Wiley Analytical Science

The Current State of
Reconstruction Technologies for
3D X-ray Microscopy including

Algorithmic Innovation for Al-
based Recovery

April 26, 10:00am - 11:00am EDT

Many properties can only be fully understood in 3D, such as porosity
and tortuosity in porous materials, network connection maps in
neuroscience, or mechanical properties in 3D additively manufactured
structures. X-ray microscopy provides a unique method to image
samples non-destructively in 3D across a wide range of materials and
life sciences.

Watch this session during the WAS Virtual Conference:
., z‘p\

__ P

Nicolas Guenichault, Ph.D. Dr. Stephen T. Kelly, Ph.D.

This talk is sponsored by ﬁ



https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A5f55d38c-267c-4ae9-af59-8c75966e2acd&url=https%3A%2F%2Fevents.bizzabo.com%2FWASSpring2023%3Futm_source%3DePDF%26utm_medium%3DePDF&pubDoi=10.1002/adom.202300530&viewOrigin=offlinePdf

RESEARCH ARTICLE

W) Check for updates

OPTICAL

www.advopticalmat.de

Local Sensing of Absolute Refractive Index During
Protein-Binding using Microlasers with Spectral Encoding

Soraya Caixeiro,* Casper Kunstmann-Olsen, Marcel Schubert, Joseph Hill,
Isla R. M. Barnard, Matthew D. Simmons, Steven Johnson,* and Malte C. Gather*

Multiplexed, specific, and sensitive detection of antigens is critical for the
rapid and accurate diagnosis of disease and the informed development of
personalized treatment plans. Here, it is shown that polymer microsphere
lasers can be used as photonic sensors to monitor and quantify direct surface
binding of biomolecules via changes in the refractive index. The unique
spectral signature of each individual laser can be used to find their size and
effective refractive index which adds a new encoding dimension when
compared to conventional fluorescent beads. Antibody-functionalized
microlasers selectively detect protein binding, as demonstrated for
Immunoglobulin G and C-reactive protein, and have the ability to resolve
different stages of the multilayer surface modification. Moreover, by
continuously monitoring single lasers, the possibility of real-time monitoring
of binding dynamics between antigens in solution phase and the immobilized
antibodies is demonstrated. For multiplexed detection, the microlasers are
employed in a flow cytometer configuration, with fast spectral detection and
identification of microlasers with and without antigen binding. It is envisioned
that by combining microlasers with well-established surface modification
chemistries and flow geometries, the multiplexing ability of microbead
immunoassays can be strongly increased while also opening avenues for
single-cell profiling within heterogeneous cell populations.

this is flow cytometry using polymer
microspheres!'! or liquid droplets.[¢®]
For example multiplexed detection is often
achieved by using fluorescent microspheres
with different emission colors, each en-
coded with a distinct capture antibody. A
secondary fluorescently labeled antibody is
then used to confirm the presence of the
target molecule. The number of spectral
codes that can be separated is generally
limited by the spectral width of the emis-
sion spectra associated with each label;
for organic dyes, the spectra are typically
>30 nm wide, and using different organic
dyes, one can readily cover most of the
visible and a small part of the near-infrared
spectrum, i.e., #420-800 nm. Strategies to
enlarge the multiplexing capacity include
microspheres containing several different
dyes and different dye ratios,*!% and using
emitters with narrower spectra such as
quantum dots!*!?l and lanthanides,!!3*
where the latter has allowed for more
than 1000 distinguishable spectral out-
puts. Nevertheless, a fluorescently tagged
secondary antibody would be required for

1. Introduction

High-throughput, multiplexed screening of biomarkers is driv-
ing numerous advances in the fields of cellular biology, immunol-
ogy, environmental testing, and drug research. One approach to

antigen detection, which adds complexity and cost to the ex-
periment and precludes real-time monitoring of antigen bind-
ing kinetics. Whispering gallery mode (WGM) resonators have
been used for a range of biochemical sensors!'>*° and in com-
mercial immunoassays![?®! which are summarized in many excel-
lent reviews.[21-24] However, characteristically this required large
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resonators (10s um to mm in diameter), complex coupling ge-
ometries, continuous monitoring with tunable external light
sources, and relied on silica-based resonators and on measuring
relative wavelength shifts.

WGM microlasers generally exhibit narrower linewidths when
operated above lasing threshold in comparison to conventional
fluorescence and emission from a passive WGM cavity. This spec-
trally well-defined emission can facilitate a high degree of multi-
plexing, while the size and bright emission of WGM lasers allow
for non-diffusion limited reactions, flow cytometry integration,
and remote detection. Biointegrated WGM microlasers have re-
cently been applied for label-free tagging and tracking of cells
and intracellular sensing.[-3!] Refractive index sensing with ac-
tive WGM cavities via wavelength shifts has been explored for a
number of applications, such as cardiac contractility sensing!?’!
as well as protein[3233] and single virus detection.?*l This illus-
trates the great sensitivity of microlasers to local changes. How-
ever, the sensing schemes employed so far rely on the presence
of non-specific molecules in the environment, which can lead to
ambiguities when interpreting their signals and necessitates the
presence of a substantial quantity of analyte in close proximity to
the surface of the WGM laser to create a detectable signal. What
is currently missing is the incorporation of specialized surface
capture agents such as antibodies or aptamers to create WGM
laser sensors with better specificity and to amplify their signal
through a binding-induced increase in analyte concentration at
the microlaser surface.

