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1. Introduction 

Fluorescence biosensors have found applications in a 
broad range of fields because of their capability for 
extremely high sensitivity, multiplex detection, and to 
cause little or no damage to the sample [1-4]. Two 
common modalities of fluorescence biosensing are 
fluorescence spectroscopy and fluorescence microscopy. 
Fluorescence spectroscopy is a highly sensitive detection 
modality and very well established. It is performed by 
exciting a sample with a light source and measuring the 
emitted fluorescence signals that are inherent to the 
target, or a fluorescent tag, using a spectrometer. The 
fluorescence intensity is proportional to the amount of 
target molecules and based on the profile and intensity of 
the spectra, detection and quantification can be 
performed [5-8]. Fluorescence microscopy is one of the 
most widely used biosensing mechanism due to the high 
sensitivity and spatial resolution [9-14]. Fluorescence 
microscopy operates similarly to spectroscopy but rather 
than measuring the fluorescence spectra with a 
spectrometer, an imager is used such as a CCD or CMOS 
sensor array. Compared with fluorescence spectroscopy, 
which requires optical spectrometers, fluorescence 
microscopy can be performed with simple read-out 
equipment --- only an optical filter and a camera. This, 
paired with the ease with which it can be performed, 
makes fluorescence microscopy a powerful biosensing 
technique. However, to achieve the desired high 
sensitivity with either modality, high grade electronics 
and optics are required. This limits the applications of 
these sensing methods in point-of-care diagnostics. In 
order to achieve practical detection limits with consumer 
grade electronics, efforts have been made to implement 
various optical setups with additional complexity [15-
17]. An alternative approach is the improvement of the 
sensing substrate. Many works have been published 
focusing on the creation of sensor substrates capable of 
enhancing measured fluorescence signals using a variety 
of structures including photonic crystals [18-21].  

Photonic crystals are periodic dielectric materials 
that can be one, two or three-dimensional. For 
fluorescence sensing, photonic crystal features are 
capable of enhancing the local optical field intensity [22, 
23]. Additionally, if a fluorophore is placed in proximity 
to a photonic crystal, it will experience enhanced 
emission due to the Purcell effect [24]. Such dual 
enhancement mechanisms, combined together, will lead 
to photonic crystal enhanced fluorescence detection that 
can achieve high levels of sensitivity without the need 
for high-grade electronics or optics. Fabricating 
rationally designed photonic crystal devices usually 
requires sophisticated fabrication equipment [25, 26] and 
relatively high cost, although the concerns have been 
relieved significantly by new techniques such as nano-

imprinting [27]. Cell cultivation is a conventional 
bioprocess that can provide an alternative approach for 
fabricating nanoscale photonic structures with low cost 
and less complexity. Diatoms are unicellular marine 
organisms that have porous biosilica cell walls with 
dimensions on the order of ten microns. The porous 
nature of the diatom frustule gives it roughly 11× more 
surface area than the glass surface (see Supporting 
Information) while the two-dimensional periodic 
nanosized pores endow it with hierarchical nanoscale 
photonic crystal features [28, 29]. We have previously 
shown the evaporation-based ability of diatoms to 
concentrate analytes [30]. Our research group has also 
previously shown that diatoms are capable of enhancing 
the electromagnetic field on its surface for SERS sensing 
[22, 23, 30, 31] and an ultra-sensitive SERS 
immunoassay has been developed, achieving a detection 
limit of mouse IgG down to 10pg/mL [32].  

In this paper, we develop a novel photonic crystal 
enhanced fluorescence immunoassay biosensor on 
diatom biosilica. We demonstrate enhancement in 
fluorescence spectroscopy signals of more than 100× in 
comparison to an equivalent non-diatom based biosensor 
allowing detection down to 100 aM (14 fg/mL). Utilizing 
fluorescence microscopy, we achieved a 10× 
enhancement of the limit of detection compared to non-
diatom sensors and a 27~2,700× enhancement in a hot-
spot counting method, achieving detection down to 1 fM 
(140 fg/mL). The fluorescence immunoassay in this 
work improved the detection limit by 100~1,000× 
compared with our previous SERS immunoassay, 
allowing for single molecule mouse IgG detection on 
diatom frustules. The effectively enhanced fluorescence 
imaging, coupled with a simple hot-spot counting 
analysis method used in this paper proves the ability of 
diatom fluorescence immunoassay for highly sensitive 
biosensors and the great potential for point-of-care 
diagnostics.  

