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ry mode resonators in continuous
flow: spectral assignments and sensing with
monodisperse microspheres†

Bryan C. Paulus, Jenny K. Banh, Kirk D. Rector, Benjamin W. Stein
and Laura M. Lilley *

Whispering gallery mode resonator (WGMR) microspheres yield highly structured optical spectra that are

extremely sensitive to their environment and are of intense interest for use in a variety of sensing

applications. Many efforts to leverage the unique sensitivities of WGMRs have relied on stringent

experimental requirements to correlate specific spectral shifts/changes to an analyte/stimulus such as (1)

precise positional knowledge, (2) reference spectra for each microsphere, and (3) high mechanical

stability. Consequently, these factors can hinder adequate mixing or incorporation of analytes and can

create challenges for remote sensing. This work describes a continuous flow technique for measuring

whispering gallery mode (WGM) spectra of dye-doped microspheres suspended in solution and an

accompanying analysis scheme that can extract the local refractive index without a priori knowledge of

the microsphere size and position and without a reference spectrum. This measurement technique and

analysis scheme was shown to accurately measure the refractive index of a range of alcohol and saline

solutions down to a few thousandths of a refractive index unit (RIU). Additionally, a spectral clustering

algorithm was applied to the fit results of two batches of microspheres suspended in water and was able

to accurately assign spectra back to either batch of microspheres.
Introduction

Optical sensors have become an integral part of modern society,
from raw materials production to bre-optic communication.
Driven by the need for miniaturized devices, many advances in
optical sensing are focused on ways to amplify output signal as
a function of input light. Microspherical whispering gallery
mode resonators (WGMR) are a promising (and partially real-
ized)1 technology for optical sensors. Trapping light within their
spherical cavities via total internal reection produces intense,
sharp resonances—whispering gallery modes (WGMs)—that are
highly sensitive to the resonator morphology and the contrast in
refractive index between them and their environment.2 The
outstanding sensitivity of WGMRs to chemical environment has
been exploited for a variety of chemical3,4 and biological5–8

sensing applications. Further, they have been exploited to
monitor a variety physical parameters including temperature9,10

and pressure.11,12Many of these applications require that light is
coupled directly into the resonator via a precisely aligned bre
taper such that spectra can be acquired both before and aer
the stimuli have been applied (referencing). This experimentally
, New Mexico 87545, USA. E-mail: lilley@

mation (ESI) available. See

–1697
constrains WGM measurements by necessitating (1) high
mechanical stability of the system to prevent movement of the
light-coupling bre taper and (2) the ability to retrace the
location of specic WGMRs. These requirements make it chal-
lenging to adequately and efficiently incorporate the desired
analyte onto theWGMR substrate andmeans that the user must
have enough technical prociency to correct nicky bre
alignment extempore. Alternatively, doping microspheres with
a broadly emitting dye that can couple into WGMs offers
numerous advantages. Dye mediated excitation removes many
of the technical barriers inherent to bre coupled systems while
allowing for more efficient mixing of analyte and substrate.
Furthermore, the easily excited dye opens the door for remote
sensing.

Towards this end, there have been several studies seeking to
leverage dye-doped microspheres (active resonators) for sensing
applications. With knowledge of the size distribution of a batch
of commercial microspheres, Zijlstra et al.13 were able to use
active WGMRs for refractometry without knowing the size of
individual microspheres. However, some aspects of their anal-
ysis scheme rely on having a narrow size distribution, a quality
not necessarily shared amongst all batches of WGMR micro-
spheres. Weller et al.14 were able to determine the size of indi-
vidual microspheres directly from their spectra but only when
the microspheres were in air and they were not able to perform
refractometry at the same time. Pang et al.15 utilized an
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Pictorial representation of experimental apparatus and 8 or 10
mm WGMs used. A suspension of microspheres is driven through
a glass capillary tube by a peristaltic pump while being irradiated by
a CW laser directed through a 20� objective via a dichroic mirror (DC).
Emission is collected by the objective and the residual light from the
excitation beam is removed by the DC and a long pass filter (LP) prior
to entry into the spectrometer. * NOT drawn to scale.
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approach whereby shis inWGMs of individual resonators were
referenced against resonance frequencies in solutions of known
refractive index. Consequently, this requires that each sphere
position remain traceable from one solution to the next.
Perhaps most similar to the efforts described herein, Allen and
co-workers have developed a reference-free analysis scheme for
WGM spectra collected in free owing solution7,8 or alongside
a ow cytometry setup.16 In their analysis scheme, the entirety of
the observed WGM spectral prole over a xed wavelength
region is compared to predicted spectra obtained from Chew's
formalism of Mie theory.17,18 The technique described therein
was successful both at identifying the refractive indices of
various alcohol solutions and discriminating between biolog-
ical analyte absorption and changes to the homogenous
refractive index. However, the use of an areamatching approach
for spectral analysis means the t results are sensitive to noise
in the data and imperfections in the isolation of WGMs from
the background emission spectrum.

