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ABSTRACT: Scanning resonator microscopy (SRM) is
developed to integrate whispering gallery mode (WGM)
sensing with atomic force microscopy (AFM). The hybrid
technique combines the exquisite refractive index sensing of
whispering gallery mode resonators with the topography
mapping capabilities of AFM. A 45 μm diameter barium
titanate microsphere is attached to the end of a conventional
AFM cantilever and acts as both a WGM resonator and stylus
for mapping surface topography. Calibration plots, taken in
contact-mode feedback, show that the WGM spectrum
responds to changes in both solution and substrate refractive
index. SRM imaging of a glass substrate reveals changes in surface refractive index that correspond to a small, 36 nm high feature
measured simultaneously in the contact-mode topography image. Spectral measurements confirm that the contrast arises from
refractive index changes and not coupling with sample topography, thus validating the approach. Additional measurements on
thin polymer films and protein-coated surfaces are presented and discussed in terms of possible areas of application for SRM.
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Scanning probe microscopies (SPM) encompass an ever-
expanding suite of techniques capable of probing surfaces

with high spatial resolution.1,2 While initially focused on
mapping surface topography, significant efforts to integrate
other sensing modalities into these techniques have been
pursued since their introduction. This has led to an array of so-
called hyphenated techniques, which have increased the
capabilities and specificity of SPM measurements.
Introduced in 1986, atomic force microscopy (AFM) has

proven to be a particularly flexible platform for developing
hyphenated approaches.3 Since the technique revolves around
sensing mechanical forces between the tip and the sample, it
affords great flexibility in sample composition and working
environment. AFM measurements on samples from robust
solid-state materials to soft biological tissues have been
reported in environments ranging from vacuums to aqueous
solutions.4,5 Moreover, the robust and general mechanism for
tip feedback can tolerate significant modifications to the tip,
thus facilitating the incorporation of new sensing mechanisms.
Complementary chemical, electrical, mechanical, and optical
capabilities have been incorporated with AFM in order to
expand analysis capabilities and increase specificity.6,7

The most straightforward approach for increasing the
capabilities of AFM involves chemically modifying the surface
of a conventional AFM tip. In chemical force microscopy
(CFM), tips modified with specific functional groups have been
used to probe adhesion or frictional forces between the tip and
surface of interest.8,9 More specific interactions have also been
probed with tips functionalized with antibodies or other specific

recognition sites.10 Physically modifying a conventional AFM
tip or replacing the tip altogether has enabled additional
contrast mechanisms. For example, inspired by the success of
scanning electrochemical microscopy (SECM),11,12 micro-
electrodes have been integrated into AFM tips to develop
scanning electrochemical-atomic force microscopy (SECM-
AFM).13−16 This enables simultaneous measurement of
topography and electrochemical properties at the mesoscale.
Variations of this approach have been applied to imaging redox-
labeled nanoparticles and, in the life sciences, for studying
enzyme activity and cellular oxidation events.17,18

Integrating optical contrast mechanisms with scanning probe
microscopy has been a particularly active area of research given
the large number of potential applications. For example, metal-
coated AFM tips have been used to develop tip-enhanced
Raman spectroscopy (TERS).19 Most work in this area,
however, has focused on combining fluorescence sensitivity
with the high-resolution force mapping. This combination is
particularly informative in biological samples, where correla-
tions between fluorescently labeled species and surface
topography can yield new structural insights. The most
successful implementation is near-field scanning optical
microscopy (NSOM). In apertureless NSOM, light scattered
from a sharpened probe is used to excite fluorescence in the
sample, while aperture NSOM uses specially fabricated fiber-
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optic probes to deliver light to the nanometric dimension.20,21

This approach provides high-resolution fluorescence and
topography information with single-molecule detection limits.22