2. Experimental  

2.1 Simulation 

Two mechanisms are capable of enhancing the 
fluorescence signal of a fluorophore on diatom. The first 
mechanism enhances the excitation while the second 
intensifies the emission. The enhanced excitation comes 
from a strengthened local optical field on the surface of 
the photonic crystal. Incident light induces resonant 
modes within the structure that, in turn, increase the 
optical field on the surface which in turn causes greater 
excitation of the fluorophore [33, 34]. This has been 
investigated previously by our research group and the 
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diatom structure has been theoretically shown capable of 
enhancing the excitation intensity by 10× [30]. The 
enhanced emission comes from an increased emission 
rate due to the Purcell effect [24, 35]. When a 
fluorophore is placed on a photonic crystal slab, the 
density of optical states increases, resulting in a greater 
emission rate from the fluorophore.  

To explore the enhanced emission of fluorophores 
on diatom surface, we performed a finite-difference 
time-domain (FDTD) analysis. The structure is modelled 
after the Pinnularia sp. diatom which we used in our 
experiments. The model is comprised of a silica slab 
with periodic air holes to simulate the pores. The 
dimensions of the simulated structure were chosen 
according to dimensions found from the SEM image of 
diatoms [30]. The pores are 160 nm in diameter with 
nanoscale features at the bottom. They are two-
dimensionally periodic with a period of 300 nm along 
the major and minor axes of the structure. These 
dimensions are shown in Fig. 1a-b. The structure is 15 
µm × 5 µm which is similar to the actual size of the 
diatoms. This structure was used to simulate the Purcell 
effect of the diatom frustule. 

As the Purcell effect is related to the emission of a 
fluorophore, a single electric dipole representing the 
emission of a previously excited fluorophore was used to 
simulate the Purcell effect. This dipole was placed at 
various points as shown in Fig. 1c to excite electric fields 
in the nano-structure. The Purcell factor was calculated 
from the dipole source as the ratio of the power emitted 
in the photonic crystal environment compared to that 
emitted in a homogenous material. The emission 
wavelength of the dipole was swept from 400-700 nm in 
order to acquire the structure’s Purcell effect. In Fig. 1d 
the Purcell factor is plotted with respect to the 
wavelength. The shaded region represents the emission 
region of R6G which is the fluorescence tag used in our 
experiment and represents the expected enhancement in 
our experiment. The simulation shows that when the 
fluorophore is near the nanopore, the power emitted by a 
fluorophore is enhanced by 1.5-3× across our region of 
interest due to the Purcell effect. Overall, the 
fluorophores inside the nanopores (B and C in Fig. 1c) 
will experience stronger Purcell effect compared with 
that (A in Fig.1c) on the surface of the frustule.  