Herein, we demonstrate a reference-free, continuous ow
WGM measurement technique that is performed on free-ow-
ing suspensions of microspheres in a range of solutions and
highlight an analysis scheme whereby both individual micro-
spheres and their surrounding environment can be character-
ized simultaneously without a priori knowledge of individual
microsphere size or their size distribution. Further, we illustrate
that microspheres of multiple types can be identied and
characterized concurrently.

Methods
Continuous ow apparatus and sample measurements

Emission spectra were acquired with a WITec Alpha 300R
Raman microscope using the 532 nm laser line from a doubled
Nd:Yag WITec laser bre coupled through a Zeiss EC Epiplan
20� 0.4 NA objective. The resulting luminescence was collected
by the objective in reection geometry and delivered through
a 100 mm bre to a WITec UHTS300 spectrometer. The signal
light was dispersed with a 600 gmm�1 500 nm blaze grating and
recorded with an Andor Newton CCD camera thermoelectrically
cooled to �60 �C. The instrument was controlled with WITec
Control soware v1.6 and saved to a standard personal
computer. A small quantity of nominally 8 mm diameter poly-
styrene microspheres (Duke Scientic cat no. 36-3) or 10 mm
polystyrene carboxylated microspheres (Spherotech cat no. CFP-
10056-2) was suspended in a liquid of interest, loaded into a 100
mL borosilicate glass capillary tube (Corning cat no. 7099-S), and
placed under the microscope objective. The sample was irradi-
ated with roughly 10mW of the 532 nm laser that was defocused
enough to cover the entire cross-section of the capillary tube.
The liquid suspension was drawn through the capillary tube via
a peristaltic pump (ISAMATIC MCP) with a ow rate of 39.6 mL
min�1 as spectra were acquired with 500 ms exposure times. A
diagram of the experimental setup is shown in Fig. 1.

Under optimal conditions that accounts for both the ow
rate and exposure time, this continuous ow method can easily
acquire �30 useable, unique spectra in roughly three minutes.
When there is a low contrast in the refractive indices of the
This journal is © The Royal Society of Chemistry 2022
sphere material and its surroundings, however, there can be
a signicant quenching of the WGM intensity, making it more
difficult to collect high quality spectra. Regardless, this method
is considerably faster than nding an equivalent number of
useable individual spheres sequentially by hand on a micro-
scope slide. Since measurements are taken continuously,
regardless of whether or not microsphere emission is being
captured, adequate data processing schemes are needed to both
parse out only the more useful data slices and prepare them for
detailed analysis.

Data pre-processing

All data processing and analyses were performed in MATLAB
soware version 2020b on a personal computer. Once the data
were uploaded, any baseline offset was removed by subtracting
the average of the rst 30 pixels in the spectral region blocked
by the long pass lter and the data were processed using
a Whittaker smoothing algorithm19 to reduce noise. Next, an
initial data rejection step was implemented that discarded data
which have a smoothed 2nd derivative with peaks below
a certain specied, instrument dependent threshold magni-
tude. This removes spectra that are smooth and totally devoid of
visible, sharp WGM resonances. Following data rejection,
endpoints were automatically selected as the rst point on each
side of the spectrum that lay above a specied threshold value
which should be optimized for the particular instrument in use.
Next, an asymmetric least squares (AsLS) Whittaker smoothing
algorithm20 was employed to t the background emission
spectrum that consists of any emission that is not coupled to
WGMs. To perform this procedure, a Whittaker smoothing
Anal. Methods, 2022, 14, 1690–1697 | 1691
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operation is rst applied to the data according to eqn (1). Here, y
and z are both column vectors containing the initial and
smoothed data.

z ¼ (W + lDTD)�1Wy (1)

The data weight matrix, W, is a square diagonal matrix
containing the weight of each data point, wi, along the diagonal.
Initially, each wi are set to one.