However, for transmitted light applications where one wishes to
probe optical properties such as refractive index, aperture
NSOM has proven problematic. Gap-dependent coupling
between the tip and sample often leads to artifacts in
transmitted light images that are not easily controlled and
can dominate the signal.23 There is, however, great interest in
measuring refractive index with high spatial resolution.
Refractive index probes a fundamental parameter of a

material and has become increasingly important to map with
high spatial resolution given recent developments in photonics
and energy applications.24−26 Refractive index is also commonly
used to monitor binding events at surfaces for applications in
sensing and screening.27 Combining refractive index sensing
with the high spatial resolution of AFM, therefore, can lead to
new approaches for a range of applications including character-
izing photonic materials and quantifying binding in high-
density surface arrays. Finally, unlike fluorescence measure-
ments, refractive index sensing does not require an intrinsic
fluorophore or external tag and is not limited by photo-
bleaching.
Combining refractive index sensitivity with AFM has been

implemented using both surface plasmon resonance and
ellipsometric approaches.28−31 Ellipsometric approaches are
attractive since they enable the complex refractive index to be
measured, once suitable models are applied.30 Often, however,
the integration relies on combining two separate measurements
onto the same microscope platform. This enables both
measurements to be done in the same general area of the
sample, but does not easily lead to high-resolution optical
information or enable a direct pixel-by-pixel comparison
between the optical and topography signals. More integrated
approaches have used a conventional AFM probe to perturb an
optical field at the sample interface and generate optical
contrast.31 While high-resolution contrast can be measured, this

approach can suffer from coupling between optical and
topographic information, which makes image analysis problem-
atic.
Here we develop scanning resonator microscopy (SRM),

which combines refractive index sensing with AFM by
integrating a small optical resonator at the end of a
conventional AFM probe. Small, dielectric spheres, tens of
micrometers in diameter, are easily attached to AFM probes
and have been used previously in force and optical measure-
ments.32−35 Here, we use these resonators to sense surface
refractive index through changes in their whispering gallery
mode resonances.
Light evanescently coupled into axially symmetric dielectric

structures, such as a glass microsphere, can undergo nearly total
internal reflection at each interaction with the dielectric
interface.36−43 When the light circumnavigates the microsphere
and returns in phase, constructive interference leads to
morphology-dependent resonances known as whispering
gallery modes (WGMs). These quasi-modes are given by

λ
π

=
rn
m

2 eff
(1)

where λ is the wavelength of light, r is the radius of the
resonator, m is an integer, and neff is the effective or orbital
refractive index of the sphere. Refractive index changes,
therefore, lead to shifts in the WGM resonance.36−43

Microsphere resonators are easily fabricated in a range of
sizes and materials and, since they are formed from melts, have
exceptionally smooth surfaces that lead to large quality factors
(Q-factors).36−38 High-Q resonators have long effective path
lengths, as trapped light circulates within the resonator. This,
combined with their narrow spectral line width (≤pm), leads to
sensitive refractive index detection in a compact structure, well
suited for integration with AFM.
By integrating a WGM resonator at the end of a conventional

AFM cantilever, we simultaneously map surface refractive index
with topography. Calibration plots confirm that the WGM

Figure 1. (A) Magnified view of an AFM cantilever with a 45 μm diameter barium titanate microsphere attached on the side. (B) Schematic of an
SRM platform that combines whispering gallery mode sensing with AFM. The microresonator tip is held in an AFM head that adjusts the tip
vertically in contact-mode feedback. The sample below is mounted on a Dove prism, which is held in an x−y piezo scanner to scan the sample under
the tip. Excitation light from a tunable diode laser is directed into the Dove prism, creating an evanescent wave at the sample surface to excite WGMs
in the microresonator tip. Evanescently scattered excitation from the tip is collected from below and detected on an avalanche photodiode (APD).
(C) WGM spectrum of the microresonator tip shown in (A) measured by tuning the diode laser while detecting the scattered excitation. The
spectrum was collected with the tip held in contact-mode at a glass surface under aqueous conditions.
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resonance of the tip-bound resonator responds linearly with
changes in substrate refractive index. The optical resonator also
acts as the stylus in contact-mode AFM, enabling surface
topographical features to be directly correlated with changes in
surface refractive index. Preliminary studies are carried out on a
range of samples to validate the approach and demonstrate the
potential of this new surface characterization technique.

