and imaged using a
DF optical microscopy setup. IPA was selected as a model
medium as it has a similar refractive index (RI) compared to
cellular systems (RI: 1.378 and 1.402, respectively).30 To later
incorporate this method with cellular systems, DF micrographs
were obtained using a ring LED illuminator, enabling the use of
scatter enhanced phase contrast (SEPC) imaging (a simultaneously projected DF-phase contrast image).25 For ensemble
measurements, a single line scan was taken along the wire body
(Figure 3a), with scattering intensity I(λ) measured transverse
to the long SiNW axis, allowing a measurement of both the
local background I(λ)bkg and SiNW scattering I(λ)s intensities.
Intensity measurements were normalized using the eq (Figure
S1):

angiotension II human (50−75 nM, Sigma-Aldrich). For live
cell optical imaging, the same optical setup as described above
was used, with the addition of an INUB-ONICS-F1 Takai Hit
stage top incubator, which helped maintain physiological
conditions (i.e., 95% humidity, 37 °C internal temperatures,
5% CO2).

3. RESULTS AND DISCUSSION
3.1. Constructing the Optical Transform. To optically
determine the diameter of an individual SiNW with
subdiﬀraction precision, we have constructed a nonparametric
transform from optical scattering intensity to SiNW diameter,
using prior ensemble electron microscopy (EM) measurements. This method makes use of cumulative distribution
functions (CDF), for both optical scattering intensity and
sample diameter (Figure 3). This provides an estimate for the
range of possible SiNWs diameters and optical scattering
intensities in a given sample preparation. By establishing this
range, it is possible to determine where an individual SiNW lies
within this distribution, and enables a prediction of the SiNW’s
diameter. In other words, this allows a conversion between
relative light scattering intensities into population percentile,
and then back out again into NW diameter. By using CDFs, an
exact parametrization of the Optical-EM transform is not
needed, but instead a statistically driven determination is
possible. In general, this method yields reasonable diameter
estimates for the majority of wires surveyed, providing
diﬀraction-limited information. Additionally, by avoiding a
direct parametrization certain issues like device-substrate
photonic interactions, which are diﬃcult to resolve theoretically,28 can be incorporated into the transform.
Underlying this method is the assumption that an SiNW’s
scattering intensity scales monotonically with regard to NW
diameter. That is to say, that as SiNWs grow in diameter, they
scatter light more intensely (or at least as intensely). Without
this condition, the cumulative mapping function fails to pair

I(λ)norm =

I(λ)S − I(λ)bkg
I(λ)s,max

(1)

where I(λ)s,max is the maximum observed scattering intensity for
all wires within a sample population after background
subtraction. To construct the optical scattering intensity CDF
(Figure 3b), peak scattering intensity, I(λ)norm, were recorded
C
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for a representative portion of the SiNWs, providing an optical
population distribution. This allowed a transform from optical
scattering intensities I(λ)norm to population percentile.
To determine the underlying SiNW diameter population,
samples were imaged using transmission electron microscopy
(TEM), with micrographs taken at random, predetermined
locations prior to viewing to avoid biased sampling (Figure 3c).
TEM provided high-resolution images of the SiNWs with an
associated error of ±2.4 nm (∼2.0% error), with this
uncertainty arising primarily from small inconsistencies in the
SiNWs surface morphology formed during the synthetic growth
process, rather than imprecision in the measuring process.
Collectively, these micrographs were used to measure the
distribution of diameters present in the sample, and enabling
the construction of the corresponding inverse CDF (Figure
3d). This allowed a mapping from population percentile into
SiNW diameter. We note here that the samples measured in
this way need not be the exact wires imaged under DF (in fact,
this negates the point, as these wires could be imaged directly
under TEM to determine their diameter), but must be wires
from the same representative sample population. This enables
an independent characterization of the SiNWs, allowing the
wires to be optically imaged under conditions that are diﬃcult
to probe using electron microscopy, while still permitting a
precise determination of the NW’s diameter. In this way, this
method diﬀers from the exact transform, which would measure
the same wires under both techniques, but instead depends on
a statistical determination of the wire’s diameter. We also note
that, while TEM provides a mechanism for precisely measuring
resolution-limited data, this role could be served by other
methods, such as atomic force microscopy (AFM), or scanning
electron microscopy (SEM), as long as the inverse CDF can be
obtained.
Taken together, the optical CDF and the inverse NW
diameter CDF, allow the construction of a transform from
scatter intensity I(λ)norm to SiNW diameter (Figure 3e). To
enable a continuous mapping, the optical CDF and the inverse
NW diameter CDF were ﬁt using a piece-wise cubic polynomial
spline function (Figure S2). The resulting population-speciﬁc
transform was found to be relatively linear, showing only small
deviations before 40 nm and after 100 nm. To test this validity
of this method, individual wires were measured using both DF
and TEM techniques (Figure 4, Figure S3). The optical-EM
transform was then applied to the experimentally determined
optical scattering intensities to predict the SiNW diameters,
which were then compared to the experimentally measured
values obtained via TEM. To account for deviations in the
optical intensity proﬁle, both the mean and the mode of the
optical scatter intensity I(λ)norm distribution were determined
for each wire. This was achieved using a custom NIH ImageJ
script, which processed iterative line scans across the length of
each wire, incorporating multiple DF micrographs (Figure S4).
Comparing the TEM measured diameters to the predicted
values, the optical-EM transform introduced a systematic error,
which tended to on average under-predict SiNW diameters by
∼8.9 nm, forecasting smaller wires than were actually present.
This systematic error suggests that the optical population did
not correctly reﬂect the underlying diameter population;
speciﬁcally, smaller diameter wires were under-represented
optically. This result is well explained through Lorentz-Mie
scattering theory and will be discussed later in further detail.
After applying this correction factor, predicted wire diameters
were well correlated with experimental results (Figure 4b),