D ¼

2
666664
1 �2 1 0 / 0 0 0

0 1 �2 1 / 0 0 0

« « « « ⋱ « « «
0 0 0 / / 1 �2 1

3
777775 (2)

The second order difference matrix, D, is shown in eqn (2).
Finally, l is a scalar smoothing parameter that adjusts the
balance between how smooth the resulting prole is and how
closely it resembles the original data. In this work, l was set to
10 000. Once the smoothed prole has been generated, the data
weights were redened using an asymmetry parameter, p, as
shown in eqn (3). Generally, it is recommended to set p between
0.001 and 0.1.20 In this work, p was set to 0.001.

wi ¼
(

p; yi . zi
1� p yi # zi

(3)

Eqn (1) was then solved again to acquire a new baseline, z.
This process was repeated until the baseline stops changing
(typically aer around 10 iterations) or a set number of itera-
tions (50) have completed. The baseline was subsequently
subtracted from the total emission spectrum to isolate just the
WGMs of interest. Each WGM was then rescaled by dividing by
the newly found baseline. An example of this procedure is
shown in Fig. 2.

In some instances, a single microsphere would linger in the
detection region resulting in multiple acquisitions of the same
Fig. 2 (a) Illustration of the AsLS Whittaker smoothing baseline correctio
are redefined and used to smooth the data again. This process is perfo
curves) stops changing. (b) Final baseline (green) alongside raw data (blac
to each, individual spectrum measured in flow.

1692 | Anal. Methods, 2022, 14, 1690–1697
spectrum. To identify these scenarios, the spectral similarity of
each of the baseline corrected spectra were assessed via two
methods: an area based metric commonly used for matching
Raman spectra called the hit quality index (HQI)21 and a metric
based on peak locations similar to an algorithm developed by
Hansen and Smedsgaard,22 here referred to as the peak prox-
imity index (PPI). Details of both similarity indices are included
in the ESI.† The remaining WGM spectra were inspected with
the aid of the HQI and PPI indices and a set of spectra was
selected to save and further analyse. In the case where micro-
spheres are stuck to the glass capillary tube in the detection
region, the tube was either ushed with neat solvent or replaced
with a clean tube.

Spectral tting

A spectral tting program written inMATLAB was used to assign
peaks in the WGM spectrum to rst order transverse electric
(TE) or transverse magnetic (TM) modes. WGM resonances were
labelled according to associated quantum numbers, l and i that
determine their nodal structure, where l, the angular quantum
number, determines how many angular nodes appear in the
wave function around the circumference of the spherical reso-
nator, and i, the radial quantum number, determines the
number of radial nodes in the WGM wave function. In this
work, only the most intense, rst order (i ¼ 1), modes were t.
From Mie theory, WGM resonance frequencies can be deter-
mined from a power series of n�1/3 (with n ¼ l + 1/2) as seen in
eqn (4):15,23

nsxl
i ¼ nþ ai

21=3
n1=3 � mpffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2 � 1
p þ 3ai

10� 22=3
n�1=3

þ
m3p

�
2p2

3
� 1

�
ai

21=3ðm2 � 1Þ3=2
n�2=3 (4)

where xl
i¼ 2pa/l is the dimensionless size parameter of a mode

with angular quantum number l and radial quantum number i;
a and l are the sphere radius and the vacuum wavelength,
respectively; m ¼ ns/ne, the contrast ratio is the ratio of the
n process. The data (black) is first smoothed and then the data weights
rmed iteratively until the smoothed baseline (red, orange, and green
k). (c) Baseline corrected spectrum. This processing scheme is applied

This journal is © The Royal Society of Chemistry 2022
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refractive indices of the spherical resonator and its environ-
ment, respectively; ai is the i

th root of the Airy function; and p ¼
1 for TE modes and p ¼ 1/m2 for TM modes.