■ RESULTS AND DISCUSSION
To integrate WGM sensing with AFM, a small microsphere
resonator is attached to the end of a conventional AFM
cantilever. In Figure 1A, a 45 μm diameter barium titanate
microsphere (Mo-Sci Corporation) is attached to the end of an
AFM cantilever using UV-curable adhesive. The AFM canti-
lever shown is 350 μm long and 32.5 μm wide, with a nominal
spring constant of 0.03 N/m (MikroMasch, CSC38). The
microsphere resonator is attached to the side of the cantilever
to leave a pristine path around the sphere to support WGM
resonances.
The microresonator tip is mounted in a Dimension AFM

head that is incorporated into a modified Bioscope AFM
(Digital Instruments), as shown schematically in Figure 1B.
The AFM is built on an inverted optical microscope (Zeiss
Axiovert 135) equipped with a 4× objective (Olympus PlanN,
0.10 NA). The sample is mounted below the AFM head on a
Dove prism (Edmund Scientific), which is held in a closed-loop
x−y piezo stage (Physik Instrumente). The x−y piezo stage
raster scans the sample below the microresonator tip, while the
z-piezo of the AFM head (x and y piezos disabled) adjusts the
tip−sample gap in contact-mode feedback.
To excite WGM modes in the microresonator tip, light from

a tunable diode laser (New Focus Vortex II TLB-7000, center
wavelength 635 nm) is focused into the Dove prism.43 Light
entering the Dove prism is refracted toward the transparent
sample at an angle leading to total internal reflection at the
interface. The associated evanescent field at the sample surface
couples radiation into the microresonator tip as it nears the
surface. To measure the WGM resonance, evanescently
scattered light from the resonator is collected with the
microscope objective and detected on an avalanche photodiode
(APD) detector (SPCM-200, EG&G). The large size of the
resonator compared with the rapid decay of the evanescent field
leads to scatter dominated by the lower region of the resonator,
closest to the sample surface.44−46 This results in a well-defined
spot of scattered radiation from the side of the resonator that is
easily collected and imaged onto the detector. The output of
the APD detector is sent to a photon counting module in the
AFM controller (Digital Instruments Nanoscope IIIa), which
controls sample scanning and data acquisition.
Figure 1C shows the WGM spectrum of the modified

microresonator AFM tip shown in Figure 1A. The WGM
resonance was measured while the tip was held in contact-mode
feedback at a glass surface under aqueous conditions. Spectra
are measured by collecting evanescently scattered light as the
wavelength of the tunable diode laser is swept.44−46 Typical Q-
factors measured for the modified microresonator AFM tips
ranged from 5 × 104 to 1 × 106. The particular spectrum shown
in Figure 1C, for example, indicates a measured Q-factor of 1 ×
105, which is likely limited by overcoupling arising from the
direct contact between the microresonator tip and sample
surface.47

To show that the microresonator tip responds as expected,
Figure 2A plots the shifts in the WGM resonance as the

refractive index of the surrounding solution was systematically
increased with sucrose concentration (degrees Brix). A linear
red shift (R2 = 0.997) in WGM resonant wavelength with
refractive index is observed in accordance with eq 1, resulting in
a detection limit of ∼3.7 × 10−3 solution RIU. However, since
SRM is a surface technique, calibrating the refractive index
response through changes in the surrounding solution does not
accurately mimic the experimental measurable. Figure 2B,
therefore, shows a second calibration plot using the same
microresonator tip, calibrated using changes in the substrate
refractive index. In these measurements, the surrounding bath
refractive index was held constant (nanopure water) while the
surface refractive index was varied by changing the substrate.
Figure 2B shows the linear response (R2 = 0.987) of the
resonator to surface refractive index, albeit with reduced
sensitivity and a higher detection limit of ∼1.5 × 10−2 substrate
RIU due to the limited region of interaction between the
resonator and the surface.
Having demonstrated that a microresonator tip responds to

surface refractive index, Figure 3 shows initial SRM imaging
measurements. For these measurements, the microsphere
resonator acts as both the stylus to sense sample topography
in contact-mode feedback and WGM resonator that responds
to changes in surface refractive index. Figure 3A and B show 15
μm × 15 μm topography and SRM optical images, respectively,
of a cleaned glass microscope slide under aqueous conditions.
The image in Figure 3B was measured with the excitation

