
I
B

J
G
a

b

c

a

A
R
R
A
A

K
C
N
P
S
B

1

a

a
t
p
m
W
a
q

L
M

h
0

Colloids and Surfaces B: Biointerfaces 122 (2014) 241–249

Contents lists available at ScienceDirect

Colloids  and  Surfaces  B:  Biointerfaces

j o ur nal ho me  pa ge: www.elsev ier .com/ locate /co lsur fb

nterfacing  Whispering  Gallery  Mode  Optical  Microresonator
iosensors  with  the  Plant  Defense  Elicitor  Chitin

eremy  L.  Dahmena,1,  Yongqiang  Yangb,1,  C.  Michael  Greenlief c,
ary  Staceya,  Heather  K.  Huntb,∗

Divisions of Plant Sciences and Biochemistry, Christopher S. Bond Life Sciences Center, University of Missouri, Columbia, MO  65211, United States
Department of Bioengineering, Christopher S. Bond Life Sciences Center, University of Missouri, Columbia, MO 65211, United States
Department of Chemistry, Christopher S. Bond Life Sciences Center, University of Missouri, Columbia, MO 65211, United States

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 27 March 2014
eceived in revised form 25 June 2014
ccepted 30 June 2014
vailable online 8 July 2014

eywords:
hitin
-acetylchitooligosaccharides
athogen-associated molecular patterns
urface biochemistry
iosensors

a  b  s  t  r  a  c  t

The  biomaterial  class  of  chitooligosaccharides  (chitin),  commonly  found  in  insects  and  fungi, is  one of
the  most  abundant  on  earth.  Substantial  evidence  implicates  chitin  in mediating  a diverse  array  of plant
cellular  signaling  events,  including  the  induction  of  plant  defense  mechanisms  against  invading  pests.
However,  these  recognition  and  mediation  mechanisms,  including  the  binding  kinetics  between  chitin
and  their  plant  recognition  receptors,  are  not  fully  understood.  Therefore,  the  creation  of  a  platform
capable  of  both  interfacing  with  chitin  and plant  cell  receptors,  and  monitoring  their  interactions,  would
significantly  advance  our understanding  of  this  plant  defense  elicitor.  Recently,  a label-free,  highly  sensi-
tive  biosensor  platform,  based on  Whispering  Gallery  Mode  optical  microresonators,  has  been  developed
to  study  such  biomolecular  interactions.  Here,  we  demonstrate  how  this  unique  platform  can  be  inter-
faced  with  chitin  using  simple  carbohydrate  chemistry.  The  surface  chemistry  is demonstrated  using
X-ray  photoelectron  spectroscopy,  fluorescence  microscopy,  optical  profilometry,  ellipsometry,  and  con-
tact  angle  measurements.  The  resulting  surface  is uniform,  with  an average  surface  roughness  of 1.25  nm,
and  is  active  toward  chitin  recognition  elements.  Optical  loss  measurements  using  standard  quantitative

cavity  analysis  techniques  demonstrate  that  the bioconjugated  platforms  maintain  the  high  performance
(Q  > 106) required  to  track  binding  interactions  in this  system.  The  platform  is  able  to  detect  lectin,  which
binds  COs,  at  10 �g/mL concentration.  This  biosensor  platform’s  unique  capabilities  for  label-free,  high
sensitivity  biodetection,  when  properly  interfaced  with  the  biomaterials  of interest,  could  provide  the
basis  for  a  robust  analytical  technique  to probe  the  binding  dynamics  of chitin–plant  cell receptors.
. Introduction
A great number of agriculturally important crops suffer dev-
stating losses every year from plant diseases. Of these diseases,
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fungal pathogens lead to the largest economic loss [1]. Plants
depend upon their innate immune response to defend against these
pathogens [2–4]. This immune response is triggered by two levels
of microbial recognition: (1) the detection of pathogen (microbe)
associated molecular patterns [P(M)AMPs] by pattern recognition
receptors (PRRs) and (2) effector triggered immunity (ETI) [3].
PAMPs are characterized both by being structurally conserved, or
identical, across a wide array of microbes, and by being not pro-
duced by the host. Numerous studies have shown that PAMPs
elicit an immune response in a number of agriculturally signifi-
cant plants, such as soybean, rice, barley, and wheat [5–7]. PAMP
signaling is also a key element in animal, including human, innate
immunity systems [8,9].