In general, the size and refractive indices of the spherical
resonator and their surroundings cannot be explicitly solved for
using eqn (4). Instead, the contrast ratio and the product of the
resonator size and refractive index are attainable. If any of a, ns,
or ne are known, however, the other two can be readily solved
for. Thus, by calibrating against a solution of known refractive
index, both the size and refractive index of individual micro-
spheres can be discerned. In this work, �8 mm diameter dye-
doped (Nile red) polystyrene microspheres from Duke Scientic
(cat. no. 36-3) were calibrated against 18 MU deionized water (ne
¼ 1.3324 at 589 nm)24 to determine an effective ns for this batch
of spheres that could be used to parse out a and ne in future
samples. It should be noted that the refractive index of
a substance is inherently wavelength dependent, yet in this
work a single value for the spherical resonator, the solution that
it is suspended in, and the contrast ratio between those two
quantities was used. Since the refractive index of the sphere
material was referenced against the refractive index of water at
589 nm (the sodium D line), all further refractive indices
Fig. 3 Example of the spectral fitting program applied to an emission spec
water. (a) The number of peaks matched for each (a, ne) pair, where a is th
spectra were first evaluated over radii ranging from 3–4 mm, contained in
region, the range of radii evaluated was shifted to higher values as shown
a satisfactory number of peaks werematched for an (a, ne) pair in this regio
the black dashed rectangle. (b, top) The error evaluated for each (a, ne) pai
the most matched peaks should be considered. (b, bottom) A zoomed in
WGM assignments resulting from the optimization scheme depicted in p

This journal is © The Royal Society of Chemistry 2022
obtained were reported against their literature values at 589 nm.
The choice of reference wavelength, however, is arbitrary.

Since the refractive index of an unknown solution or the
exact size of individual microspheres generating the WGM
spectra are not known a priori, the rst step to extracting rele-
vant information from their spectra was to assign resonances to
a particular mode type (i.e., TE or TM) and to their corre-
sponding angular quantum number, l. To accomplish this, the
position of each resonance was simulated for a range of l across
an initial grid of sphere radii and plausible contrast ratios for
a specied ns. Separately, the peaks in the experimental spec-
trum were located using a peak nding algorithm developed for
MATLAB by Yoder.25 The predicted peaks were then uniquely
matched to the observed peaks in the experimental spectrum
(i.e. each peak in the observed spectrummay only bematched to
a single peak in the predicted spectrum) to within a specied
tolerance (2 nm in this study). The quality of the assignments
were then judged by both the number of peaks from the
experimental spectrum that could be matched and the error as
dened by the sum of the square of the differences in their peak
locations in nanometres. The set of (a, ne) pairs that yielded the
highest number of matched peaks was searched for the lowest
trum collected from a polystyrene bead suspended in 18MU deionized
e sphere radius and ne is the refractive index of the medium. Predicted
the red dashed rectangle. Since fit conditions were not satisfied in this
in the red dashed rectangle on the right-hand side of the figure. Since
n, a final set of radii were evaluated in the surrounding region shown by
r. When deciding the best fit, only the error of the set of points that yield
error profile around the region of best fit. (c) TE (turquoise) and TM (red)
anels a–c.

Anal. Methods, 2022, 14, 1690–1697 | 1693
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error to assign the best t for that grid of radii and contrast
ratios. If either a specied number of peaks were not yet
matched or the error was above a specied threshold, the
process was repeated over a new grid of (a, ne) pairs in which the
new set of a searched over contained larger radii. This process
was continued until an optimum (a, ne) pair was found that
matched a sufficient number of peaks. From this point, a new,
smaller range of a with ner point density were searched
surrounding the previous optimum value and the resulting set
of quantum numbers and their associated (a, ne) ordered pair
was then fed into a non-linear solver to obtain a more rened
radius and environmental refractive index. When the type of
spheres under investigation and their RI was not known,
a similar tting procedure was performed to search instead for
the resonator RI and radius product and the contrast ratio. In
the latter case, the RI of the sphere material was not used as an
input (Fig. 3).