Existing literature on passive WGM resonators (i.e., those not
emitting light on their own but being read-out by coupling of
a tuneable external laser) are generally made from silica, for
which surface functionalization chemistry is well established in
the community. For efficient operation of an active, light-emitting
WGM laser in relevant media (water, cell culture medium, or in-
side live cells), the refractive index of silica is too low. Polystyrene
(PS) has a higher refractive index, however the functionaliza-
tion and the interplay with the lasing properties are not well un-
derstood. Protocols for functionalization of PS microspheres are
not readily available and, unlike for silica, will require the intro-
duction of additional functional groups during the synthesis of
the microspheres. Moreover, while previous demonstrations of
WGM laser sensing have typically relied on measuring relative
shifts and correlating them to changes in the environment, fu-
ture applications would benefit from single-shot, self-referenced
measurements of absolute refractive index, which can then be
linked to specific biomolecule concentrations.

In this work, we propose the use of surface-modified PS WGM
microlasers for the detection of biomarkers in aqueous envi-
ronments via an antibody-antigen sensing platform. The dis-
tinct spectral profile is accurately described via an asymptotic
expansion,!*! yielding both size and external refractive index as
independent parameters and is used in this work to obtain in-
formation about the surface functionalization. Here, microlasers
are used as absolute refractive index reporters at different stages
of the surface modification and to monitor the antigen binding
dynamics through the real-time change of refractive index of the
microlaser environment in the presence of the desired target pro-
tein. This work distinguishes itself by its flexibility of operation
and its multimodality compared to previous application of WGM
resonators. Unlike passive WGM sensors, excitation and spec-
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tral detection of WGM lasing do not require near-field coupling
and can thus operate in a non-contact mode. This facilitates fu-
ture use in thicker samples and renders operation of our sensors
more robust in scattering environments.!?”-**/ The output lasing
mode positions are used to determine the size and absolute re-
fractive index without relying on relative wavelength shifts. This
enables single spectra and single time point refractive index mea-
surements and continuous monitoring of binding dynamics. To
achieve WGM lasing, we use commercially available, dye-doped
PS microbeads, which are already widely used in the biochem-
istry community as fluorescent probes. This not only adds func-
tionality to an already established and compatible particle, but
also makes it convenient for integration with techniques such as
flow cytometry. We show the proof of concept implementation
of the technique in a flow cytometer-type instrument, allowing
us to distinguish different stages of surface modifications with
high throughput. We envision that by combining lasing micro-
spheres with surface modifications and flow geometries already
employed by the scientific community, it will be possible to ex-
tend the multiplexing capability beyond the level achievable with
currently used methods.

2. Results and Discussion

2.1. Microsphere Functionalization

The WGM microlasers used in this study are made from
commercially available PS microspheres and are approximately
11 um in diameter. Optical gain is provided by dye molecules em-
bedded into the microsphere via swelling and encapsulation,*’!
with an absorption maximum at 441 nm. The microspheres have
carboxyl groups on their surface, which we used for the covalent
coupling of antibodies and antigens of interest. To achieve anti-
body coupling, the carboxylated PS microlasers were added to a
carbodiimide and an ester precursor (NHS/EDC) to first form an
amino-reactive NHS-ester at the surface as depicted in Figure 1a.
The NHS-functionalized microlaser surface allows the binding
of free amines on the antibody surface enabling covalent attach-
ment to the microlaser. The microlaser is afterward incubated
with casein to block exposed regions of the microsphere surface
and to help inhibit non-specific binding of antigen to the PS sur-
face. As a control, instead of binding the antibody of interest, the
surface is completely blocked with casein, thus preventing spe-
cific binding of the antigen of interest (referred to as blocked
microlasers). Two different antigens are used in this work, C-
reactive protein (CRP) and Immunoglobulin G (IgG). CRP is an
important biomarker usually indicative of inflammation and/or
infection,8] while IgG is a common antibody found in human
blood, which has many uses such as binding and neutralization
of toxins.[**! (The functionalization protocol and its optimization
are detailed in the Experimental section and the Supplementary
Information Figures S1-S5, Supporting Information).