The ability of plants to recognize various PAMPs enables plants

to quickly defend against fungal, bacterial, and insect invaders. One
of the most common PAMPs is chitin, a fungal cell wall constituent
[10]. Chitin is comprised of polymers of N-acetylglucosamine
(GlcNAc) residues linked together through a �1–4 glycosidic
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Fig. 1. Model of the PAMP signaling pathway. Fungal pathogens release pathogen-
associated molecular patterns (PAMPs), which bind to plant membrane associated
pattern recognition receptors. The binding of PAMP leads to activation of the MAPK
cascade, ultimately activating transcription factors, which mediate the expression
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Fig. 2. Schematic of a WGM  optical biosensor to detect ligands in buffered solu-
tions. In this WGM  optical biosensor platform, the bioconjugated silica microsphere
WGM  optical microresonator is immersed in a buffer solution within a “micro-
aquarium” style housing. Incoming laser light from a tunable laser is coupled into
the microsphere by a tapered optical fiber. When analytes are injected into the
f  defense related genes.

eprinted with permission from Dahmen et al. [20].

inkage. Chitin is synthesized through the action of chitin syn-
hases, which represent a very large gene family, and is found in
ungi, insects, bacteria, protozoa, and vertebrates [11]. In order for
hitin to induce an immune response in plants, plasma membrane
roteins, known as pattern recognition receptors (PRRs), must rec-
gnize and bind the chitin (Fig. 1) [12–14].

Several different chitin elicitor binding proteins have been iden-
ified in several plant species. Each elicitor has at least one lysine
LysM) domain. For instance, in Arabidopsis thaliana, a chitin elic-
tor receptor kinase (AtCERK1) with three LysM domains and an
ntracellular serine/threonine kinase domain, has been identified
AtCERK1/LYK1) [15,16]. It is well known that only chitooligos-
acharides (COs) of dp > 7 have significant elicitor activity, at least
n rice and arabidopsis. However, a key issue with the AtCERK1
tructure is its relatively low Kd values, in the �M range, while a
ariety of biological assays have shown that COs can act at con-
entrations below 10 nM.  Once COs bind to the specific receptors,
ownstream signaling will occur. Chitin binding to AtCERK1 results

n activation of a mitogen-activated protein kinase (MAPK) cascade
hrough phosphorylation (Fig. 1). This signaling cascade is respon-
ible for activating the transcription of genes directly involved in
athogen defense, as well as transcription factors that will activate
ther defense-related genes (in Fig. 1) [17–19].

Although some aspects of the chitin–receptor systems are
easonably understood, their fundamental interaction processes
eed to be studied further to elucidate how they trigger immune
esponses, using a broad range of biological, chemical, and physical
pproaches [20]. Previous work with label-based affinity binding
ssays, isothermal titration calorimetry, and molecular methods
ave established techniques for determining if a plant cell recep-
or will interact with chitin, but these methods lack either or
oth the sensitivity or specificity required to further elucidate the
inetic parameters of their actual interactions [20]. An alternative
pproach, based on a robust, sensitive and specific biosensor, would
llow more detailed studies of the kinetic parameters of these inter-

ctions, as well as structural data to explain the chitin receptors
ffinity for various COs.

Optical biosensors are non-destructive sample interrogation
ethods with an ability to perform extremely sensitive detection
“micro-aquarium,” they are able to bind to the immobilized receptors on the bio-
conjugated device. This changes the optical properties of the circulating light in the
device, leading to detectable shifts in the device’s resonant frequency.

in liquid environments due to their high signal-to-noise ratios.
Common, high sensitivity optical methods for biosensing include
labeled immunoassays, such as the ELISA assays and fluores-
cent immunoassays. Label-free optical biosensors, such as optical
waveguides [21–23], surface plasmon waveguides and resonators
[24–29], and WGM  microresonators [30], have demonstrated high
sensitivity detection in multi-component systems when paired
with an appropriate recognition element. These types of highly
sensitive optical sensors have easily demonstrated �M to nM
thresholds of sensitivity, and in the case of WGM  microresonators,
shown in Fig. 2, are capable of detection down to the single
nanoparticle or single virus level (aM to fM thresholds) [31–34].