Spectral clustering

Spectral clustering of the t results was performed on data
separately collected on two batches of microspheres (Duke
Scientic cat no. 36-3 and Spherotech cat no. CFP-10056-2).
Clustering was performed in a homebuilt MATLAB program
based on the number of shared nearest neighbours spectral
clustering (SC-nSNN) algorithm developed by Ye and Sakurai.26

Broadly speaking, the goal of spectral clustering is to reduce
the dimensionality of data by partitioning a set of n data points
X ¼ {x1, x2,., xn} of arbitrary dimensionality into K clusters. To
achieve this, a similarity graph of the data was rst generated
that depicts nodes (the data) and edges that connect them
based on how similar they are. The similarity graph was then
used to generate matrices that encode the connectivity of each
data point and the corresponding eigenvalues and eigenvectors
were used to identify clustering. In this work, data was clustered
based on their (ns � a, m) ordered pairs. This algorithm rst
constructs a similarity matrix, S, based on the set of shared
nearest neighbours of each pair of points, with a Euclidean
distance metric. In simple terms, it measures the distance “the
way the crow ies” between points. For Ni, the set of nearest
neighbours of point xi that does not contain the point xi, let Ni

X Nj be dened as shown in eqn (5) where x0ij represents either
xi as a nearest

NiXNj ¼
(
NiXNjW

�
x
0
ij

�
xi4xj ;

NiXNj otherwise;
(5)

neighbour of xj or vice versa. From this, the pairwise similarity sij
comprising the similarity matrix, S, can be dened as shown in
eqn (6) where k is the maximum whole number of nearest

sij ¼
8<
:

��NiXNj

��
k

isj

0 i ¼ j

(6)

neighbours allowed in the directed k-nearest neighbour graph.
Generally, k should be chosen to t the needs of the data being
clustered. In this work, the clustering performance was
assessed over a range of k (Fig. S3†). Next, the weighted
1694 | Anal. Methods, 2022, 14, 1690–1697
adjacency matrix D, an n � n diagonal matrix with diagonal

elements di ¼
Xn
j¼1

sij, was used to construct the symmetric

normalized graph Laplacian matrix, L, as dened in eqn (7).

L ¼ D�1/2(D � S)D�1/2 (7)

The rst K eigenvectors of L were then calculated and used to
form the matrix V ¼ (vij)n�K with each eigenvector as a column.
Each row of V was then normalized and represented as a point
in RK-space. The set of these K-tuples were clustered into K
groups according to the K-means method27 and each data point
xi was ascribed to the same cluster as the ith row of V.
Results and discussion
Automatic baseline correction

An example of the automatic baseline correction algorithm used
in this study can be seen in Fig. 2. This automated method is
quick enough to process hundreds of spectra in roughly one
second and can be written in just a few lines of MATLAB code.
Furthermore, it reproduces the emission spectrum of the
uncoupled dye. Thus, since the intensity of a WGM is propor-
tional to the intensity of the incident light, the reproduction of
the baseline emission spectrum allows one to rescale the WGM
intensities by the magnitude of the emission spectrum so that
their intensity is relatively constant across the measured spec-
tral range, which is helpful for further analyses that involve
peak tting or peak nding. Moreover, this method has the
added benet that it does not rely on any mathematical model
for describing the complex shape of an emission spectrum. It
thus avoids the unnecessary complexities of functions meant
for modelling arbitrary emission envelopes and removes the
need to model with functions that are not physically relevant.
Refractive index sensing

Whispering gallery modes are sensitive to the resonator's size,
shape, and refractive index, and the refractive index of the
surrounding media.28 While it can be helpful to leverage these
sensitivities in a number of different ways, ultimately, most
sensing applications of WGMRs rely on principles of refrac-
tometry.28 Here, we illustrate the capacity of continuous ow
WGM measurements to detect the refractive indices of a range
of saline and alcohol solutions.

Typical refractive index sensing results obtained using the
methods outlined in this paper can be seen in Table 1. Each
experimental refractive index is within a few thousandths of
a RIU of the corresponding literature value measured at 589
nm.24,29–32 It should be noted that the refractive index of
a material is inherently wavelength dependent, with the
refractive indices of some of the materials measured in this
study varying by as much as a hundredth of a RIU over the
wavelength range monitored in this work (�540–700 nm).
Despite this, the observed effective ne are in good agreement
with values for RI of the studied solutions found in the litera-
ture. It is likely that the precision of these measurements could
This journal is © The Royal Society of Chemistry 2022
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Table 1 Typical refractive index results obtained from �8 mm poly-
styrene microspheres in a range of alcohol and saline solutions when
using continuous flow WGM measurements and the associated pro-
cessing and analysis schemes outlined in this paper. Measured values
are compared to literature as a percent deviation. Standard deviations
of the observed measurements of at least 20 spheres are reported in
parentheses