Figure 4. Verifying the Optical-EM transform. To evaluate the opticalEM transform, individual wires were evaluated, measuring their
scattering intensity and diameter. (a) Example wire’s scattering
intensity (left) using DF (inset, Scale bar 4 μm), and diameter using
TEM (right, Scale bar 50 nm). The Optical-EM transform was used to
predict the SiNW diameter (predicted diameter: 77.7 nm, measured
diameter: 79.8 nm). (b) Measured wire diameters compared to
optically predicted diameters (unity given as dashed line, error bars
given as the standard deviation of the transformed optical intensity).

showing on average only a 4.8 nm deviation from the measured
values (∼8.0% error in SiNW diameter). This demonstrates a
predictive capability that is well below the diﬀraction limit, with
measurements remaining reliable across a range of diameters
(between ∼25−125 nm). The uncertainty associated with an
individual SiNW’s diameter prediction was estimated using the
standard deviation of the transformed optical intensity
measurements (shown as error bars for Figure 4b), which
proved to be a reasonable estimate as the expected population
of TEM measured diameters fell within a single standard
deviation of the optically predicted values. Overall this
demonstrates that this method is capable of “breaking” the
optical resolution limit, given some prior information about the
sample population.
Before further employing this method, however, we need to
consider the maximum range over which we can make reliable
predictions. Furthermore, we must address the underlying
assumption that scattering intensity scales monotonically with
regard to nanowire diameter. To explore these topics, we have
turned to Lorentz-Mie scattering theory, which oﬀers some
insights into possible experimental limitations.
3.2. Calculations of Optical Scattering using LorentzMie theory. Lorentz-Mie theory oﬀers an analytical approach
to solving Maxwell’s equations for passive elastic light
scattering, and can be used to explore SiNW scattering
behavior.4 As the optical-EM transform uses the intensity of
D
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Figure 5. Mie scattering of silicon nanowires. (a) Schematic drawing of SiNW light scattering model for Mie theory calculations. Arrows indicates
the incident light angle, ξ, and the corresponding plane of the TE and TM ﬁelds, with α representing the ﬁeld of illumination. Calculated scattering
eﬃciencies Qsca of SiNWs for nonpolarized light at a normal (ξ = 90°) scattering angle in (b) air, (c) isopropyl alcohol (IPA), and (d) cytoplasm as a
function of wavelength λ and SiNW diameter D.

has been reported for nanowires,31 this represents the most
general case, and has been shown to be in good agreement with
experimentally observed SiNW spectra under darkﬁeld.4 The
eﬀective scattering, Qsca (ξ = 90°), was determined for the
transversal electric (TE) and transversal magnetic (TM) modes
of polarized light using the well-known expression (Figure
5a):4,17,32

scattered light to determine an SiNW’s diameter, it is this
measurement that we are most interested in. The intensity of
scattered light, (λ)norm, is proportional to the product of the
illuminating light intensity, S(λ), and the dimensionless unit
scattering eﬃciencies, Qsca, such that,
I(λ) ∝ S(λ) ·Q sca(D , λ)