For fluorescence biosensing, it is equally critical to 
efficiently collect the fluorescence signals. To address 
this concern, the far-field radiation patterns of a dipole 
on diatom and on glass were simulated. Simulating the 
radiation pattern of a fluorophore on diatom, as shown in 
Fig. 2a, shows that there are a few strongly focused 
radiation directions at large angles of 70˚ - 80˚, which is 
quite surprising. The reason is that a significant amount 
of the fluorescence emission from the fluorophore is 
coupled into the slab waveguide and emitted from the 
edge, which contributed to the large angle radiation. In 
reality, however, the surface roughness and curvature of 
the frustule (see Figure 4 for details) will scatter these 
slab modes and homogenize the radiation in the solid 
angle. Nevertheless, we still investigated the radiation 
pattern within a 50˚ cone. Our fluorescence spectroscopy 
measurements were done using an objective lens with a 
numerical aperture of 0.75, which has a corresponding 
50˚ half angle of acceptance directly above and normal to 
the sample. To investigate the collection efficiency of 
fluorescence light, the far-field radiation patterns are 
shown on diatom and glass in Fig. 2b-c respectively. As 
can be seen, the emission from the fluorophore on 
diatom is more intense than that found on glass and by 
averaging the collected intensity in both instances. The 
enhancement by diatom is calculated to be 1.7×. When 
combined with the enhanced excitation, we expect the 
total measured fluorescence enhancement from diatom to 
be on the order of 10×. This analysis applies to single 
molecule or a few molecule sensing. If a large number of 
randomly distributed fluorophores emit light with 
random polarization, corresponding to the biosensing of 
high concentration analyte, we may not observe any 
dependence of the radiation on the direction. The 
fluorescence emission from both diatom and glass will 
be relatively homogenous.  

2.2 Materials and Reagents 

Anhydrous ethanol (EtOH) was purchased from Macron. 
The bovine serum albumin (BSA), aminopropyl-
triethoxylsilane (APTES), glutaraldehyde (GA), antibody 
(goat anti-mouse IgG), antigen (mouse IgG) and 

 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

Figure 1. (a) S
(c) placement 
function of the

. 

 

 

Figure 2. Far
(a), and radia
(b) and glass (

antibody lab
mouse IgG-
The chemic
Water used i
purified by a
of ~ 18.2 MΩ

2.3 Prepar

Diatom (P
according to

Simulated slab 
of fluorophore

e wavelength 

r-field radiation
ation pattern ins
(c).  

beled with Rh
-R6G) were 
al reagents u
in all experim
a Millipore Sy
Ω cm. 

ration of dia

innularia sp
o the method p

structure with 5
s in diatom frus

n pattern of flu
side the 50˚ so

hodamine 6G 
obtained from

used were of 
ments was deio
ynergy UV U

atom biosili

p.) biosilica 
previously rep

5×5 array of na
stules; (d) the P

uorophore on di
lid angle on di

(R6G) (goat 
m Sigma-Ald
f analytical gr
onized and fu

Unit to a resist

ica  

were prep
ported with m

anopores; (b) en
Purcell effect sim

 

 
iatom 
iatom 

anti-
drich. 
rade. 

urther 
tivity 

pared 
minor 

mod
cont
conc
steri
mes
adju
was
diat
incu
depo
cove
kept
EtO
hour
ozon
subs

2.4 
imm

The
The
APT
follo
with
subs
glut
for 
thor
rem
GA-
of g
µL 

nlarged view of 
mulation result

dification [30]
tainer for on
centrated 10×
ile filtered art
sh to separat
usted to 0.1×
s placed into 
om cell suspe

ubated in a 
osit the cells
erslip with di
t in a humidif

OH for 4 hour
rs. The diatom
ne cleaner at 9
strate was read

Preparatio
munoassay

e diatom biose
e diatom subst
TES in EtOH
owed by wash
h nitrogen g
strate was i
taraldehyde (G

2 hours. Th
roughly with 

move excess G
-activated sur

goat anti-mous
onto various p

f the nanopore w
s at the three po

]. Briefly, di
ne week. The
× through cen
tificial seawat
e cells. The 
105 cells/mL 
a petri dish 

ension was cas
humidifier c
s on the cov
iatoms was p
fier for 24 ho
s, and soaked
ms were dried
90 °C for one 
dy for use. 

on of diatom

ensor was pre
trate was incu

H (v/v) for 6 
hing with acet
gas. After th
immersed in
GA) in phosp
he GA-modif

double-distil
GA and again
rface was then
se IgG in PB
points on the 

with geometric p
oints within a u

atoms were c
e diatom sus

ntrifuging and
er, and filtere
diatom cell 
for seeding.