To verify the successful functionalization, a fluorescent label
(NHS-ester-tagged Alexa-568) is added to the antigen and incu-
bated with the corresponding antibody-labeled microlasers. The
maximum emission of the fluorescently labeled antigen (4 =
603 nm) is sufficiently isolated from the emission maxima of the
dye inside the microspheres (4 ~ 490 nm and 4 ~ 515 nm) to
allow clear spectral separation. Figure 1b,c shows the green and
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Figure 1. Functionalization of carboxylated polystyrene microlasers. a) Schematic of the microlaser functionalization. The inset shows the fluorescent
labeling scheme used to validate antigen binding to the antibody-functionalized microlaser surface. An NHS functionalized fluorescent tag (symbolized
by red star) is used to bind to the antigen (blue square). b,c) Epi-fluorescence microscopy images of antibody-functionalized microlasers, taken in b) the
green bulk fluorescence and c) the red Alexa-568 fluorescence channel. d) Average red fluorescence intensity of a series of blocked microlasers incubated
with the untagged antigen (light green) and fluorescently tagged antigen CRP (dark green), as well as antibody-functionalized microlasers incubated
with untagged antigen (light blue) and fluorescently tagged antigen (dark blue). N >10 for each group of microlasers.

red channel fluorescence, respectively. The ring-shaped red fluo-
rescence indicates good surface coverage of the green-fluorescing
microspheres with the red-emitting antigen.

To evaluate the specificity of the functionalization, samples of
antibody-functionalized microspheres and blocked microspheres
are processed according to the protocol described in the Experi-
mental section. The average intensity in the red epi-fluorescence
images was then compared (Figure 1d). The blocked microlasers
show a minor increase in red fluorescence when incubated with
fluorescent antigens, which we attribute to a small degree of non-
specific binding. By contrast, when incubating with antibody-
functionalized microlasers, there is a strong increase in the av-
erage fluorescence intensity. These results correlate well with ex-
periments conducted using a quartz crystal microbalance setup
(Figures S3 and S5, Supporting Information) and confirm the
successful binding of antibodies to the microlaser surface.

2.2. Laser Characterization

Microspheres were optically characterized using a custom-built
microscopy/spectroscopy setup equipped with a nanosecond-
pulsed laser system tuned to 440 nm (see Experimental Section).
Our microlasers showed an average threshold fluence for lasing
of 130 yJ cm™ + 40 pJ cm™ (N =5, corresponding to an ab-
solute threshold pulse energy of 5 nJ), similar to other organic
WGM microlasers reported in the literature.[264041] Figure 2a de-
picts a representative threshold input-output curve fitted with a
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Figure 2. Characteristics of a carboxylated microsphere laser in
phosphate-buffered saline (PBS) solution. a) Output intensity of a micro-
laser as a function of incident pump fluence. The green line represents
a fit to the rate equation model, with the fitted parameters indicating
a threshold pump fluence of 125 ) cm™2. b) WGM spectrum of the
microlaser below (18 pj cm™2 and 91 yJ cm~2), around (144 ) cm~2),
and above (724 pj cm~2) the lasing threshold.

rate equation model.l*?] Figure 2b shows the typical spectral evo-
lution of the emission from the microspheres for selected pump
powers. Below threshold, the spectrum is initially dominated by
a background of fluorescence, with resonances emerging from
the background when approaching the laser threshold. Above
threshold, lasing occurs for some of these resonances. At higher
pulse energies lasing from these resonances dominates the spec-
trum, with an intensity typically 2-3 orders of magnitude above
the background fluorescence.
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2.3. Refractive Index Sensing and Calibration

To measure and quantify the functionalization of our microlasers
via their laser spectra, we compare the spectral position of the dif-
ferent lasing modes to an optical model. The model predicts the
wavelength associated with each WGM mode using an asymp-
totic approximation to the Mie scattering problem.!**! In our pre-
vious work,!?”] we implemented the comparison between experi-
ment and model via a look-up table approach and demonstrated
measurements of the refractive index of the medium surround-
ing the microlasers (referred to as “external refractive index”);
achieving a maximum sensitivity of 5.5 x 10~ refractive index
units (RIU). Here, the refractive index sensitivity depends on
a combination of spectrometer resolution, signal-to-background
ratio, and factors related to the microlasers, e.g., their Q-factor.
The high sensitivity of the microlaser sensing is attributed to the
different evanescent field strengths of the TM and TE modes,
resulting in distinct sensitivities to changes in external refrac-
tive index.[3°! (For the microlasers used in this study, TE modes
typically have a sensitivity to changes in external refractive in-
dex of ~20 nm RIU™!, while TM modes have a sensitivity of ~30
nm RIU7L)

In addition to the high sensitivity to absolute external refrac-
tive index, the approach can also be used to accurately and simul-
taneously measure the absolute diameter of the microlaser. The
latter enables tagging (also referred to as barcoding): An ensem-
ble of microsphere lasers with a statistical variation in size can
be coupled to different capture antibodies of interest and by de-
termining the diameter of each microlaser with high accuracy,
the lasers and the objects they are coupled to can be tracked and
distinguished from each other.