(2)

with Qsca deﬁned as follows:
Q sca(D , λ) =

Csca
Ageo

Q sca,TE =

∞
⎤
2 ⎡⎢ 2
|a0| + 2 ∑ |ai|2 ⎥
⎥⎦
x ⎢⎣
i=1

(4)

Q sca , TM =

∞
⎤
2 ⎡⎢ 2
|b0| + 2 ∑ |bi|2 ⎥
⎥⎦
x ⎢⎣
i=1

(5)

(3)

where Csca is the eﬀective cross section of scattering, and Ageo is
the geometric cross section, with most materials assuming a
Qsca value between 0 and 1. For very small materials such as
SiNWs, whose geometric sizes are below the wavelength of
light, it is possible to have scattering eﬃciencies greater than
this, meaning that the scattering cross sections, Csca, is larger
than the geometrical area Ageo of the object (i.e., the material
can scatter light from an area larger than the material itself).
The scattering eﬃciency (Qsca) of SiNWs can be predicted
computationally using Lorentz-Mie theory, and is nonlinearly
dependent on the diameter (D) of the SiNW and on the
illuminating light’s incident angle (ξ), wavelength (λ), and
polarization. For this model, SiNWs were assumed to behave
optically as inﬁnitely long one-dimensional cylinders, with
calculations limited to illuminations perpendicular to the
nanowire’s long axis (ξ = 90°). While some angle dependence

where the expansion coeﬃcients (ai & bi) are given by
ai =

bi =

nJ̃ i (nx̃ )Ji′(x) − Ji′(nx̃ )Ji (x)
nJ̃ i (nx̃ )Hi(1) ′(x) − Ji′(nx̃ )Hi(1)(x)

Ji (nx̃ )Ji′(x) − nJ̃ i′(nx̃ )Ji (x)
Ji (nx̃ )Hi(1) ′(x) − nJ̃ i′(nx̃ )Hi(1)(x)

n ̃ = n + ik

x=
E

(6)

2π D
λ 2

(7)
(8)

(9)
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Figure 6. Experimental and predicted scattering eﬃciencies. Normalized Mie theory predicted scattering eﬃciencies, Qnsca, of SiNWs using LED
illumination in air (blue-line), IPA (red-line), and cytoplasmic ﬂuid (Green-line) as a function of SiNW diameter, D (left axis), superimposed with
the relative optical scattering intensity of experimentally measured SiNWs under IPA (Red-Dots, right axis). Horizontal (9 nm marker) suggests the
origin of the systematic error present in the optical transform. Sub 150 nm diameter wires show qualitative agreement between predictions and
experimentation.

ñ is the wavelength dependent complex refractive index, Ji is
the Bessel function of the ﬁrst kind of order i, and H1(i) is the
Hankel function of the ﬁrst kind of order i. For nonpolarized
light, the scatter eﬃciency Qsca,np is given by the expression
Qsca,np = (Qsca,TM + Qsca,TE)/2. Bulk silicon reference values for
the wavelength dependent complex refractive index, ñ, were
used33 and quantum conﬁnement eﬀects were ignored for the
present study. These are reasonable assumptions for the
majority of wires surveyed; however, they may be problematic
for smaller wires (d < 5 nm), as SiNW thickness can begin to
dominate optical properties.34 The inﬁnite sums of the Bessel
and Hankel functions were approximated analytically to the
10th order, as beyond this no appreciable changes were noted.
The scattering eﬃciencies Qsca were calculated for SiNWs in a
number of diﬀerent media, including air, isopropyl alcohol
(IPA), and cellular cytoplasmic ﬂuid (Figure 5b−d). For each
medium, a series of diﬀerent peak scattering eﬃciencies Qsca
were observed, with SiNW scattering eﬃciencies Qsca depending on both the wavelength (λ) and SiNW diameter. The
resulting scattering features were similar for both IPA and
cytoplasmic ﬂuid as they have a similar RI; however, these
diﬀered from the scattering predicted in air, with IPA and
cytoplamic ﬂuid’s displaying a distended scattering eﬃciency in
the (λ,d) plane, while air generally displayed sharper scattering
peaks between ∼50 nm to ∼150 nm in the visible regime.
Additionally, larger scattering eﬃciencies were predicted at
larger diameters under IPA and cytoplasmic ﬂuid than was true
in the air case and in each medium, for wavelengths smaller
than ∼350 nm, the scattering eﬃciencies Qsca did not show a
strong dependence on SiNW’s diameter.
Lorentz-Mie theory oﬀers some insight into SiNW scattering,
and can be used to examine the previously mentioned
underlying assumption that SiNW scattering intensity scales
monotonically with regard to NW diameter. Examining this in
the visible regime for a given wavelength, it can be seen that
multiple NW diameters show the same predicted scattering
eﬃciency (Figure S5). This suggests that light intensity, at least
for a given wavelength, is not a unique metric for determining
an SiNW’s diameter, and that larger SiNWs do not necessarily
scatter light most eﬃciently. Taken together, this means that
single wavelength light does not fulﬁll our monotonic
requirement for using the optical-EM transform.