The functionality of WGM  microresonators as biosensor plat-
forms derives from their high sensitivity to changes in the
environment [35]. WGM  microresonators can efficiently confine
light at specific resonant frequencies, which is then circulated
within the microresonator’s periphery. Due to their unique geomet-
ric optics and inherent signal amplification, WGM  microresonators
can achieve ultra-low detection limits [33,36–39]. This is because
the WGM  microresonators’ optical field extends slightly into the
surrounding environment through evanescence [40,41]. The pri-
mary gauge of WGM  microresonator performance is the device’s
quality factor, or Q factor, which describes the photon lifetime (and
is dependent on the microresonator’s optical loss) in the microres-
onator and is directly related to its ultimate or ideal sensitivity.
For example, a high-Q device (Q > 1.0E + 08) has a high photon life-
time (>100 ns); a single photon in such a device will circulate, and
potentially interact, over 100,000 times [40]. In comparison, pla-
nar evanescent sensors, like waveguide sensors or SPR platforms,
typically allow input photons to interact only once with the envi-
ronment. Using high-Q WGM  microresonators, the interaction of
molecules with the optical field can be detected via shifts in the
resonance frequency of the microresonator. This shift is a result
of a change in the effective refractive index of the optical field,
which itself can be due to small changes in diameter, optical loss,
etc. In these devices, the high photon lifetime within the resonator
imparts a high degree of sensitivity to the device, enabling the
label-free detection of molecules, such as antigens, antibodies, and
bacteria [40].

Recently, WGM  microresonators have also been used to study
the binding kinetics of biomolecular interactions. For exam-

ple, Soteropulos et al. [42] determined the kinetic parameters
of biotin–streptavidin binding using silica microsphere WGM
microresonators. For these reasons, this highly sensitive biosen-
sor platform has the potential to be very useful in defining kinetic
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arameters for protein–ligand complexes [43–45]. However, for
ll the platforms mentioned, the primary challenge for tracking
inding interactions remains pairing the high sensitivity biosen-
ors with recognition elements that allow the sensor to interface
ith a specific biologically significant molecule, thereby reduc-

ng the risks of false positives and improving the overall device
erformance in multi-component systems [46–50]. In particular,

nterfacing semiconductor-type devices with biomolecules such as
hitin or chitin receptors represents a significant challenge. Fortun-
tely, there are a few studies on conjugating polymers to inorganic
urfaces that could be well-suited to the chitin system [49,51–53].
hese early functionalization techniques could be applied to these
iosensor platforms, particularly for those platforms, like the WGM
icroresonators, that are fabricated from silica-based material sys-

ems [49,54]. To do this, we must address three primary issues
ommon to translating bioconjugation techniques to 3D devices:
1) biosensor surfaces tend to be easily damaged by typical wet
hemistry techniques, resulting in a decrease in device perfor-
ance; (2) standard protocols for heterogeneous chemistries, such

s dispersed particles in solution, must be adapted to microscale
evices so that the devices can be evenly functionalized across their
D surfaces; and (3) plant biochemical reactions and typical bio-
onjugation strategies must be merged. From a device perspective,
ny post-fabrication modification that damages the surface, leaves
esidue on the surface, or results in a non-uniform surface coating,
ill negatively impact the device performance.

Here, we present a simple method to interface the important
ungal cell wall constituent, chitin, to the surface of 3D, silica-based,

icrospherical, WGM  microresonators, enabling the creation of a
latform that can interact with identified, plant chitin receptors.
his method will greatly expand our ability to probe plant signaling
echanisms via biosensors. Moreover, this report represents the

rst example of interfacing these types of optical biosensors with
lant chemistry, and is the first time that chitin has been success-
ully, directly, bioconjugated to a functioning sensor surface.

. Materials and methods
In order to properly interface the biosensor platform with
he chitin–chitin receptor system, the chitin must successfully be
ioconjugated to the surface. Here, we base our initial approach on
arly literature describing acid-catalyzed ring-opening reactions,

cheme 1. Three step bioconjugation process to bind COs of various chitin chain lengths 

o  an oxygen plasma etch, creating hydroxyl groups on the silica surface; in step (ii), the
ith  a silane coupling agent; and finally, in step (iii), the aminated microspheres are bioc
: Biointerfaces 122 (2014) 241–249 243

in combination with surface chemistry approaches commonly
utilized in on-chip chemical processing [51,55]. Scheme 1 demon-
strates the overall approach, which consists of three main steps: (i)
surface hydroxylation, (ii) amination, and finally (iii) chitin conju-
gation via a ring-opening reaction. It is important to note that the
chitin used throughout this work is actually a mixture of various
COs, due to the high expense of purified octomeric chitin, which
is thought to be the primary CO responsible for eliciting defense
responses, and that the final addition of the chitin to the surface
will yield an attached molecule with one less CO-mer than before,
due to the ring-opening reaction. Lastly, we  found it essential not
to use standard wet chemistry techniques, such as piranha or RCA
etches for the hydroxylation step of the syntheses, as this led to a
substantial amount of residue and surface damage. Moreover, the
number and type of washes at the end of the reaction were required
to completely remove any debris from the surface. The primary
challenge with these steps was preventing surface damage, which
was easily minimized by using a custom-made microsphere holder
and reaction vessel.