Measuring the absolute external refractive index requires accu-
rate knowledge of the bulk refractive index of the microlasers (re-
ferred to as “internal refractive index” in the following) because
analysis of the spectral position of the lasing modes depends on
the ratio between the internal and external refractive index, thus
requiring at least one of the two to be known in advance.l*! The
fluorescent dye that provides an optical gain in our microlasers is
added via swelling and subsequent trapping of the dye molecules
in the PS microspheres.3”] This process could change the refrac-
tive index of the microsphere and thus any absolute measure-
ment of the external refractive index requires a calibration mea-
surement where the microspheres are measured in a medium
with a known refractive index. To determine an exact value for
the internal refractive index of the microlasers used in this study,
lasing spectra were collected and analyzed for 10 microlasers sub-
merged in deionized water, which has a well-characterized refrac-
tive index.[***4] We determine an internal refractive index of the
microlasers of 1.5924 + 0.0004 which is in good agreement with
the literature value for bulk PS (n,, = 1.606 at 490 nm!*l), with
the slight reduction attributed to a partial swelling of the micro-
spheres upon dye loading and the longer wavelengths used. Re-
peating the calibration measurement in aqueous solutions of dif-
ferent concentrations of glucose, i.e., in environments with larger
refractive indices, yielded consistent estimates of the internal re-
fractive index (Figure S6, Supporting Information). For all exter-
nal refractive index fits presented in the following, the internal
refractive index of the microlaser was set to 1.5924, with micro-
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laser diameter and external refractive index left as free fitting pa-
rameters.

2.4. Refractive Index Sensing of Antibodies and Antigens

The average refractive index close to the surface of our micro-
lasers is expected to increase after each step of the surface func-
tionalization, i.e., it is expected to be lowest for the bare car-
boxylated microlasers and highest following the formation of the
antibody-antigen complex. Therefore, the fitted external refrac-
tive index can be used as measure of the local refractive index
of the microlaser. To show this, microlaser spectra were charac-
terized at different stages of the functionalization procedure and
compared with the unfunctionalized counterparts.

Functionalizing the microlaser with the IgG antibody (a-IgG)
results in an increase in the average external refractive index
of 5.3 x 10% + 9 x 10~* RIU compared to unfunctionalized
microspheres in phosphate-buffered saline (PBS) while the mi-
crospheres blocked with casein only showed a minor increase
1.7 X 107* + 4 x 10~* RIU (Figure 3a; see Figure S7, Support-
ing Information, for a repeat on a larger number of microlasers).
Adding the corresponding antigen, IgG, to antibody-coated and
to blocked microsphere lasers resulted in a total increase in aver-
age external refractive index, i.e., compared to the bare unfunc-
tionalized microspheres, by 7.1 X 107 + 7 x 10~* RIU and 2.8 X
1073 + 3 x 10~* RIU, respectively.

To demonstrate the usability of this technique for other pro-
teins, the measurement was repeated with the CRP antibody-
antigen complex (Figure 3a). The changes observed have smaller
magnitudes but present the same behavior at different function-
alization steps.

The evanescent component of the lasing WGMs is the largest
at the surface where the binding of the antigens takes place
and decays exponentially away from the surface. The measured
refractive index is therefore the average external refractive index
seen by the evanescent component of the analyzed modes and
represents a product of the PBS environment and the effect of
the bound antibodies and antigens. The larger index increase
upon antibody binding (a-IgG and a-CRP) when compared to the
antigen binding (IgG and CRP) is thus attributed in part to the
larger mode overlap of the antibodies which are located imme-
diately at the microlaser surfacel*! and to the increased density
of the primary antibody layer when compared to the subsequent
antigen layer, accredited to the random immobilization of the an-
tibody that impairs analyte binding.[*’! The changes in refractive
index are also governed by differences in size and density of the
molecular constructs, their binding affinities and kinetics, steric
effects, and the surface area of the microlaser relative to the con-
centration of antigen present. These factors will have to be taken
into account in future studies on the sensitivity of our method.

We can estimate the expected relative change in external re-
fractive index (An) due to the binding of proteins on the micro-
laser surface which can be then linked to the protein concen-
tration within the evanescent volume of the microlasers. Using
the surface coverage of ~2.5 mg m~2 expected for large adsorbed
proteins on PS,[*8] we estimated the protein density within the
evanescent mode volume. A typical TE mode in our polystyrene
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Figure 3. Refractive index sensing with WGM microlasers. a) Change in refractive index at different stages of the microlaser functionalization for two
antigens (IgG, aqua green; CRP, dark blue) (N > 10). The changes are given relative to the external refractive index of bare microlasers in PBS that were
neither blocked nor functionalized. b) Dynamical change of refractive index when IgG is added to an antibody-functionalized microlaser immobilized
on a glass surface (aqua green symbols). Also shown is the non-specific binding response of a blocked microlaser (gray). c) Representative spectrum of
the microlaser with the mode numbers and polarization obtained from optical modeling indicated for each peak. d—g) Spectra of individual modes on
a magnified wavelength scale at different time points during transient antibody binding. The symbols above the modes indicate the center positions of

each peak as obtained via peak fitting. Symbols and color codes as in (b).