Figure 2. Refractive index calibration plots for a microresonator tip.
(A) Calibration based on changes in sucrose concentration showing
the expected linear trend (R2 = 0.997) between resonant wavelength
and solution refractive index with a measured detection limit of ∼3.7 ×
10−3 RIU. (B) Same microresonator tip calibrated using changes in
substrate refractive index while holding the surrounding refractive
index constant (nanopure water). A linear trend (R2 = 0.987) is
observed albeit with a decrease sensitivity, resulting in a detection limit
of ∼1.5 × 10−2 RIU. Error bars represent intra-assay variability (N =
3).
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wavelength held constant at 634.842 nm, corresponding to the
WGM resonance of the microresonator tip on the glass surface.
The topography image reveals a small 36 nm high feature in the
middle of the image due to contamination on the otherwise
smooth glass surface. This feature corresponds to a large
change in intensity observed in the corresponding WGM
image. A large, reversible decrease in the evanescently scattered
light from the microresonator tip is observed in Figure 3B as
the microresonator tip scans across the feature. To confirm that
the WGM contrast seen in Figure 3 arises from spectral shifts
and not coupling with the surface topography, the micro-
resonator tip was positioned and held at the locations indicated
in Figure 3C while spectra were recorded. With the tip
positioned 10 μm on either side of the feature, the WGM
spectrum indicates a resonant wavelength at 634.842 nm. When
the tip is centered on the feature, the WGM spectrum red shifts
to 634.846 nm, indicating a larger refractive index than the
surrounding glass substrate. These measurements confirm that
the intensity contrast measured in Figure 3B arises from
variations in sample refractive index and not coupling between
the topography and optical signals. This is further confirmed in
Figure 3D and E, where the same sample area is imaged again
but with the excitation wavelength tuned to match the WGM
resonance of the tip on the feature at 634.846 nm. An increase
in evanescent scattering from the tip is now observed at the
center of the image as the microresonator tip comes into
resonance when it crosses the sample feature.
The measurements in Figure 3 illustrate the surface refractive

index sensing capabilities of SRM, which should be particularly
useful for characterizing thin polymer films. Thin polymer films
are rapidly emerging as important materials for photonic
applications where refractive index structures can be engineered
into the films.24−26 Figure 4 shows an SRM measurement on a
thin film of the photoreactive polymer AZ 1518. This
photoresist is used extensively in microfabrication applications

where thin films are easily fabricated on substrates by spin-
casting.48 AZ 1518 has a refractive index of 1.623 (632.8 nm),
which shifts to lower values upon exposure to UV radiation as
diazonaphthoquinone (DNQ) in the polymer undergoes a
series of physicochemical changes that ultimately converts it to
a carboxylic acid.49−51 The final refractive index change in the
exposed film depends on the degree of photoactivation and the
amount of residual solvent remaining in the film following
postexposure baking.52