Solution type ne,obs ne,lit % deviation References

H2O 1.332 (0.009) 1.332 0.0 24
MeOH 1.338 (0.009) 1.331 0.5 29
EtOH 1.362 (0.010) 1.362 0.0 30
iPrOH 1.374 (0.008) 1.377 0.2 31
13% NaCl(aq) 1.357 (0.008) 1.357 0.0 32
21% NaCl(aq) 1.369 (0.011) 1.370 0.1 32
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be improved further by taking the inherent wavelength depen-
dence of the refractive index of materials into account, such as
by incorporating a Cauchy33,34 or Sellmeier35 relationship into
the tting process, however this is beyond the scope of this
paper. Additionally, while it is ideal to t across as many peaks
as possible, the spectral tting algorithm employed here works
with even a small number of visible peaks. Consequently, this
means that even lower quality data that have only a few
observable WGMs or spectra that have contributions frommore
than one microsphere can still be leveraged to obtain useful
information. In contrast, these features are likely to prevent
analogous area matching algorithms7,8,16 from performing well.
Additionally, the ability to obtain information from spectra
which arise from multiple WGMRs allows one to use a wide
range of microsphere concentrations which is attractive for
studying real world samples. Furthermore, coupled with the
simple, affordable, and easily replaceable array of ow cell
components described in this work, the ability to measure and
analyse samples of high WGMR concentrations provides an
important advantage over similar continuous ow methods
utilizing ow cytometers16 which can be irreversibly damaged by
using high concentration samples that tend to form large
aggregates.
Microsphere identication and characterization

While WGM spectra are highly sensitive to the environment of
the resonator, they are dependent on properties of the resonator
itself and can thus provide valuable information on theWGMRs
under study. This can be leveraged to identify and assign
WGMRs to specic batches based on their emission spectra and
lends utility towards tracking and tracing applications. We
illustrate the utility of this here by comparing t results on two
batches of dye-doped microspheres: �8 mm diameter poly-
styrene spheres (Duke Scientic cat. no. 36-3) and �10 mm
diameter polystyrene carboxylated spheres (Spherotech cat no.
CFP-10056-2). Solutions containing a single type of sphere were
used to collect WGM spectra and analysed as described vide
supra to extract a set of (ns � a,m) ordered pairs for each type of
sphere. It should be noted that while in principle, these spheres
can be present in the same sample, we use separate solutions
This journal is © The Royal Society of Chemistry 2022
here to assess the quality of the sphere identication analysis.
As can be seen in Fig. 4a, the t results for each sphere type are
not well separated, in part due to the relatively broad size
distribution of the nominally 8 mm diameter unfunctionalized
spheres, thus presenting a challenging exercise for microsphere
identication using spectral tting in conjunction with shared
nearest neighbour spectral clustering (SC-nSNN).26

Although we know a priori that there are two types of
microspheres present, we can use the eigengap heuristic to
identify how many clusters are readily identiable to the clus-
tering algorithm.36 In the eigengap heuristic, the goal is to
choose the number of clusters, K, such that eigenvalues l1, .,
lK are close to zero but lK+1 is relatively large. The magnitude of
these eigenvalues are dependent on characteristics of the data
(i.e. the point density within a cluster as well as intercluster
separation) and the number of nearest neighbours searched for
when constructing the similarity graph, both of which deter-
mine the overall connectivity of the data.36,37 Thus, varying the
number of nearest neighbours, k, searched for when con-
structing the similarity graph allows one to optimize the clus-
tering performance. Fig. S3† shows a plot of the eigenvalue l2

and the l3 � l2 eigengap across a range of k when performing
the SC-nSNN algorithm on the data shown in Fig. 4a. We see
that while the second eigenvalue is close to zero for each value
of k ˛ [2,20] nearest neighbours, the l3 � l2 eigengap becomes
larger and larger – a sign that intracluster connectivity is
increasing while intercluster connectivity remains low. In this
region, we begin to see nonzero l3 � l2 eigengaps when k is
between 5 and 20, suggesting that the spectral clustering algo-
rithm identies two main clusters in this region. As k is
increased further, the capacity for intracluster connectivity
becomes exhausted because there are simply too few data
points to connect. Consequently, the intercluster connectivity
increases and each cluster becomes less dened. This manifests
in larger l2 � l1 eigengaps and the clustering program effec-
tively identifying only a single large cluster from the data. Thus,
we can restrict our attempts at cluster identication to using
smaller numbers of nearest neighbours, k, in the region from 5–
20.