microlasers (mode number, # = 99) has an evanescent field with
a1/ewidth of ~120 nm (Figure S8, Supporting Information). The
protein density within the field width is 20 mg mL~! which can
be directly linked to refractive index change via the mean protein
refractive index increment of 0.190 mL g='.[*! From this calcu-
lation, we estimate An ~ 4 X 1073 RIU, which agrees with the
experimental values obtained for the binding of a-IgG and a-
CRP. We estimate from these numbers that we are detecting a
few picograms of a-IgG and expect a limit of detection of tens
of femtograms considering a refractive index sensitivity of 5.5 x
107> RIU.1?7I

In addition to sensing refractive index changes for ensem-
bles of microlasers, we investigated the dynamics of the refrac-
tive index change of single microlasers upon antigen binding.
As these experiments are not influenced by inherent variability
between microlasers (e.g., in size, internal refractive index, an-
tibody coverage, etc.), it is expected that they can monitor the
binding of molecules in real time and with drastically improved
sensitivity. To allow continuous monitoring, the microlasers were
first bound to a glass surface. The antibody-functionalized mi-
crolasers were coated with biotin-functionalized bovine serum
albumin, which binds to the streptavidin on the glass surface.
This procedure did not lead to significant changes in the lasing
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or refractive index characteristics (Figure S9, Supporting Infor-
mation). The WGM spectrum was then monitored continuously
while IgG was added to the solution, bringing its final concen-
tration to 12.5 ug mL~" (83 nm). Figure 3b shows the change in
external refractive index over time for a representative microlaser
as extracted from its WGM spectra, using several improvements
as described in the following paragraph. A representative spec-
trum from this time series is plotted in Figure 3c.

Measuring spectra repeatedly from a single microlaser also al-
lows us to use statistical tools that can significantly improve the
refractive index sensitivity as we have previously demonstrated
for the analysis of contractility profiles inside live cardiac cells.[”]
To achieve this, the slight variability between the fitting results
of subsequent spectra can be strongly reduced by also extracting
the diameter of the microsphere laser from the recorded spec-
tra. The diameter can then be averaged across all measured spec-
tra and the entire time series is then analyzed again, prescribing
this average as a the microlaser diameter and keeping the exter-
nal refractive index as the only free parameter. Alternatively, if
there is a slow drift in effective microlaser diameter, e.g., due to
photobleaching, this can be taken into account by fitting the tem-
poral evolution of the diameter with a linear function before re-
analyzing the data with a prescribed microsphere diameter and
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the external refractive index as only free parameter. Furthermore,
we eliminate any linear drift in the absolute refractive index by
setting the initial slope of the refractive index transient to zero.

After adding the antigen to the edge of the measurement well
att =0 (well dimensions 7.5 X 7.5 mm), there was no significant
refractive index change for ~20 min while the antigen molecules
diffuse toward the microsphere laser. Once they reach the mi-
crolaser, the refractive index increases rapidly and then slowly
stabilizes after increasing by a total of An ~ 1.5 X 1073, simi-
lar to changes observed in Figure 3a for a-IgG and IgG binding.
The time scale of the dynamical change seen by the laser mea-
surement is in agreement with control measurements conducted
with a quartz crystal microbalance (Figure S5, Supporting Infor-
mation).

To illustrate the changes in the WGM spectrum underlying
the measured changes in external refractive index, Figure 3d—g
shows the individual laser modes at three time points; before the
refractive index change, during the attachment of the antigen,
and at steady state. All modes red-shift continuously as expected
for an increase in the external refractive index. While the mag-
nitude of the mode shifts is comparable to the measured peak
width, the shifts can still be clearly resolved via peak fitting/peak
localization due to the large signal-to-noise ratio of the microlaser
spectra.

We also evaluated the nonspecific antigen binding dynamics
for a blocked microsphere. Here, the refractive index increased
linearly with time, which we attribute to binding of the antigen
to the microlaser surface as a consequence of incomplete cover-
age with the blocking agent. Both modalities were performed for
different microlasers showing comparable systematic trends and
similar absolute refractive index changes, varying only in onset
time (Figure S10, Supporting Information).

