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A Photonic Crystal Protein Hydrogel Sensor for Candida albicans
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Abstract: We report two-dimensional (2D) photonic crystal
(PC) sensing materials that selectively detect Candida albicans
(C. albicans). These sensors utilize Concanavalin A (Con A)
protein hydrogels with a 2D PC embedded on the Con A
protein hydrogel surface, that multivalently and selectively
bind to mannan on the C. albicans cell surface to form
crosslinks. The resulting crosslinks shrink the Con A protein
hydrogel, reduce the 2D PC particle spacing, and blue-shift the
light diffracted from the PC. The diffraction shifts can be
visually monitored, measured with a spectrometer, or deter-
mined from the Debye diffraction ring diameter. Our unopti-
mized hydrogel sensor has a detection limit of around 32 CFU/
mL for C. albicans. This sensor distinguishes between C. albi-
cans and those microbes devoid of cell-surface mannan such as
the gram-negative bacterium E. coli. This sensor provides
a proof-of-concept for utilizing recognition between lectins and
microbial cell surface carbohydrates to detect microorganisms
in aqueous environments.

Bacteria, fungi, and viruses are major causes of infectious
diseases.[1] Candida albicans (C. albicans), for instance, is
a disease-causing microbe found in the mouth, gut, and vagina
of 40–80 % of normal humans. Overgrowth of C. albicans
causes systemic infections such as pneumonia, septicaemia, or
endocarditis, especially in immunodeficient patients.[2] It is
important to develop methods to detect these types of
microbes in order to treat early-stage infections.[2d, 3]

Conventional approaches for identifying pathogens in
aquatic environments and fluid samples are based on filtra-
tion culture,[4] fluorescence[5] and DNA microarray meth-
ods.[6] These techniques, however, either are slow, semi-
quantitative, or suffer from lack of specificity and sensitivity.
Immunological and molecular biology approaches have
recently been used to detect pathogen microbes with high
sensitivity and selectivity. These methods include radioimmu-
noassays, enzyme-linked immunosorbent assays, and the
polymerase chain reaction (PCR),[7] and use radioisotopes,
enzymes, and DNA fragments respectively, to label anti-
bodies or prepare PCR antibody arrays for microbial

pathogen detection. However, these methods are complex,
time-consuming, and demand well-trained personnel. Simple,
highly efficient, and label-free methods are imperative to
identify microbes in different environments.

Recently, label-free photonic crystal (PC) approaches,
especially porous silicon (Si) photonic crystals (PCs), have
been used for the detection of microbes.[8] The Si PCs method
utilizes “trap and track” mechanism to capture bacteria in the
pores of Si PCs; the bacteria concentration is determined with
high sensitivity through monitoring the intensity of the
reflection spectra upon capture of bacteria. However, this
method lacks specificity.[8a,b] A PC-copolymer-film-based
immunochip has been developed to detect gram-negative
bacteria with a 200 CFU/mL detection limit. However, the
fabrication of this sensor is complicated and its stability is
problematic because of the attachment of multiple antibodies
to the 2D PC nanopillars.[8c]

Multivalent interactions between host-cell surface carbo-
hydrates and microbial surface proteins are currently attract-
ing intense interest for their potential sensing applications.[9]

Novel sensors utilizing the carbohydrate–pathogen interac-
tions have been developed to detect bacteria, such as
Escherichia coli (E. coli).[10] Nevertheless, such approaches
generally lack specificity, as host-cell surface carbohydrate
diversity is limited, and many microbes express proteins that
recognize the same set of host carbohydrates, such as, the
cross-reactivity of type 1 fimbriae expressed by Salmonella
enterica and E. coli toward mannose.[10a, 11] An alternative
approach that reverses this process would utilize proteins as
the sensing motif to recognize microbial cell-surface carbo-
hydrate structures. This method would be more general and
specific, as microbial cell-surface carbohydrate structures are
diverse and generally species-specific, and proteins in the
form of anticarbohydrate antibodies[12] or lectins against
specific microbial cell surface carbohydrate molecules[9b] can
be readily obtained.

Herein we report multivalent protein–carbohydrate spe-
cific recognition with a PC optical readout methodology as
a proof-of-principle study to demonstrate a new sensing motif.
This sensor utilizes a carbohydrate-binding protein (lectin) to
detect C. albicans, a major nosocomial fungal pathogen,
selectively from those microbial organisms that lack cell-
surface mannan units, such as gram-negative bacterium
E. coli. Mannans are the major surface carbohydrates in
C. albicans and play important roles in cell-wall integrity,
adhesion to host cells and tissues, and virulence.[13] We show
that the specific recognition between the lectin Concanava-
lin A (Con A) and mannan can be used to detect the presence
of C. albicans. The pure ConA protein hydrogels are fabri-
cated by crosslinking Con A solutions with glutaraldehyde. A
2D PC array of monodisperse particles is attached to the
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hydrogel surface, and the diffraction from the array is related
to the hydrogel volume. The hydrogel Con A proteins each
bind multiple mannose groups to surface-crosslink the protein
hydrogel and result in shrinking and a decrease in the 2D
array particle spacing (Figure 1). The decrease in particle
spacing results in a blue-shift of the 2D array diffraction,
which reports on the C. albicans concentration. Compared to
previous methods, our method is simple, more selective,
highly efficient and inexpensive.