However, with the exception of lasers, few light sources
illuminate over such a narrow range of wavelengths. Therefore,
a more reasonable prediction of the scattering intensity
observed under DF would take into account both the spectrum
of the illuminating lamp and the spectral sensitivity of the
detector. To incorporate these factors into our model, we
constructed a normalized scattering coeﬃcient, Qnsca, which
uses the wavelength dependent intensity of our ring LED
source (Figure S6) and the wavelength dependent quantum
eﬃciency of our recording device as weighting coeﬃcients (see
Supporting Information for more details). Summing these over
the spectral range of the illumination source and normalizing,
produced a more reasonable estimate of the expected light
scattering, Qnsca (Figure 6, left axis). Using this method,
Lorentz-Mie theory predicted scattering eﬃciencies were
compared to the experimentally determined relative optical
scattering intensities (Figure 6, right axis), with the maximum
observed scattering intensities (<150 nm) scaled to agree with
the maximum predicted Qnsca at ∼150 nm (see eq 2). For wires
with diameters under 150 nm, the predicted values were seen to
be in qualitative agreement with experimentally determined
values, with both showing similar scaling and a relatively
monotonic increase before ∼150 nm in IPA. This validates our
earlier approach, suggesting that the Optical-EM transform is
well founded in this size range. However, Lorentz-Mie theory
also tended to inﬂate scattering eﬃciencies, with a predicted
scattering peak at ∼60 nm in IPA, while experimentally
observed values show a more modest scaling in this regime.
This is likely the result substrate-SiNW interactions and of
assuming a ﬁxed angle (ξ = 90°), where a more complete
approach would incorporate the setup-dependent darkﬁeld
angle, integrating about the circle of illumination (α, Figure
5a); however, this is beyond the scope of the current paper.
Additionally, we noted some limitation in Lorentz-Mie
theory’s predictive power for larger diameter SiNWs. For larger
wires (between ∼260−300 nm), observed scattering intensities
signiﬁcantly out-scaled predicted values (Figure 7) (Scattering
intensities normalized to sub 150 nm population). This is the
result of an underlying assumption that the wires are embedded
in a uniform medium and therefore have minimal interaction
with the underlying substrate. For smaller wires whose resonant
modes are primarily conﬁned within the wire, this is a
reasonable approximation; however, as wires grow larger
F