2.5. Distribution of Absolute Refractive Indices

Next, we investigated the distribution of the absolute external re-
fractive index for larger sample sets to mimic the situation en-
countered in high-throughput sensing experiments. Figure 4a
depicts the refractive index distribution of bare carboxylated mi-
crospheres in PBS, that were neither blocked nor functionalized.
Each microlaser spectrum is processed with the fitting algorithm
described above and the external refractive index and microlaser
diameter were calculated to determine the external refractive in-
dex distribution. Fitting this data with a normal distribution gives
amaximum refractive index of 1.3354 and ¢ = 0.0021 RIU, which
is in agreement with the expected value for PBS of 1.3359 (ob-
tained by evaluating the Cauchy coefficients in Ref. [50] for A =
520 nm). Similarly, Figure 4b depicts the refractive index distri-
bution of fully IgG functionalized microspheres, i.e., with the
IgG antibody and antigen bound, which yields an average exter-
nal refractive index of 1.3405, with an equally narrow distribution
(0 =0.0020 RIU). A t-test between the distribution in Figure 4a,b
confirms two distinct populations with a p < 10722. The width of
the refractive index distribution is accredited to sample-to-sample
variations, in terms of carboxylic group coverage and internal re-
fractive index.

Finally, bare carboxylated microspheres and fully IgG func-
tionalized microspheres were mixed, and the lasing spectra of
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Figure 4. Absolute refractive index distribution for different microlaser
populations. a) Histogram of the external refractive index distribution for
bare carboxylated microlasers (N = 38) and b) microlasers functionalized
with algG and IgG (N = 50). The red lines represent Gaussian fits to the
distribution data. c) Distribution of external refractive index for a mixture of
bare carboxylated and algG+ IgG functionalized microlasers (N = 144).
The red line represents the result of a kernel smoothing function. His-
togram bin sizes were determined according to the Freedman—Diaconis
rule.

a random set of microspheres were recorded. Fitting was con-
ducted in the same manner as previously for individual popula-
tions, but now using a broader external refractive index range for
the fitting (see Experimental section). The resulting distribution
and histogram are plotted in Figure 4c. Fitting the distribution
of refractive indices with a kernel smoothing function allows for
the visualization of the probability density in a multivariant set-
ting and confirms the presence of two populations with refractive
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Figure 5. High-throughput microfluidic sensing. a) Schematic of the microfluidic chip. b) Number of fitted spectra over time. c) Histogram of refractive
indices. The red line represents the result of bimodal gaussian fitting to the distribution data.

index maxima at 1.3361 and 1.3411. Both distribution means are
well within the results found for the individual populations and
their corresponding standard deviations. To evaluate the success
rate of this method, we use the data from Figure 4a,b to reidentify
the two populations from the kernel smoothing; we find a false
identification rate of #6% relative to ground truth (Figure S11a,b,
Supporting Information).

Next, to increase the throughput of our measurement, experi-
ments were performed inside a commercially available microflu-
idic chip (Figure 5a). A blue diode laser set to 1 kHz repetition
rate was used as the excitation source, the pump laser beam size
was matched to the channel width, and the entire channel width
was imaged onto the spectrometer entrance slit. Combined, these
conditions ensured the detection of all microlasers passing along
the entire width of the channel. Keeping the chip under constant
pressure permitted a steady flow of a microlaser dispersion. We
used the same microparticle mix as for Figure 4c and optimized
the pressure in the microfluidic channel for a flow rate of about
0.03 mL min~!, corresponding to 0.2 m s~!. This flow speed was
sufficiently high to avoid the acquisition of more than one spec-
trum per microlaser. The rate of lasers measured decayed over
time due to uneven loading in this simple setup, possibly due
to sedimentation of the microlasers in the input vial (Figure 5b).
However, in the first minute of the measurement, there are 257
successfully fitted spectra composed of four or more modes. The
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highest detection frequency was 11 Hz or 93 measured spectra
in a 15 s window. The resulting distribution of absolute exter-
nal refractive index is given in Figure 5c. Due to the large num-
ber of microspheres analyzed, the histogram now reveals the bi-
modal distribution of the two populations more clearly. Normal
kernel smoothing uncovers two maxima at refractive indices of
1.3366 and 1.3405, respectively, with a count ratio of 0.88, very
similar to the ratio found in the stationary case, 0.82 (Figure 4c).
The results demonstrate that precise sensing can be performed
with large populations of microsphere lasers and that variations
in microsphere size across such populations (Figure S12, Sup-
porting Information) do not prevent measurements of absolute
external refractive index. In turn, this enables the direct detec-
tion of antibody binding. In the future, the throughput can be
improved further by forcing the particles into a stream passing
through the laser beam one by one using microcapillary or acous-
tic focusing,!! potentially allowing up to 1 kHz acquisition rates
even with the equipment used in this study.

3. Conclusion and Discussion

In summary, we demonstrate active protein detection with
microlasers as small as 10 um in diameter. Surface function-
alization by covalently bound antibodies was used which can
be easily adapted to any protein of interest. Specifically, we
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successfully detect the binding of the biologically relevant anti-
gens, IgG and CRP. The antigens are detected by analyzing the
mode position and subsequently calculating the refractive index
in the surroundings of the microlasers. Characteristic mode
shifts are observed that can be traced directly to the stepwise
functionalization protocol. No fluorescently labeled antigens or
secondary antibodies are needed to detect the antigen, unlike in
conventional immunoassay techniques. Additionally, by moni-
toring the spectra in real time, the antigen binding dynamics can
be observed. Lastly, the refractive index distribution of different
functionalized microlasers and mixed populations of microlasers
can be determined without prior knowledge of functionalization.