We fabricated the 2D PC arrays using monodisperse
polystyrene (PS) spheres (ca. 650 nm in diameter) that were
synthesized by emulsion polymerization.[14] The needle tip
flow technique was used to self-assemble the PS spheres into
a close-packed 2D PC array on a water surface.[15] The 2D PCs
were then transferred onto a glass slide and dried in air. The
Con A protein hydrogel was prepared by mild crosslinking of
a Con A monomer solution with glutaraldehyde on top of the
2D PCs.[16] The 2D PC–Con A hydrogels were peeled off the
glass slides and equilibrated with phosphate buffer at pH 9.
The resulting PC hydrogels, which were approximately
100 mm thick, show iridescent colors under white-light
illumination as a result of the 2D array diffraction (Fig-
ure 2a).

These PC–Con A hydrogels swell upon washing and
equilibration in buffer such that the 2D array becomes non-
close-packed (Figure 2a (inset) and Figure S3 in the Support-
ing Information). The 2D array diffraction sensitively reports
on the hydrogel volume. We typically monitor the array
spacing by measuring the 2D array Debye ring diameter as
discussed in the Supporting Information (Figure S1).

The PC–Con A hydrogels consist of essentially native-
conformation Con A proteins as indicated by UV resonance
Raman spectroscopy (Figure S4). The secondary structure of
the Con A protein crosslinked in the hydrogel is essentially
identical to that of the native Con A monomer in solution.

Con A binds mannose monomers as well as mannose
polymers, such as mannan isolated from yeast cell walls. The

titration of the hydrogel sensor with mannose up to 5 mg mL¢1

results in a small (< 20 nm) concentration-dependent
decrease in the particle spacing (Figure S5). The Con A–

Figure 1. Schematic illustration of Con A–C. albicans mannan binding.
The detailed structure of mannan and Con A can be found in Fig-
ure S2. Figure is not to scale, approximate dimensions: Con A hydrogel
thickness: 100 mm, C. albicans diameter: 5 mm, PS spheres diameter:
0.65 mm.

Figure 2. a) Photograph of Con A protein hydrogel crosslinked by
glutaraldehyde illuminated with a flashlight below at an angle of
around 4088 from the normal. The diffraction of the white light gives
rise to iridescence. The inset SEM image shows the non-close-packed
2D PC embedded on the ConA hydrogel. b) C. albicans concentration
dependence of PC–Con A hydrogel particle spacing. The photographs
show the color of the forward-diffracted light taken with a camera
along the normal and the source below at an angle of around 70.588 to
the 2D array normal. c) C. albicans concentration dependence of the
hydrogel sensor reflectance measured with a spectrometer in the
Littrow configuration, which is that where the diffracted light diffracts
back parallel to the direction of the incident light.
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mannose binding probably reduces the favorability of the free
energy of mixing of the resulting hydrogel, which leads to
a modest Con A hydrogel shrinkage. In contrast, a large
(ca. 70 nm) particle spacing decrease results from Con A–
mannan multidentate binding,[17] which forms crosslinks that
shrink the Con A hydrogel.[11, 18] The Con A–mannan recog-
nition mechanism is discussed in the Supporting Information
(Figure S6).[18]

This ConA–mannan binding can be used to sense the
presence of C. albicans because of the presence of its surface
mannan units. Figure 2b shows the C. albicans concentration
dependence of the PC–Con A hydrogel particle spacing. The
particle spacing decreases with increasing C. albicans con-
centration. An 8 nm particle spacing decrease occurs upon
introduction of the sensor to 20 mL C. albicans at an initial
concentration of 6 × 102 CFU/mL (the free concentration of
C. albicans is estimated to be ca. 60 CFU/mL). A larger 47 nm
particle spacing decrease occurs upon incubation in a 20 mL
C. albicans solution at an initial concentration of around 6 ×
107 CFU/mL. We calculated the limit of detection (LoD) for
this unoptimized PC–Con A hydrogel to be around 32 CFU/
mL (see the Supporting Information for details of the
calculation), which is much lower than the physiologically
typical concentration (400 CFU/mL in saliva).[19] The binding
of C. albicans to the PC–Con A hydrogel shifts the visually
observed diffracted color from green to blue (Figure 2b
inset), which is consistent with the diffraction wavelength
maximum measured by using a reflection probe in the Littrow
configuration at an angle of 19.588 between the probe and the
2D array normal. In a Littrow configuration, the 2D Bragg
diffraction relationship is ml = 31/2d sin q, where m is the
diffraction order, l is the diffracted wavelength (in vacuum), d
is the 2D particle spacing, and q is the angle of the light
relative to the normal to the 2D array.[20] As shown in
Figure 2c and Figure S7, the diffraction maximum shifts from
521 to 493 nm, which matches the particle spacing change
(from 900 to 853 nm) measured from the Debye diffraction
diameter.[20]

Figure S8 shows optical micrographs of Con A hydrogel
surfaces incubated at different C. albicans concentrations. At
an initial concentration of approximately 6 × 102 CFU/mL,
the free Con A hydrogel surface shows sparse C. albicans
binding, whereas this surface is highly bound at around 6 ×
105 CFU/mL. Figure S8d shows that C. albicans binds negli-
gibly to the surface of the Con A hydrogel attached to the 2D
PS arrays. C. albicans cells are approximately 5–8 mm in
diameter,[21] which greatly exceeds the interstice size of the
2D array. Therefore, C. albicans cannot penetrate into the
Con A protein hydrogel.