DOI: 10.1021/acs.jpcc.5b10076
J. Phys. Chem. C XXXX, XXX, XXX−XXX

Article

The Journal of Physical Chemistry C

for monotonic scaling are satisﬁed for wires with diameters
under 150 nm in IPA.
Lorentz-Mie theory can also help explain why smaller wires
were under-represented in the initial optical-EM transform
predictions, leading to a systematic error and the need for a
correction factor. By examining the predicted scattering
eﬃciencies of very small wires (<9 nm, Figure 6, dashed
line), we can see that these wires showed negligible predicted
scattering eﬃciencies in IPA and cytosolic ﬂuid. This suggests
that smaller wires will not be observed appreciably using optical
techniques as compared to larger wires, resulting in the
previously mentioned population mismatch where smaller wires
were under-represented optically compared to the TEM
measured values. This threshold appears to occur near ∼10.0
nm, which is in good agreement with the experimentally
determined correction factor of 8.9 nm.
Before moving on, we note that the Lorentz-Mie theory
presented here represents a rapid analytical approach for
exploring SiNW optics and has been shown to be in good
agreement for multiple material systems including GaAs17 and
germanium29 nanowires; however more time-intensive numerical approaches, such as Finite-diﬀerence time-domain
(FDTD), can also be pursued to provide a more precise
theoretical model.18,35,36 Such approaches oﬀer the beneﬁt of
being able to model explicitly substrate nanowire interactions;
however, they can also be more time intensive to both
implement and run over a large spectral range. As our primary
goal in this manuscript was to establish the monotonic range
over which the optical-EM transform remains valid, the
Lorentz-Mie theory approach oﬀered a valuable tool for rapidly
assessing this under multiple conditions; however, those
seeking more rigorous theoretical agreement may consider
other models.
3.3. Intracellular Force Probes. Using this information,
we were able to extend the use of the optical-EM transform to
intracellular SiNWs, enabling a more precise determination of
forces in optically based SiNW intracellular force probes.
Mechanical forces play an important role in regulating cellular
behavior, providing cues for intra- and intercellular signaling.37,38 SiNW force probes are a promising class of material for
examining these processes, as they can be distributed in a druglike fashion, are relatively easy to implement, oﬀering the
potential for long-term continuous multiplexed force detection.25 Additionally, unlike other intracellular force probing
mechanisms, such as optical tweezers,39 and ﬂuorescent
molecular probes,40,41 SiNW force probes are resistant to
ﬂuorescent bleaching42 and localized photothermal heating,
both of which can limit experimental time-scales.43
While the reported probes can precisely predict relative force
changes,25 their ability to determine absolute forces was
hampered by the accuracy the SiNW diameter measurement,
as the force probes reported in this study are extremely
sensitive to NW diameters, with forces scaling to the fourth
power with respect to SiNW diameter. One way to resolve this
issue is using electron microscopy studies in conjunction with
these probes; however, such studies are time-consuming, and
are diﬃcult to link to speciﬁc probes within individual cells.
The optical-EM transform allows a route to circumvent this
requirement, as electron microscopy studies can be performed
in an ensemble fashion, using wires prepared from the same
sample, rather than the speciﬁc force probe itself, while still
allowing a precise determination of the NW’s diameter.

Figure 7. Large diameter SiNW scattering. Mie theory predicted
scattering eﬃciencies, Qnsca, in air (blue-line), IPA (red-line), and
cytoplasmic ﬂuid (green-line) (left axis), superimposed with
experimentally measured optical scattering intensity of larger diameter
SiNWs under IPA (red-dots, right axis). Mie theory fails to recapitulate
experimental values for larger SiNWs. (Relative optical intensities
scaled to agree with sub 150 nm population.)

these modes can extended noticeably beyond the boundary of
the wire, creating some discrepancy between experimentation
and theory.8 This shows, that while Lorentz-Mie scattering was
useful for understanding certain trends in optical scattering, its
application must be carefully considered for larger wires. This
mismatch between theory and experimentation justiﬁes our
experimentally based approach for determining the optical-EM
transform, rather than using a purely theoretical method to
produce the mapping function, as the experimental results do
not correspond directly with the theoretical model.
Despite these inconstancies, Lorentz-Mie theory oﬀers some
potential insight into understanding SiNW scattering. First, it
indicates potential ranges over which the optical-EM transform
can perform. For each imaging media, the predicted scattering
intensities actually decrease after a certain threshold diameter.
This indicates the range over which the optical-EM transform
can no longer be safely applied, as past this threshold scattering
intensity no longer scales monotonically. Second, Lorentz-Mie
theory also indicates the important role that imaging media
plays in optical scattering. In air, for instance, predicted
scattering eﬃciencies scale sharply between 0−40 nm before
reaching a maximum plateau, and then drop down again near
∼100 nm to a relatively consistent value. While this limits the
range of optical-EM transform to between ∼0−40 nm in air, it
also suggests that scattering intensity can be used as a very
sensitive marker for SiNW diameter in this regime. For IPA and
cytosolic ﬂuid, however, a much larger range is predicted,
showing a consistent increase in light scattering between ∼0−
150 nm. While there is slight dip between ∼54−84 nm, overall
this range is relatively monotonic, suggesting that SiNWs fulﬁll
this requirement under real world conditions. The values
reported here are speciﬁc to the LED ring illuminator used in
these experiments, which enabled the simultaneous monitoring
of both SiNWs and cellular systems. However, more traditional
blackbody irradiators (such as tungsten-cathode lamps) show
similar trends, (Figure S7), even predicting an extended
monotonic range of up to ∼230 nm in IPA. In this way,
Lorentz-Mie theory oﬀers some potential insights into diﬀerent
optical scattering conditions and conﬁrms that our conditions
G
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Figure 8. (a) Example SEPC image of a SiNW in the cellular microenvironment with the corresponding line scan taken over the region indicated in
red. (b) Cumulative distribution function (CDF) of the ensemble SiNW optical scattering intensity, with the associated population distribution
(inset). (c) Inverse CDF of the ensemble SiNW diameters as measured by TEM, with associated population distribution (inset). (d) Measured
optical scattering intensity of the kinked SiNW force probe, with associated SEPC micrograph. Scattering intensities collected over the highlighted
region of the sensor’s arm. (e) Optical-EM transform to determine the SiNW’s diameter (green), showing the superimposed intensity distribution
(blue, scaled as a PDF in blue), and the resulting uncertainty in SiNW diameter (superimposed in red, scaled as a PDF in red, precorrection factor).