separately, an
st onto the gla
hamber for 
verslip surfac
put into a new
ours and imme
d in pure EtOH
d in air and tre

day. After tha

m fluorescen

epared as show
ubated in 15 m
hours at room
tone and EtOH

hat, the amin
n 15 mL o
phate buffer 
fied diatom 
lled water th
n dried with n
n reacted with
S buffer by d
sensor and le

parameters; 
unit cell as a 

cultured in a 
spension was 
d dispersed in 
d with 20 μm 
density was 

 A coverslip 
nd 15 mL of 
ass slides, and 
one hour to 

ce. Then the 
w petri dish, 
ersed in 70% 
H for 4 more 
eated in a UV 
at, the diatom 

nce 

wn in Fig. 3. 
mL of 0.05% 
m conditions
H and drying 
nated diatom 
of 2% (v/v) 

saline (PBS) 
was washed 

hree times to 
nitrogen. The 
h 0.1 mg/mL 

drop casting 1 
eaving at 4°C 

a 
 
 
 
 
 

f 
d 
 

 
 
 

m 

 
 
 
 
 
 
 
 

 

 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

for 6 hours t
rinsing with
After this ste
BSA in PBS
block the re
non-specific 
immobilized
water, dried 

Figure 3. Sch
 
 
 
 
 
 
 
 

hours of im
substrate wa
by a drying 
mouse IgG l
spots of the 
washed thor
sensor was d
for fluoresce

3. Results 

3.1 Diatom
spectrosco

The morpho
was charact
(SEM). The 
b. The sem
around 25 μ
minor axis. 
two-dimensi
of 300 nm
nanofeatures
effect of the
using Rhod
molecule du
μL of R6G 
diatom subs
image of the
fluorescence

to get an antib
h PBS and wa
ep, the sample
S and left at ro
emaining GA
binding of th

d diatom subst
with nitrogen

hematic illustrat

mmune recogn
as rinsed with 

step with nitr
labeled with R

substrate and
roughly with
dried using ni
ence measurem

and discus

m-enhanced
opy 

logy of the di
terized by s
SEM images 

mi-ellipsoidal 
μm along the

The diatom 
ional nanopor

m. At the fl
s are present. 
e diatom phot
damine 6G 
ue to its stron

aqueous solu
strate. After d
e glass-diatom
e microscope

body layer fol
ater and dryi
e was submerg
oom temperat

A-active surfa
he immunoass
trates were rin
n, and stored 

tion of the fluor

nition at room
PBS buffer an
rogen. Next, 

R6G was pipet
d kept at 4 ˚C

h PBS buffer
itrogen gas an
ments. 

ssion 

d fluorescen

iatom photoni
scanning elec
of diatom are
cell dimensi

e major axis,
biosilica con

res (Fig. 4b) w
oor of the 
The fluoresce

tonic biosilica
(R6G) as th

ng fluorescenc
ution was cas
drying in air,

m substrate was
 with 532 

llowed by ano
ing with nitro
ged in 1 mg/m
ture for 6 hou
ace to reduce
say. The antib

nsed with PBS
at 4°C for fu

rescence micros

m temperature
nd water follo
1 μL of goat-
tted onto the s
C for 4 hours
r and water. 
nd was then r

ce 

ic crystal bios
ctron micros

e shown in Fig
ion of diatom
 8 μm along
nsists of peri
with a period
pores, additi

ence enhancem
a was investig
he typical p
ce feature. Fir
st onto the g
, the fluoresc
s obtained und
nm laser as

other 
ogen. 

mL of 
urs to 
e the 
body 

S and 
uture 

imm

sand
assa
anti
pipe
anti

scopy immunoa

, the 
owed 
-anti- 
same 
s and 

The 
ready 

silica 
copy 

g. 4a-
m is 
g the 
iodic 

dicity 
ional 
ment 
gated 
probe 
rst, 1 
glass-
cence 
der a 
 the 

exci
fluo
Sup
colo
that 
diat
enha
fluo
bios
show
fluo
fluo
of th
bios
is in

to 0
prev
show
imm
anti
inten
decr
conc
 

munoassay pro
The immuno

dwich protoco
ay (ELISA), 
gen (mouse 
etted onto spo
-mouse IgG a

assay sensing on

itation light.
orescence sp
pporting Inform
or from the di

from the g
om and glass
ancement ef

orescence enh
silica was furt
wn in Fig. 