Compared to earlier demonstrations of sensing with WGM mi-
crolasers, the antibody functionalization reported here greatly in-
creases specificity, thus opening this emerging class of sensors to
a substantially wider range of applications. Ultimately the speci-
ficity conferred by antibody functionalization also improves sen-
sitivity through the local, binding-induced increase in target con-
centration.

The spectral signatures of microsphere lasers also allow us to
determine the diameter of each microlaser with sub-nanometer
precision (Figure S12, Supporting Information).['*?73¢] For the
diameter range of 10.8 to 11.4 um covered by the microsphere
lasers used in this study (Figure S12, Supporting Information),
and assuming a confidence interval for diameter measurement
of 0.5 nm (Figure S13, Supporting Information), one could al-
ready in principle distinguish and reidentify up to 1000 micro-
sphere lasers. Using microlaser populations with larger size dis-
tributions or by combining multiple populations containing flu-
orescent dyes emitting in different regions of the spectrum, this
number can be extended dramatically. We envision that our mi-
crolasers could be used in a flow cytometry setting that is suitable
for tagging and sensing in the absence of any fluorescent markers
and due to the use of well-established surface chemistry can span
to many other antigens and antibodies. In the future, functional-
ized microlasers could also be bound to specific cells by targeting
surface markers, for example, EpCAM present in carcinomas!>!!
and specific T cell receptors, 32! where they could help to evaluate
cellular heterogeneity in the context of cellular development and
for evaluation of drug therapy at the single cell level.[133]

Beyond high throughput screening, functionalized micro-
lasers may be used to specifically label live cells that present spe-
cific antigens with the microlasers serving as optical barcodes.
This would be useful to follow the migration of certain cell popu-
lations, e.g. circulating tumor cells, in in vitro and in vivo models,
or be used to detect and monitor specific proteins inside cells.

In addition, the functionalized laser platform can be expanded
to different targets and binding chemistries which could see ap-
plications beyond immunoassays and enriched by interfacing
complementary modalities such as microlaser arrays for on chip
sensing.

4. Experimental Section

Surface Modification of PS Microlasers: ~ Surfaced modification started
from commercially available fluorescent PS beads with exposed carboxyl
functional groups (Polyscience Fluoresbrite YG Carboxylate Microspheres
10.00 pm). An aliquot of beads was dispersed in PBS buffer (10 mm, pH
7.4) at a concentration of 1 mg mL~". The beads were spun down for 5 min
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at 11000 rpm and resuspended in 1 mL of 3.5 mm EDC ((1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride), Thermofisher), 5 mm
Sulfo-NHS (N-hydroxysulfosuccinimide No-Weigh Format, Thermofisher)
in MES buffer (0.1 m + 0.5 m NaCl, pH 5.6). The solution was incu-
bated at room-temperature (RT) for 15 min and agitated using a bespoke
tube-rotator. The sample was then cleaned by spinning down for 5 min
at 11 000 rpm and the antibody solution, typically or 50 ug mL™, was
added directly. Two antibodies were used, anti-immunoglobulin G (a-1gG;
Anti-Rabbit 1gG, 50 kDa, produced in goat, Sigma-Aldrich), and anti-C re-
active protein (a-CRP; 26 kDa, Goat Polyclonal, Bethyl Laboratories Inc)
was used. Samples were incubated for 2 h at room temperature (under
agitation) and cleaned by spinning down (repeated 3 times). To prevent
non-specific protein binding on the biolaser surface, the sample was then
left to saturate overnight in a 10% casein (23 kDa) solution in PBS (Casein
Blocking Buffer 10x, Sigma—Aldrich). Finally, the sample was cleaned by
spinning down and the functionalized beads suspended in PBS buffer. If
the sample was not used the following day, it was stored in 1% casein (in
PBS). For controls, the blocking solution was added directly after the EDC-
NHS and the cleaning step. Immediately prior to the measurement, the
appropriate antigen (Human recombinant CRP, 120 kDa, BioVision Inc.,
or Immunoglobulin G 1gG, 150 kDa, Sigma—-Aldrich) was added (12.5 pg
mL~") in PBS and the sample was incubated for 2 h at room tempera-
ture (under agitation) and cleaned by spinning down (repeated 3 times).
Low-binding Eppendorf tubes were used to reduce adherence of the mi-
crolasers to the container walls.