phase contrast (SEPC).25 By monitoring the shape of SiNW
deformation, we were able to extract force information from the
probes, with nanowire bending modeled using the Euler−
Bernoulli equations for the deﬂection of a simple beam
supported under an asymmetric point load (Figure 2):

To test these probes, human aortic smooth muscle cells
(HASMCs) were selected as a model cell line, as contraction
can be easily induced using the hormone angiotension II
(Video S1). Kinked SiNW force probes were introduced 72 h
before force measurements, allowing cells time to internalize
the wires, and with samples monitored using scatter enhanced
H
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⎧ Pbx(L2 − b2 − x 2)
⎪
0≤x≤L−b
⎪
6LEI
dY (x) = ⎨
2
2
2
3
P(x − L + b)
⎪ Pbx(L − b − x )
+
L−b<x≤L
⎪
⎩
6LEI
6EI

(10)

where P is the force of the load, L is the length of the wire, b is
the distance of the point-load from the wire tip, and E and I are
the elastic Young’s modulus and the beams’ cross sectional
moment of inertia respectively (I = (5√3)/(144)D4). The
KSiNWs growth direction was primarily ⟨112⟩ and with a
Young’s modulus of 169 GPa.44,45 While cytoskeletal imaging
suggests that the force is distributed over the nanowire, a point
load acts as a good approximation for the total sum of forces
and accounts for asymmetries in the force distribution.25 The
point load location b was determined on a frame-by-frame basis
using the relationship:
b=

2
L2 − 3xmax

Figure 9. SiNWs as Intracellular Force Probes. (a) SEPC micrograph
of a kinked SiNW force probe internalized in a HASMC, with
schematic diagram showing SiNW force model (inset). (b) Single
frame example of SiNW force ﬁtting data. (Red, SiNW coordinates;
green, averaged center; blue, force ﬁtting data; blue arrow, position of
force load). (c) Intracellular force over time, during angiotensininduced muscle contraction.

(11)

where xmax is the x coordinate of maximum deﬂection (Figure
2). xmax was determined using a 10-point moving average to
smooth the raw SiNW coordiantes.46 Fitting for the load
parameter P, forces were measured using a least-squares
regression of eq 10.
To precisely measure intracellular forces, the probe’s
diameter was determined using the optical-EM transform to
convert optical intensity measurements into diameter information. The intracellular optical-EM transform was constructed
for force probes in an analogous fashion to those previously
mentioned (Figure 8), with the ensemble optical measurements
obtained using an internal control model (Figure 8a) (i.e., other
wires present within the sample solution), mitigating the eﬀects
of cellular exposure on the optical scattering proﬁle. Control
samples were imaged immediately after force measurements,
using the same incident light intensity and exposure conditions.
The intracellular optical-EM transform was then applied to the
optical scattering recorded from the individual probe, yielding a
mode diameter prediction of 27.7 ± 3.2 nm (Figure S8) (error
given as the standard deviation of the transformed scattering
intensity measurements). Using this diameter, the Euler−
Bernoulli equations were found to be in good agreement with
experimental determined optical deformations (Figure 9b),
with HASMCs showing optimal contraction times around ∼30
min, and maximum predicted force peaks on the order of 171
pN (Figure 9c).
The use of the optical-EM transform enabled an estimate of
uncertainty present in these force measurements. Using the
distribution of possible NW diameters, an example frame
(Figure 9b) was reﬁt using the modiﬁed SiNW diameter and
the respective values for the cross sectional moment of inertia I.
This yielded a range of possible force measurements that could
be observed (Figure 10), estimating a standard deviation of
±102 pN, or an error of ∼59%. While this is larger than the
∼10% error values reported using magnetic tweezers,47 this
represents a substantial decrease in the error associated with
this type of measurement using the base force probe’s diameter
distribution. Although the standard deviation of the default
growth sample was only ∼10 nm, this corresponds to standard
deviation in force measurements of ∼12 672 pN (Figure S9).
As a result, the optical-EM transform yields a more than 100fold increase in the accuracy of these force measurements,
marking this a substantial improvement, and demonstrating the