orescence spec
orescence ima
he fluorescenc
silica are almo
n accordance w

The target an
0.1 fM was a
viously stated 
ws the fluor

munocomplex 
gen concentr
nsity of the
rease of a
centration  of 

ocedures.  
oassay procedu
ol of the enzy
as shown in 
IgG) at diff

ots correspond
antibody on th

n diatom photo

 Additional 
ectra acquis
mation. As sh
iatom photoni
glass slide. T
s was attribut
ffect from 
hancement ef
ther verified b
4d. The sam
ctra was the s
age acquisition
ce spectra of R
ost 10× that f
with the fluore
ntigen, mouse

applied to the 
immunoassay

rescence spec
on diatom 

rations. It ca
e peak decre
antigen con
 mouse  IgG  

ure is similar 
yme-linked im

Fig. 3. Brie
ferent concen
ding with imm
he diatom subs

onic crystal bios

information
sition is giv
hown in Fig. 4
ic biosilica is 
The contrast 
ted to the pho

diatom fru
ffect of diato
by fluorescen

mple used to
ame one that 
n in Fig. 4c. 
R6G from dia
from the glass
escence imagi
e IgG, varying

sensor as ou
y protocol sec
ctra of the 

frustules w
an be observ
eases gradual
ncentrations. 

decreases  to 

to a standard
mmunosorbent 
efly, 1 μL of 
ntrations was

mobilized goat
strate. After 2

silica. 

n about the 
ven in the 

4c, the orange 
brighter than 
between the 

otonic crystal
ustules. The 
om photonic 

nce spectra as 
o collect the 

was used for 
The intensity 

atom photonic 
s slide, which 
ing result. 
g from 1 pM 
utlined in the
ction. Fig. 5a 
R6G-labeled

with different
ved that the 
lly with the 

When the 
 0.1  fM,  the 

d 
 

f 
 

t 
 

 

 

 
 
 
 

 
 

r 
 

 
 

 
t 

 
 
 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

Figure 4. SE
frustule, (b) pr
of 1 µL of 
substrate, (d) 
solution dropp
 

M images of (
rimary pores on
R6G (10-6 M
fluorescence s

ped onto the gla

a) an overview
n a frustule, (c)

M) dropped ont
spectra of 1 µL
ass-diatom subs

w of a single di
) fluorescence im
to the glass-di
L of R6G (10-

strate. 

 
iatom 
mage 
iatom 
-6 M) 

 

Figu
diffe

 

 

 

ure 5. Fluoresc
erent concentrat

ence spectra on
tions of IgG. 

n diatom (a) an

 

nd glass (b) for  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

Figure 6. Fluo
 
fluorescence
compared to
slides, when 
10 fM, it is d
of R6G fro
demonstrates
superior per
crystal effect
excitation an
out that th
modulation 
experimenta
structure is 
the simulatio
varies from d
frustule. Thi
effect which
 

3.2 Fluore
analysis  

To further e
and fluoresc
fluorescence
antigen wer
fluorescence
concentration
fluorescence

orescence and o

e intensity at 
o the control s

the concentra
difficult to dis
m the contro
s a 100× enha
rformance can
t of the diatom
nd the Purcell
here is not 
as the simula
l spectra. T
not perfectly 
on model. The
diatom to diat
is creates an 

h results in the 

escence imag

xplore the cap
cence images 
e microscope
re imaged a

e intensity 
n decreases a

e intensity w

optical images o

575 nm is sti
ample. In con
ation of mouse
tinguish the fl
ol as shown 
ancement from
n be attribute
m frustules, fro
 effect. It is in
any trace o

ation results 
This is beca

periodic ove
erefore, the lo
tom and even 
averaging eff
absence of th

ging averag

pabilities of o
were taken o

e. Varying c
and it is ob

decreases 
as shown in Fi
was calculate

of diatoms at va

ill easily obse
ntrast, on the g
e IgG decreas

fluorescence si
in Fig. 5b. 