2.1. Device fabrication

The silica microspheres used in this research were fabricated by
gravimetric melting a tip of a stripped, single mode optical fiber (F-
SE-OPT, Newport) with a 25 W CO2 laser (48-2KAM, Synrad) [56].
The microsphere was formed by surface tension during gravimet-
ric melting, resulting in silica microspheres 80–100 �m in diameter
with an atomically smooth surface. (For more detailed information
on device formation, including protocols and videos, please refer
to Soteropulos and Hunt [57].) After fabrication, the microspheres
were placed in a microsphere holder and stored in a desiccator until
use (see supporting information for microsphere holder descrip-
tion) [57].

2.2. Device bioconjugation

All chemicals and solvents used were certified ACS grade, except
as otherwise indicated, and used as received without further purifi-

cation. In order to successfully bioconjugate the microspheres
without damaging the fragile glass surface, which would destroy
the underlying device sensitivity during the hydroxylation and ami-
nation process, the microspheres were held within the microsphere

to the surface of the silica microspheres. In step (i), the microspheres are subjected
 hydroxylated microspheres are aminated via a chemical vapor deposition process
onjugated with COs via a ring opening reaction.
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Table  1
The reaction conditions of chitin bioconjugation to (1 0 0) Si wafers show that higher
temperatures and shorter reaction times produce favorable conjugation results.

Trial Temperature (◦C) Time (h) Results

1 50 >50 Poor
2  50 50 Poor
3  50 70 Poor
4  50 <70 Poor
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in optical loss. The optical loss is quantitatively determined by
5  80 1 Excellent
6  80 12 Good

older. The bioconjugation reaction and subsequent washing steps
ere performed inside a lab-made reaction vessel (see supporting

nformation for microsphere holder and reaction vessel).
First, the silica surface of the microspheres was terminated with

ydroxyl groups via an oxygen plasma etch at 200YmTorr pressure,
20 W output power for 5 min  (Plasma Cleaner PE-50 Benchtop,
lasma Etch) [58,59]. As demonstrated in the literature, this method
f preparing the surface both removes surface contamination and
esults in surface silanol groups, without damage to the underlying
evice that more typical wet chemistry procedures, such as piranha
r RCA etches, may  yield [59].

Second, the hydroxylated microspheres were aminated by
rafting silane coupling agents to the silica surface using
hemical vapor deposition [59]. Here, the hydroxylated micro-
pheres, stored in the microsphere holder, were exposed to
-aminopropyltrimethoxysilane (APTMS, Sigma–Aldrich) vapor in

 vacuum desiccator under 20 in. Hg vacuum for 15 min [59].
Third, the COs were bound to the aminated microspheres via an

cid-catalyzed ring opening reaction (see supplemental informa-
ion). Sodium cyanoborohydride (Fisher) was used as the reducing
gent to open the final ring of the chitin oligomers under an
cidic condition by the addition of acetic acid (Aldrich). Here,
e used chitin powder (shrimp shells, practical grade, >95%,

igma–Aldrich), which consists of a variety of CO chain lengths.
he chitin powder was suspended in the acidic solution, which was
onicated (Aquasonic 150D, VWR  Scientific) for 15 min  to improve
ispersion. During the reaction with the microspheres, COs were
educed and covalently attached to the aminated silica surface as
hown in Scheme 1, using a variety of reaction conditions to dis-
over the optimal conditions that yielded a fully and uniformly
ioconjugated surface, without damage to the underlying device
Table 1). For instance, high temperatures and stirring can induce
hermal and mechanical stress in the devices, leading to structural
amage of the silica surface, device decapitation, and sticky residue
hat creates areas of non-uniformity. Initial reaction conditions
ere chosen based on previously reported literature for the ring-

pening reaction for chitin [51]. The chitin-bound microspheres
ere cooled to room temperature and washed with distilled water,
ethanol (Fisher), acetone (Fisher), heptanes (Aldrich) and acetone

Fisher) for 15 min, in that order, inside a clean reaction vessel on a
ilt tray at room temperature. Finally, the microspheres were placed
nside the microsphere holder, dried in an 80 ◦C oven, and then
tored in a desiccator.