Test-Assay for Biolaser Tagging: To verify that functionalization of the
beads was successful, a simple fluorescent assay was run against the ap-
propriate antigen (Human recombinant CRP, BioVision Inc.). To achieve
this, a fluorescent tag was covalently bound to the protein using an NHS
compound. This was done by adding 6.5 uL NHS-Alexa568 (Alexa Fluor
568 NHS Ester (Succinimidyl Ester), ThermoFisher) (15 mwm in DMSO) to
a 1 mL, 25 ug mL~" CRP solution (in PBS) and incubating for 1 h at RT
(under agitation). The solution was then filtered using an Amicon Ultra
0.5 mL Centrifugal Filter (Millipore (UK) Limited) with a 30 kDa cut-off,
spun at 13.4 rpm (12 100 x g) for 10 min. In all, 46 pL of supernatant
was collected and suspended in PBS (total volume 1 mL). For the assay,
fluorescent antigen solution (500 pL) was added to functionalized micro-
lasers (500 pL). The remaining fluorescent antigen solution (500 uL) was
added to control microlasers (500 pL). Both solutions were incubated for
2 h at RT (under agitation). The solutions are cleaned by spinning and
suspending in PBS. The supernatant was collected, and the fluorescence
was measured until the intensity values were below the background, typ-
ically after 5-6 cleaning cycles. Finally, fluorescence was measured from
the cleaned bead solution. This was done by adding sample and control
(70 pL) into a 96-microwell plate and collecting fluorescence from both
the microlasers and from the Alexa568 dye (excitation 568 nm, emission
619 nm). Fluorescence from the microlasers themselves is also recorded
to confirm their presence (excitation 441 nm, emission 486 nm). Fluores-
cence emission was recorded for each well using a Synergy H1 microplate
reader (Biotek, UK).

Lasing Studies and Spectroscopy:  The microlaser solution was diluted
to visually identify single spheres (Figure S14, Supporting Information).
Optical read-out was achieved by using a custom-built inverted micro-
scope setup using a x20 or x40 air objective. Optical pumping was
achieved by an OPO laser system (Opotek; pulse duration, 5 ns), tuned
to 440 nm. Pump light was focused on the back aperture of the objec-
tive yielding a collimated beam with a spot size of 110 um. Emission from
the lasers was collected through the same microscope objective and im-
aged onto the entrance of a spectrometer coupled to a CCD camera (An-
dor Shamrock 500i and Andor Newton DU970P- BVF). The spectra were
recorded with a high-resolution grating (1200 lines mm~'). Neutral den-
sity filters were employed to adjust the incident pump fluence.

Microfluidic Studies: A custom pressure pump system was used to reg-
ulate the microlaser flow rate. The system consisted of a manual pressure
regulator connected to a large pressure vessel with a digital internal pres-
sure gauge, allowing a stable constant pressure. A 1 mL solution of mi-
crolasers in PBS was prepared in an Eppendorf tube and placed into the
pressure vessel. The solution was fed into the T-junction top connector
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microfluidic chip (micronit) via 305 um internal diameter PTFE tubing. To
excite the microlasers, a ns-pulsed diode-pumped solid-state laser with an
emission wavelength of 473 nm and a repetition rate of 1 kHz was used.
The laser spot was collimated on the channel and an aperture was used
to match the channel diameter. The collection slit of the spectrometer was
matched to the cross-section of the channel. The camera was synced to
the laser, running at 250 Hz acquisition rate, i.e., each frame collected four
laser pulses. Data were acquired continuously for 4 min.

Fitting Routine:  Peaks in the measured spectra were individually fitted
with a Voigt function to accurately find their central position. Two pairs
of TM and TE modes were chosen. Initially, a lookup table was generated
with a large range of parameters, such as n,, = 1.320 - 1.37, d = 10 -
13 um for the external refractive index and microsphere diameter, respec-
tively, with step sizes of An,,; =5 X 10~* RIU and Ad = 5 x 10=* um,
which determined the number of simulated spectra that need to be gener-
ated. The positions of fitted peaks were then compared with the generated
spectra, the difference was calculated, the closest match and correspond-
ing parameters were recorded and a smaller parameter space with smaller
Ahgy (Ang, = 1x 1078 RIU) and Ad (Ad =1 x 1075 um), was generated.
Once again, the difference between the fitted and simulated peaks was
calculated and if the absolute sum of the difference between simulation
and measurements for the four peaks was <30 pm, the fit was considered
successful.

Microsphere Immobilization for Dynamical Studies:  Glass bottom Petri
dishes were cleaned with O, plasma and filled with a solution of 4% v/v of
APTES in IPA that was gently agitated overnight. The Petri dish was washed
three times with PBS, incubated with T mg mL~" of NHS-biotin for 1h and
washed three times, after which it was incubated with 1 mg mL~" of strep-
tavidin for 1 h. The microspheres were prepared as before, but with BSA-
biotin instead of casein as a surface blocker, to facilitate biotin-streptavidin
binding. To ensure their immobilization, they were left in the dish for Th
with agitation and washed to remove non-attached microlasers.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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