Figure 10. Uncertainty in force measurements. Uncertainty in force
measurements determined by ﬁtting an example frame using the
distribution of possible SiNW diameters determined by the optical-EM
transform (mode: 171 pN, mean: 230 pN, standard deviation: 104
pN).

power of the optical-EM transform in addressing practical
biomaterial applications.

4. CONCLUSIONS
A scalable method to optically determine SiNW diameters
based on their scattering intensity and ensemble diameter
measurements has been presented. This method allows for the
determination of a sample’s diameter within an accuracy of a
few nanometers, providing diﬀraction-limited information, with
an associated error of less than 10%. Although the models
presented here are speciﬁc to silicon-based devices, we believe
that this method could be easily implemented in other
nanomaterials, such as germanium and silver nanowires, and
that Lorentz-Mie theory oﬀers a powerful tool for understanding how light scattering scales in these systems as a ﬁrstapproximation. By using this method for in situ intracellular
optical force probes, we have shown how this technique can
help provide resolution-limited information in situations where
it might otherwise be challenging to obtain directly, and how
such techniques can be important for studying the bionano
interface. Finally, we believe that this method has substantial
promise for use with SiNW based optoelectronic devices such
as sensors, photovoltaics, and photodetectors. By enabling a
quick determination of an NW’s diameter, this work could be a
substantial boon for large-scale quality assurance and device
calibration eﬀorts.
I
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(42) Marawske, S.; Dörr, D.; Schmitz, D.; Koslowski, A.; Lu, Y.;
Ritter, H.; Thiel, W.; Seidel, C. a M.; Kühnemuth, R. Fluorophores as
Optical Sensors for Local Forces. ChemPhysChem 2009, 10, 2041−
2048.
(43) Neuman, K. C.; Chadd, E. H.; Liou, G. F.; Bergman, K.; Block,
S. M. Characterization of Photodamage to Escherichia Coli in Optical
Traps. Biophys. J. 1999, 77 (5), 2856−2863.
(44) Sohn, Y.-S.; Park, J.; Yoon, G.; Song, J.; Jee, S.-W.; Lee, J.-H.;
Na, S.; Kwon, T.; Eom, K. Mechanical Properties of Silicon
Nanowires. Nanoscale Res. Lett. 2010, 5 (1), 211−216.
(45) San Paulo, a.; Bokor, J.; Howe, R. T.; He, R.; Yang, P.; Gao, D.;
Carraro, C.; Maboudian, R. Mechanical Elasticity of Single and Double
Clamped Silicon Nanobeams Fabricated by the Vapor-Liquid-Solid
Method. Appl. Phys. Lett. 2005, 87 (5), 053111.
(46) Qin, Q.; Zhu, Y. Static Friction between Silicon Nanowires and
Elastomeric Substrates. ACS Nano 2011, 5 (9), 7404−7410.
(47) te Velthuis, A. J. W.; Kerssemakers, J. W. J.; Lipfert, J.; Dekker,
N. H. Quantitative Guidelines for Force Calibration through Spectral
Analysis of Magnetic Tweezers Data. Biophys. J. 2010, 99 (4), 1292−
1302.

K

DOI: 10.1021/acs.jpcc.5b10076
J. Phys. Chem. C XXXX, XXX, XXX−XXX