.3. Device characterization

Surface characterization of the conjugated devices was per-
ormed on both the devices themselves, as well as (1 0 0) silicon
afers (University Wafers), with a thin layer of silica native oxide

n the surface, for those techniques that cannot address 3D sur-
aces. The silicon wafers were cut into 1 cm × 1 cm pieces and then
odified by following the same procedures as the microsphere
ioconjugation. Surface characterization was done in accordance
ith literature standards to evaluate surfaces [60].
: Biointerfaces 122 (2014) 241–249

X-ray photoelectron spectroscopy (XPS) was used to character-
ize the surface of the bioconjugated silicon wafers at each reaction
step. XPS directly probes the surface composition by irradiating the
surface of the silica wafers with X-rays (TA-10 twin X-ray source,
VSW). The elements on the surface of the silicon wafers can be
determined by an electron energy analyzer (15-255GAR, Physical
Electronics) from the ejected electrons from the surface of ∼10 nm
[59].

Fluorescence microscopy (LSM 510 META, Zeiss) was used to
confirm the presence of chitin on the silica microsphere sur-
faces, and to compare reaction conditions in Table 1. Here, we
evaluated both the amount of coverage and the quality of that
coverage via fluorescent intensity measurements, with the best
conditions yielding high intensities that were consistent across sev-
eral areas of the imaged surface. The chitin-bound microspheres
were compared to bare microspheres, to confirm that the fluores-
cent labeling was  successful only on chitin-bound surfaces. Several
post-labeling washing steps were done to minimize the possibil-
ity of non-specific adsorption of the labeling groups presenting
false positives. In each case, the microspheres were incubated
in 10 �g/mL lectin$ndash;fluorescein isothiocyanate (lectin–FITC,
Sigma–Aldrich) dye in PBS buffer (MP  Biomedicals) for 30 min
at room temperature. After lectin–FITC conjugation, the micro-
spheres were washed and dried at room temperature. Lectin is a
carbohydrate-binding protein that is used as a model for chitin
receptors to confirm the availability and activity of the chitin-
bioconjugated surface for interaction with proteins and receptors.
Lectin is used because the chitin receptors have only recently been
identified.

The surface roughness of the conjugated silicon wafers was ana-
lyzed by optical profilometry (Wyko NT9100, Veeco). Both bare
and bioconjugated silicon wafers were measured to compare the
surface roughness before and after bioconjugation, since smooth
surfaces are a key element of maintaining the performance of the
WGM optical microresonator [61].

Spectroscopic ellipsometry (VB400/HS-190, J. A. Woollam) was
used to measure the thickness of the bioconjugated layer on the
surface of the silicon wafers. The measurements were performed
on both bare silicon wafers and bioconjugated silicon wafers. The
reflectance was  measured at multiple-angles-of-incidence (65◦,
70◦ and 75◦) using a scanning monochromator (HS-190, J. A.
Woollam) and a Cauchy model within a wavelength range of
193–3200 nm at multiple points on each wafer. The thickness of
the bioconjugated layer was modeled using ellipsometry analysis
software (WVASE32, J. A. Woollam), and the resulting thicknesses
were compared to optical profilometry data In this case, ellipsome-
try provides “spot measurements” of the thickness, while optical
profilometry provides a wider-range evaluation of surface rough-
ness.

Contact angle measurements (VCA Optima, AST Products) were
performed on both silicon bare wafers and bioconjugated silicon
wafers. The contact angles were automatically calculated by Auto-
FAST contact angle calculation software (AST Products).

Although there are many sensing metrics used to judge the per-
formance of a biosensor platform, including the limit of detection,
response time, and slope of the response curve, these metrics do
not provide as good of an indication of the impact of bioconjugation
strategies that add specificity to the device as a direct comparison
of the optical loss of the WGM  microresonator before and after
bioconjugation. Here, a quality factor study was used to analyt-
ically characterize the impact of the bioconjugation reactions
on the device performance by measuring the resulting changes
measuring the both the central wavelength of the resonance under
investigation, �, and its full-width at half-maximum, or linewidth,
��,  and calculating the Q factor (�/��). Here, we  measured the Q
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Fig. 3. Schematic of the experimental setup for testing the silica microsphere WGM
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Fig. 4. XPS data. The XPS data show that COs have been successfully biocojugated

importantly, these data showed that the bioconjugation protocols
yielded a smooth, uniform surface without damaging the underly-
ing device. This is particularly important, as surface defects, such
ptical microresonator’s performance. Key components are labeled.