The results of SC-nSNN clustering using k ¼ 5 nearest
neighbours is shown in Fig. 4. A quick visual comparison of the
color-coded t results for each sphere type (Fig. 4a) and the
spectral clusters identied by the SC-nSNN algorithm (Fig. 4d)
shows that both sphere types can successfully be clustered and
identied. Further, since the true identity of each sphere is
known, we can quantitatively assess the clustering performance
by calculating the normalized mutual information (NMI),
a common metric for clustering performance.26,38 A detailed
description of the NMI can be found in the ESI.† The NMI index
has a range from 0 to 100% with 100% indicating perfect
clustering performance. For the data set and clustering shown
in Fig. 4a and d, only three out of the total 67 data points are
miss assigned, yielding and NMI of 73.8%. Furthermore, we see
good agreement in the ns � radius product and contrast ratio
distributions for the known clusters of �8 and 10 mm micro-
spheres and the clusters determined by the SC-nSNN algorithm
(Table 2). The ndings of the SC-nSNN algorithm are also quite
Anal. Methods, 2022, 14, 1690–1697 | 1695
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Fig. 4 (a) Representative (ns � a,m) pairs from data collected on two batches of microspheres with nominal �4 (red) and �5 mm (blue) radii. (b)
Similarity graph showing the 5 nearest neighbours of each point. (c) Plot of eigenvalues generated using SC-nSNN spectral clustering program.
(d) Two most prominent data clusters as denoted using SC-nSNN spectral clustering program. The yellow �marks the centroid of each cluster.

Table 2 Comparison of ns � radius product and contrast ratio distri-
butions for the true �8 and 10 mm sphere clusters and the clusters
identified by the SC-nSNN algorithm

Cluster Cluster size
ns � radius
(RIU � mm) Contrast ratio

Duke spheres 37 7.2 � 0.6 1.162 � 0.006
Spherotech spheres 30 8.4 � 0.3 1.170 � 0.012
SC-nSNN cluster 1 31 8.5 � 0.1 1.170 � 0.012
SC-nSNN cluster 2 36 7.1 � 0.5 1.162 � 0.006
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robust, showing similar results when k is varied from 5–20
nearest neighbours (Fig. S3†).
Conclusions

Here, we describe a continuous ow method for measuring
spectra of dye-doped WGMRs and an accompanying analysis
scheme was shown to accurately identify the refractive index of
an array of alcohol and saline solutions down to within a few
thousandths of a refractive index unit. By using a capillary tube
as the ow cell, we have developed an efficient method for
handling high-consequence or complex samples that does not
require monodisperse microsphere solutions (overcoming
a common issue with these types of measurements). This
1696 | Anal. Methods, 2022, 14, 1690–1697
reference-free method allows us to extract useful information
from free-owing WGMRs in solution without a priori knowl-
edge of the individual resonator sizes or their distribution, even
when the spectra are of low quality. Given the ellipticity of the
spheres used herein, we achieve lower apparent Q-factors and
broader apparent peaks than other WGM detection methodol-
ogies. This, coupled with the indiscriminate excitation of the
WGMs along multiple planes of the microsphere in dye-doped
uorescent resonators means that non-degenerate polar modes
of elliptical microspheres remain unresolved in our experi-
ments. However, by using the SC-nSNN clustering algorithm,
spectral tting results acquired from two batches of micro-
spheres were clustered and accurately assigned to each batch of
microspheres. This continuous ow approach thus provides
a rapid, user-friendly method for accurately determining the
composition of liquids and identifying solution phase analytes
as well as discriminating against different WGMRs that might
produce the desired signal, opening the door for remote sensing
and tracking applications.
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