The PC–Con A sensor selectively detects C. albicans, as
evident by the particle-spacing change of the 2D PC on the
Con A hydrogel. As can be seen in Figure 3, a particle-spacing
decrease of around 47 nm occurs upon the ConA hydrogel
exposure to 6 × 107 CFU/mL C. albicans. This large decrease
arises from the relatively strong multivalent binding of the
C. albicans mannan to the hydrogel Con A to form crosslinks.
It is reported that the Con A equilibrium association constant
for mannan is 3.46 × 105 m¢1.[22] In contrast, the Con A sensor
does not respond to E. coli, thus indicating that no significant

binding between the ConA hydrogel and E. coli occurs
because of the lack of mannan on its surface.[1b, 23] It was also
found that there is little particle-spacing change (ca. 2 nm) for
a BSA protein hydrogel upon exposure to 6 × 107 CFU/mL
C. albicans, because C. albicans surface mannan does not bind
to BSA. An SEM measurement of the BSA protein hydrogel
surface confirms the lack of C. albicans binding (Figure S10).

We investigated the reversibility of the PC–Con A
sensorÏs response to C. albicans. Repeated exposure to 6 ×
105 CFU/mL C. albicans followed by washing with phosphate
buffer demonstrates the reversibility of the sensor. Figure 4a

Figure 3. C. albicans concentration dependence of the particle spacing
change of the PC–Con A and PC–BSA hydrogels. Also shown is the
E. coli concentration dependence of the PC–ConA protein hydrogel
particle spacing change.

Figure 4. a) Reversibility of PC–Con A hydrogel particle spacing
changes to C. albicans initial concentrations of 6 Ö 105 CFU/mL.
b) Time dependence of particle spacings in response to saturating
concentrations of C. albicans (6 Ö 105 CFU/mL) and mannan
(2 mgmL¢1).
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shows that our PC–Con A hydrogel is completely reversible
over five cycles toward C. albicans in solution.

The kinetics of the response of our PC–Con A hydrogel
sensor to C. albicans and mannan is shown in Figure 4b. The
saturating mannan concentration (2 mgmL¢1; Figure S5)
gives twice the shrinkage of the Con A hydrogel, as does
a saturating C. albicans solution (6 × 105 CFU/mL). This large
shrinkage presumably results from the better ability of
mannan to penetrate into the Con A hydrogel. Under
gentle agitation, binding of both C. albicans and mannan to
the Con A hydrogel saturates within around 100 min. The
similar response kinetics argues for a sensing mechanism that
is limited by the hydrogel response time, and may be due to
the slow diffusion of C. albicans and mannan molecules into
the Con A hydrogel.[22, 24] The mannan has a large molecular
weight of 54 kDa as determined by using SEC/GPC, which
also makes it difficult to fully diffuse into the ConA.[22]

In summary, we developed 2D PC–Con A hydrogel
sensing materials for the detection of the fungal pathogen
C. albicans. The cell-surface mannan binding to hydrogel
Con A sites form crosslinks, which shrink the Con A hydro-
gel volume and decrease the 2D array particle spacing, to
result in visually evident blue-shifts of the diffracted light, and
an increase in the Debye ring diameter. The reported PC–
Con A hydrogel selectively senses C. albicans over E. coli
bacteria with a significantly shortened detection time from
around 2 d by filtration culture methods[4] to less than 2 h at
a low LoD of 32 CFU/mL. While this sensor, which utilizes
Con A as the sensing motif, cannot distinguish C. albicans
from other microbes that also express cell-surface mannan
(e.g., S. cerevisiae, Figure S11),[25] it demonstrates that the
combination of a 2D PC platform with a carbohydrate-
binding protein hydrogel is an effective approach for devel-
oping sensors for microbial detection. Antibodies against
specific cell-surface carbohydrate antigens can be raised and
obtained rapidly,[12a] and therefore are expected to be quickly
incorporated into this platform to achieve absolute selectivity.
Furthermore, by optimizing the responsivity and detection
time, this approach may find a wide variety of applications in
sensing biological, chemical, and clinical agents in potential
terrorism threats, healthcare, and disease diagnosis.[26] Cur-
rently, we are working on the fabrication of less crosslinked,
thinner hydrogels in order to further improve the sensitivity
and to decrease the detection times of these PC–Con A
sensors.
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