To create refractive index test samples, standard photo-
lithography techniques were used to expose thin films of AZ
1518 to UV radiation through the mask shown in Figure 4A.
Following exposure, the films were baked to remove residual
solvent but not processed further, leaving smooth polymer films
with refractive index features encoded by the mask. Figure 4B
shows a representative refractive index image of the thin film
taken with SRM. The particular 45 μm diameter resonator tip
used had a Q of 1 × 105, and images were collected while
holding the excitation wavelength constant at 634.848 nm,
corresponding to the tip resonance in contact with the
unexposed regions of the polymer. In Figure 4B, a reversible
shift in contrast is observed as the microresonator tip scans
across the exposed regions of the polymer film, accurately
mapping the exposed mask feature. The lower intensity reflects
reduced scattering from the microresonator tip as the change in
refractive index shifts its WGM resonance. It is important to
note that these films were imaged following exposure to UV
light without any further development in order to visualize the
structures.
To gain a more quantitative view of the refractive index

differences between the exposed and unexposed regions of AZ
1518 films, spectra were collected in both regions and the
resonator was calibrated. The calibration plot shown in Figure 5
was used to calculate the refractive index values for both
exposed and unexposed regions of the polymer film based on
the measured WGM resonant wavelength of the tip in these
regions (inset Figure 5). From Figure 5, the measured refractive
index in unexposed regions is 1.610. This is lower than
literature values of 1.623.50 This difference may reflect residual
solvent in the films or unintended exposure of these regions,
both of which will lower the film refractive index.52 In exposed
regions of the polymer, the measured refractive index is 1.600,
reflecting the expected shift to lower refractive index following
UV exposure.

Figure 3. SRM topography (A) and optical (B) images of a cleaned
glass substrate under aqueous conditions. The excitation wavelength is
held constant at 634.842 nm, which corresponds to the WGM
resonance of the tip on glass. The topography image reveals a small 36
nm high feature in the center of the image that corresponds to a large
decrease in scattered intensity from the microresonator tip. (C)
Spectra collected on and off the feature confirm the intensity decrease
observed in (B) arises from a shift of the WGM resonance of the tip.
SRM topography (D) and optical (E) images of the same sample
region with the excitation now held at 634.846 nm, which corresponds
to the WGM resonance of the tip on the feature. An increase in
intensity is observed as the tip comes into resonance while scanning
across the feature.

Figure 4. (A) Photolithography mask used to pattern thin films of the
photoresist AZ 1518 with UV radiation. (B) SRM optical image of a
thin polymer film following UV exposure. Scattered intensity decreases
in UV-exposed regions of the film as the WGM resonance of the
microresonator tip shifts due to refractive index changes. Images were
collected in air at room temperature.
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To further explore the imaging capabilities of SRM, thin films
of Teflon AF were investigated. Teflon AF is a class of
transparent amorphous fluoropolymers popular in optics and
electronic applications due to their low refractive index (n =
1.29), high thermal stability, and robust chemical resistance.53,54

A 1% solution of AF2400 resin in fluorinated solvent FC40 was
spin-cast onto a glass substrate to produce a thin film. The films
were baked at 70 °C for 15 min to remove residual solvent and
imaged dry at room temperature. Figure 6 shows typical SRM
optical and topography images of a Teflon AF thin film on
glass.

The topography image in Figure 6A reveals semicircular
domains approximately 50−150 nm high. Formation of the
domains and film morphology strongly depends on the resin−
substrate affinity as well as the substrate surface properties.54

The corresponding SRM optical image (Figure 6B) shows
decreased scattering from these features. Close inspection,
however, reveals much darker contrast arising from small
particles with heights ranging from 3 to 30 nm. These particles
are observed decorating the larger domains and isolated in the
smooth regions between domains. These particles correspond
to large decreases in intensity in the SRM optical contrast even
though their height is modest. This is most clearly seen in the
expanded regions shown in Figure 6C and D. The measured
particle height of 9 nm is near the expected globule size of the
polymer particles (6 nm), and the large contrast observed in
the SRM optical image is consistent with the low refractive
index of the AF2400 polymer.54