actors of both the as-fabricated (bare, prior to hydroxylation) and
hitin-bound microspheres (using only microspheres conjugated
sing the optimal reaction conditions), and compared these values
o determine the impact of the bioconjugation protocols on the
evice performance. Our key metric for success was to maintain the

 factor above 106 post-conjugation, as this has been shown to be
he cutoff for performing single virus detection with these devices
62]. In this study, we used standard cavity characterization tech-
iques to evaluate the Q factors of several devices. A tunable, CW,
iode laser (TLB6700, Newport), coupled to a tapered optical fiber
F-SE-OPT, Newport), was used to couple ultra-narrow linewidth
∼500 kHz) light in the wavelength range of 760–780 nm to the

icrospheres [63]. As the optical field exited the device, a photode-
ector (PDA36A, Thorlabs) was used to measure the transmitted
ptical field (Fig. 3). We  did not test the Q factor after reaction
teps (i) and (ii) in Scheme 1, as our previous work confirms that
hese steps do not greatly impact the device sensitivity [44,58,59].

To confirm that the bioconjugated WGM  microresonators could
hen be used in actual detection, detection studies were carried
ut using 10 �g/mL lectin (from Triticum vulgaris (wheat), Aldrich)
olution in PBS (MP  Biomedicals), injected into a microaquarium
irectly beneath the microresonator at a flow rate of 0.1 mL/min
42]. As before, a tunable, CW,  diode laser (TLB6700, Newport), cou-
led to a tapered optical fiber (F-SE-OPT, Newport), was used to
ouple ultra-narrow linewidth (∼500 kHz) light in the wavelength
ange of 760–780 nm to the microspheres [63]. As the optical field
xited the device, a photodetector (PDA36A, Thorlabs) was used to
easure the transmitted optical field. The WGM  microresonator
as initially submerged in PBS (MP  Biomedicals) and a stable reso-
ance identified. PBS was  then injected at a flow rate of 0.1 mL/min,
ontinuing until the injection of the target, also at 0.1 mL/min. Using

 custom LabView Sensing Program, the resonance shift upon injec-
ion of first the PBS and then the lectin (typically at 50–100 s after
he injection of PBS began) was tracked. The sensing program uses
PIB communications, coupled with the provided, prefabricated
irtual instruments for the New Focus 6300 series lasers, to moni-
or the laser’s parameters, and to provide sweep mode, step mode,
ensogram mode, and a Lorentzian fit mode for combined data
ollection and analysis. In the sensogram mode, a low-pass Cheby-
hev 5th order infinite impulse response computational filter (set
t 5 MHz) is integrated to reduce background noise for more effec-
ive peak tracking. Additionally, the function generator waveform is

onstantly monitored and the measured slope is used to correct the
esonance scan during the sensogram measurement for increased
ccuracy. Two types of averaging were provided (linear and expo-
ential) to reduce sensogram noise further. In this paper, linear
onto the surface of the silicon wafers, due to the increase in the presence of the
nitrogen peak before and after step (iii) in Scheme 1. Peaks of interest are labeled
with their corresponding chemical species.

averaging was  used at 1 average per time point. Linear averaging
combines wavelength measurements together to create a single
time point and then moves to the next wavelength measurements
to calculate the next time point. This program allows for the accu-
rate, simple, and fast collection of sensograms with low noise and
limited post processing.

3. Results and discussion

3.1. Surface chemistry

With the addition of COs, we observed increases in nitrogen and
carbon compared to the control wafers in the XPS spectra result-
ing from several different reaction conditions (Fig. 4). From these
data, we determined that the bioconjugation was most successful
at 80 ◦C for 1 h. Other reaction times and temperatures yielded poor
results from both a surface chemistry and a device damage perspec-
tive. The best reaction conditions were chosen for all future studies,
including fluorescence microscopy and device characterization.

Fluorescent micrographs show that, using the best reaction con-
ditions determined via XPS, chitin was successfully and uniformly
bound to the aminated silica microspheres (Fig. 5). Analysis of
the bioconjugated microspheres showed significant fluorescence
compared to the control (bare) microspheres, indicating that the
microspheres were successfully bioconjugated with chitin. More
Fig. 5. Fluorescent micrographs of microsphere exposed to lectin-FITC. (a) Biocon-
jugated microsphere. (b) Bare microsphere. Comparing the bare microsphere (b)
to the bioconjugated microsphere (a), it is clear that the bioconjugation success-
fully yields a uniform surface coverage of chitin that is not the result of physical
adsorption.
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Fig. 6. Optical profilometry measurements for bare wafer (a) and chitin bound wafer
(b). The average surface roughness of the bare wafer (a) is 0.79 nm and RMS  rough-
ness is 1.05 nm.  The average surface roughness of the chitin bound wafer (b) is
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loss caused by the bioconjugation process and the presence of COs
.18  nm and the RMS  roughness is 1.48 nm. The overall average is 1.25 nm and � is

.28 nm for all the chitin-bound samples examined.

s holes in coverage, debris on the surface, or cracks in the under-
ying device can increase optical loss, and thus decrease the quality
actor and sensitivity of the device [58,64,59]. Lastly, the results
ndicate that the bioconjugation strategies did not alter the ability
f the COs to bind with chitin receptors, like lectin. As previously
entioned, lectin is a good model receptor for chitin, and mimics

he actual chitin receptors in plants, which have only recently been
iscovered.