The smallest measured lateral feature size in the SRM
topography and optical images is approximately 300 nm. This
provides a reasonable estimate of the SRM resolution using a
45 μm diameter resonator, given the anticipated size of the
globular particles (6 nm) is much smaller than the SRM
probe.54 The resonator attached tip will also impart more force
to the sample than conventional AFM probes. However, in all
samples studied, no evidence of sample perturbation was
observed with repeated scanning.
Finally, preliminary experiments have begun to explore the

usefulness of SRM for characterizing binding at surfaces. Figure
7, for example, compares WGM spectra taken with SRM in

phosphate-buffered saline (PBS) on a bare glass substrate
compared with that taken on a glass surface coated with
protein. For the protein surface, bovine serum albumin−biotin
was covalently attached to a glass slide, which was then
incubated with streptavidin in PBS. Red shifts in the measured
WGM resonance are observed on the protein-coated surface,
consistent with the presence of the biotin−streptavidin
complex. The reversibility of the shift was confirmed by
repeating the spectral measurement of the resonator on the
bare glass substrate. WGM resonators are routinely used in
label-free sensing applications, and the results shown in Figure
7 suggest that similar approaches can now be used to monitor
binding at surfaces.36−43 Advantages of this include the ability
to use the same resonator to monitor binding of multiple
analytes at various sites, thus alleviating issues in calibration and
varying resonator Q-factors. This also introduces a quantitative

Figure 5. Calibration (circles) of the microresonator tip used in Figure
4 to quantify the changes in refractive index between exposed and
unexposed regions of the polymer film (triangles). From this, the
measured refractive index of exposed regions is 1.600 and that of areas
not exposed is 1.610. Spectra were collected in air at room
temperature.

Figure 6. Simultaneously measured 28 μm × 28 μm SRM topography
(A) and optical (B) images of a thin Teflon AF film in air at room
temperature. Three contrast levels are observed in the SRM optical
image, with the darkest features (largest WGM shift) corresponding to
small particles observed alone and within the larger domains. The 8
μm × 8 μm SRM topography (C) and optical (D) images are
extracted from the boxed areas in A and B. Large contrast in the SRM
optical signal corresponds to small domains ranging in height from 3
to 30 nm.

Figure 7. Example of reversible shifts in the WGM resonance of a
microresonator tip held in contact-mode feedback on a bare glass
surface versus a biotin−streptavidin-coated surface. Measurements
were taken in PBS at room temperature.
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approach for monitoring binding at high-density surface arrays
that does not require the introduction of labels.

■ CONCLUSION

Whispering gallery mode sensing is combined with AFM to
simultaneously characterize refractive index and surface top-
ography. The preliminary data shown validate the SRM method
and illustrate the flexibility of the approach for characterizing
refractive index structures at surfaces. The ability to map these
changes with high spatial resolution provides a new tool for
material characterization and in the biological sciences.
Refractive index measurements are also routinely used in
sensing applications where binding events are quanti-
fied.27,41−43 SRM enables similar measurements at surfaces.
Since this approach does not require resonator functionaliza-
tion, the same microresonator tip can be used to quantify
binding at several sites. This approach, therefore, will simplify
calibration, reduce complications arising from Q variation
among resonators, and dovetail nicely with progress being
made in fabricating high-density arrays.
Going forward, straightforward modifications can easily

increase the performance metrics of SRM. The refractive
index sensing in SRM is far from optimized, with literature
WGM applications reporting 10−7 RIU sensitivity.38 Coupling
microspheres with tipless AFM cantilevers, moreover, will
enable smaller resonators to be attached, thus increasing spatial
resolution. Losses in the resonator cavity eventually limit the
ultimate diameter possible, but resonators micrometers in
diameter can still support WGMs.55,56 Integrating an
evanescent coupler that rides with the resonator tip will enable
measurements on opaque samples and samples with large
topography changes. This would also completely decouple the
topography and optical signals and enable the coupler/
resonator gap to be tuned toward the critical coupling
condition, where resonator Q is maximized.47 These additions
will increase the sensitivity and flexibility of the SRM approach,
which opens new capabilities for characterizing surfaces.

■ METHODS

SRM Imaging and Spectral Measurements. Barium
titanate microresonators (45 μm diameter, Mo-Sci Corpo-
ration) were attached to the sides of conventional AFM
cantilevers (MikroMasch CSC38) using UV-curable adhesive
(Loctite 3525). The modified microresonator tip is held in a
Dimension AFM head (Digital Instruments) that uses laser
light (543 nm) reflected from the end of the tip to generate the
feedback signal. The sample is mounted below the tip on a
Dove prism, which is held in an x−y closed-loop piezo scanner
(Physik Instrumente) that raster scans the sample. Both AFM
head and sample scanner are mounted on an inverted optical
microscope (Zeiss Axiovert 135) using a design similar to the
Bioscope AFM (Digital Instruments).
WGM excitation from a tunable diode laser centered at 635

nm (New Focus Vortex II TLB-7000) is focused into the Dove
prism, which refracts the light to the sample interface at an
angle leading to total internal reflection. The evanescent field at
the sample surface can couple light into the microresonator as
the modified AFM tip is lowered into the field. To measure tip
WGM resonances, the wavelength of the laser is scanned as
evanescently scattered excitation from the tip is collected from
below with the inverted microscope (Olympus Plan N 4×, 0.10
NA) and detected on an avalanche photodiode detector

(SPCM-200, EG&G). Laser control, sample scanning, tip
feedback, and signal collection are all integrated with a modified
AFM controller and software (Digital Instruments Nanoscope
IIIa).
All measurements are done with the microresonator tip held

at the sample surface in contact-mode feedback. For SRM
imaging, the diode laser is tuned to the WGM resonance of the
tip and held at that wavelength during imaging. To calibrate the
response of each tip, the substrate (ESCO Optics) refractive
index was varied as indicated. All calibrations were done
without sample scanning while holding the tip in feedback
mode on the surface. All spectral measurements and imaging
were carried out at room temperature and under aqueous or
dry conditions as specified.

Thin Films. Thin films of AZ 1518, a photoreactive
polymer, and Teflon AF, a fluorinated polymer, were created
and analyzed using SRM. To prepare AZ 1518 polymer thin
films, unmodified AZ 1518 (AZ Electronic Materials) was spin-
cast (Brewer Science Cee 100) onto clean microscope slides
(Fisherbrand cover glass) to a thickness of 1−2 μm, as verified
using surface profilometry (Tencor Alpha-step 200). Custom
photolithography masks were designed in AutoCAD and
fabricated by Infinite Graphics, Inc. Films were soft baked (2
min at 100 °C), aligned with the mask, and then exposed to
365 nm radiation (ABM Mask Aligner, i-line flood source) to
modify the polymer structure. Exposure times varied from 15 to
30 s. Following exposure, samples were hard baked (10 min at
100 °C) to remove residual solvent and increase the refractive
index contrast. SRM measurements were carried out in air
using contact-mode feedback at room temperature.
To prepare Teflon AF (DuPont) thin films, 1 μL of a 1%

solution of AF2400 in fluorinated solvent FC40 (3M) was spin-
cast onto clean microscope slides. Films were baked (15 min at
70 °C) to remove most of the solvent. No further baking steps
were taken in order to enhance optical and height contrast of
the thin film for imaging. SRM measurements were carried out
in air using contact-mode feedback at room temperature.

Protein-Coated Slides. Microscope slides were cleaned in
pirhana solution (70:30 H2SO4/H2O2) and subsequently rinsed
with deionized water, ethanol, and toluene. Pirhana solution is
extremely dangerous and should only be used in a properly vented
hood using appropriate attire and precautions. The clean slides
were reacted in 5% (3-aminopropyl)triethoxysilane (APTES)/
toluene for approximately 2 h and rinsed in toluene, ethanol,
and finally PBS. The functionalized slides were incubated in 5%
gluteraldehyde in PBS for 1 h. Aldehydes on the surface were
reacted with bovine serum albumin (BSA)−biotin (Thermo
Scientific), which was then incubated with streptavidin
(Thermo Scientific). SRM experiments comparing bare glass
slides with protein-coated surfaces were carried out in PBS at
room temperature. All reagents were purchased from Fisher
Scientific unless otherwise noted.
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