Optical profilometry test results, shown in Fig. 6, on the chitin-
ound silicon wafers showed that the surface of the wafers is
elatively uniform. The average surface roughness of the bare wafer
Fig. 6a) is 0.79 nm and RMS  roughness is 1.05 nm.  The average
urface roughness of the chitin bound wafer (Fig. 6b) is 1.18 nm
nd the RMS  roughness is 1.48 nm.  The overall average is 1.25 nm
nd � is 0.28 nm for all the chitin-bound samples examined. After
ioconjugation, the ellipsometry test results on the chitin-bound
ilicon wafers showed that the chitin layer of the wafer is 9.98 nm
�, 3.36 nm), which suggests a monolayer of chitin polymers of
arious lengths was bioconjugated onto a multilayer of organosi-
anes. At full extension from the surface, the typical chain length
f the octomeric CO is ∼3.4 nm;  when adding the organosilane,
e expect a monolayer of each to be ∼4 nm in total length.

iven that we used a mixture of COs, each of which is a differ-
nt chain length, we also expect a reasonable amount of variance
n both the thickness data from the ellipsometer and the surface
: Biointerfaces 122 (2014) 241–249

roughness data from the optical profilometer, but we would expect
that variance to be centered around a mean value of approx-
imately 4 nm,  as opposed to 9.98 nm.  Given the ring-opening
conditions used to bioconjugate the chitin to the surface, it is
unlikely that the cause of this higher mean thickness is the result
of the COs bonding to each other. It is more likely that the underly-
ing organosilane surface is not a monolayer. Typically, the reaction
conditions used yield at least a monolayer of organosilanes (as
is illustrated in Scheme 1), that form a three-dimensional inter-
connected network of silane chains extending from the surface
[65–68]. This could explain the higher-than-expected thickness at
the selected points on the surface. Fortuitously, the fluorescence
microscopy data discussed above shows that, regardless of the
variance in thickness at various points on the surface, the bioconju-
gated chitin molecules are still accessible for binding, and maintain
their activity. This, combined with the surface uniformity, is the
most important aspect of the bioconjugation, since both of these
will impact the ability of the device to be used in future sensing
studies.

Contact angle measurement showed that the contact angle
of the chitin bound silicon wafer was slightly higher than the
bare wafer. After bioconjugation, the devices’ surfaces still showed
hydrophilicity, which is necessary to interact with the chitin recep-
tors in an aqueous environment. The mean of the contact angle
(right and left angle) for bare wafer is 67.84◦ (�, 0.99◦). The mean of
contact angle (right and left angle) for chitin bound wafer is 74.15◦

(�, 6.99◦) (see supporting information for contact angle measure-
ments details).

3.2. Device performance

The as-fabricated (bare) and chitin bioconjugated microspheres
were tested to determine the effects of chitin conjugation on the
sensitivity of the device at 765–780 nm.  This wavelength range
was chosen because the absorption of light is lower in water-based
solutions (such as serum and buffer) comparing to the longer wave-
lengths (infrared spectrum) [69]. Therefore, the devices could have
a better performance at these wavelengths in future binding kinet-
ics studies. In this case, we required the maintenance of the Q
factor above 106 after chitin was bioconjugated onto the surface of
the microspheres. In Fig. 7, all of the bioconjugated microspheres
show Q factors higher than 106, although they have slightly lower
Q factors than before bioconjugation. In this case, the data sug-
gest that the slightly higher roughness of the coating, as well as
the absorption of the chitin molecules themselves in this wave-
length regime could account for this reduction in performance.
Overall, however, the surface and resonator analysis indicates that
this method of interfacing chitin with silica-based devices was
successful.

In order to demonstrate that the bioconjugated devices can then
be successfully used for actual detection, the chitin bioconjugated
microspheres were subjected to a series of detection tests for lectin,
the model chitin receptor previously used in conjunction with flu-
orescence labeling and microscopy to verify that the COs on the
surface were still available and active toward binding. As previ-
ously mentioned, WGM  microresonators rely on the circulating
evanescent field, which only exists a short distance from the device
surface, to interact with the target of interest. The bioconjugated
elements on the surface must be within this field in order for detec-
tion to occur as proposed. The ellipsometry data confirms that the
surface chemistry is well within the evanescent tail region, and the
quantitative cavity analysis confirms that the increase in optical
on the device will not detrimentally affect sensitivity. In Fig. 8, we
show a typical sensor response curve for the detection of lectin,
at the same concentration used for the fluorescent studies, with
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Fig. 7. Quality factors of bare spheres and chitin bound spheres. The mean of Q
factors of 15 bare microspheres is 5.1E + 07 (�, 3.6E + 07). The mean Q factor after
conjugation is 2.9E + 06 (�, 1.2E + 06). All functionalized microspheres present a Q
factor of above 1.0E + 06. Inset: fitting a resonance peak (transmission dip, black)
with  a Lorentzian (red) to obtain the Q factor for a bare sphere used in this study.
(For interpretation of the references to color in this figure caption, the reader is
referred to the web  version of this article.)

Fig. 8. WGM  detection of 10 �g/mL lectin, injected at 0.1 mL/min at time 0, into
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 PBS-filled microaquarium, in which a chitin-bioconjugated silica microsphere is
ubmerged. The figure shows that the device is capable of performing WGM  mode
etection.

he bioconjugated microspheres. Fig. 8 shows the beginning of the
njection phase to the equilibration phase; prior to this, PBS was
njected into the (PBS-filled) microaquarium to confirm that the
njection itself does not cause a shift in the resonance wavelength.
t the concentration use, a total wavelength shift of 0.020 nm was
bserved in ∼40 s. This confirms that label-free, WGM  detection
s possible for this interfaced platform, and that there is a good
otential that the platform can be used to evaluate chitin–receptor
inding interactions at lower concentrations (although it is likely
hat, for concentrations much above this, the wavelength shift will
e too high to track, which places an upper limit on its use).
. Conclusions

A large number of agriculturally essential crops are negatively
mpacted every year by fungal plant diseases. A number of studies
: Biointerfaces 122 (2014) 241–249 247

have shown that COs can elicit an immune response in a number
of plants, such as rice, soybean, carrots, barley, tomato, wheat, and
Arabidopsis [6,70–73]. Previous studies allowed us to determine
the plant cell receptors known to bind chitin. However, we  have
thus far lacked a technique that can accurately probe the kinetic
parameters of these interactions at the appropriate concentration
level. Due to their unique capabilities for label-free, high sensitiv-
ity and selectivity biodetection, the WGM  optical microresonator
platform could provide the basis for a robust analytical technique
that can probe the binding dynamics of chitin–plant cell recep-
tors. Here, we demonstrate an important first step in this process:
identifying the conditions at which such platforms can be suc-
cessfully bioconjugated to interface with plant systems without
negatively impacting the device performance. We  confirmed that
chitin is conjugated to the microsphere biosensors with a mono-
layer of COs, without surface or structure damage, and without a
significant, negative impact on the high sensitive of the devices.
Although previous research has showed that CO derivatives can
be spin-coated onto surfaces and then regenerated to a CO mono-
layer, with a very low roughness values on the surface [55], our
method showed high promise in terms of maintaining the over-
all sensitivity of the biosensor. More significantly, it is suitable
to functionalize the surface of the 3D devices, like the micro-
spheres presented here, in addition to planar surfaces, such as the
control silica-on-silicon wafers used in the study. Moreover, the
bioconjugated COs layer will likely have a higher stability than
bioconjugated chitin receptors with regards to storage time, tem-
perature, pH and other environmental changes during fabrication,
storage, and detection [48,74,75]. Moreover, the strategies given
here can be widely applied to any type of silica-based, 3D struc-
ture, allowing many types of devices, beyond this specific biosensor
platform, to probe these environments.

Future studies will focus on using these newly developed chitin
conjugated biosensors to study receptor–ligand interactions in
the CO system. Based on our devices’ label-free, high sensitiv-
ity and specificity, we can easily detect the bonding behaviors
between chitin and its receptors. With these sensing test results,
the kinetic parameters of their actual interactions between chitin
and their recognition receptors in plants can be further elucidated.
Developing a fundamental understanding of how elicitors, such
as chitin, interact with plant cell receptors, will provide a more
complete picture of plant disease resistance. Broadly speaking,
such a detailed picture could lead to the construction of improved,
disease-resistant crops, and the ability to help plants perceive and
resist a broader range of pathogenic microbes and pests.
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