m our sensor.
d to the phot
om both enha
nteresting to p
of Purcell e
in Fig. 1d in
ause the dia
er a long rang
ocal Purcell fa
across the dia

fect of the Pu
his modulation

ge intensity 

our sensor, op
of diatoms usi
concentrations
bserved that 
as the ant
ig. 6. The ave
ed and used

arying concentr

erved 
glass 

ses to 
ignal 
This 
 The 
tonic 

anced 
point 
effect 
n the 
atom 
ge as 
factor 
atom 

urcell 
n. 

ptical 
ing a 
s of 

the 
tigen 
erage 
d to 

dete
for c
is ou

was
alon
plot
The
ratio
1 be
for 
fluoܴܵܰ
and 
fact
Equ
inten
glas
to coܨܧ
fM 
of  5

rations of R6G-

ermine the pre
calculating th
utlined in the 
The fluoresc

s analyzed an
ng with error
tted with respe
e noise floor 
o (SNR). The 
elow where Isi

a given con
orescence wheܴ ൌ ூೞ೔೒೙ೌ೗ூ್೗ೌ೙ೖ

The SNR w
on glass are

or due to d
uation 2 whe
nsity on diato

ss. The enhan
oncentration iൌ ூೌೡ೒,೏ூೌೡ೒,೒   

Using this m
was achieved

50  was  achiev

-tagged mouse I

esence of the 
he average inte
Supplemental

cence intensity
nd the averag
r bars of the
ect to concent
was defined 
SNR was def

ignal is the aver
ncentration a

en there is no a

  

with respect to
e plotted in F
diatom was
ere Iavg,d is 
om and Iavg,g i
ncement factor
in Fig. 7c.   

 

methodology, 
d as shown in 
ved  on  diatom

IgG. 

analyte. The 
ensity on diat
l Information.
y on diatom 
ge at each c
e standard de
tration as show
as 3× the si

fined as shown
rage fluoresce
and Iblank is 
antigen presen

 (1) 

o concentratio
Fig 7b. The 

calculated a
the average

is the average
r was plotted

  (2) 

a limit of de
Fig. 7a. A ma

m  and  an  enh

 

methodology 
tom and glass 
.  
and on glass 

concentration, 
eviation, was 
wn in Fig. 7a. 
ignal-to-noise 
n in Equation 
ence intensity 

the average 
nt. 

on on diatom 
enhancement 
according to 
e fluorescent 
e intensity on 

d with respect 

tection of 10 
aximum SNR 
hancement  as

 
 

 
 

 
 
 

m 
 
 
 
 

t 

 
R

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

Figure 7. Ave
bars, along w
diatom and g
representing 
calculated at e

erage fluoresce
with the noise 
glass with resp
SNR = 3 (b). 
each concentrat

nce on diatom 
floor (a). The 

pect to concen
The enhancem

tion (c). 

and glass with 
SNR is show

ntration with a
ment factor is 

 
error 
n for 

a line 
also 

high
conc
sens
conc
enha
und
abun
acro
such
sing
mol
aver
the f

3.2 

As a
was
inten
inten
num
calc
3 wh
hot-ܴ ൌ
Perf
conc
1 fM
than
Fig.
achi
of 
supp
conc
larg
may
non
dsig
surr
fluo
hot-
How
surr
as c
caus
resp
Nev
is gu
leas
dete
and 
of d
diat
bios
 

h as 6× fro
centration of
sors is shown
centration dec
ancement fac
erstood. At 
ndant and is 
oss the samp
h as 1 fM, th
gle molecule
lecules are n
raging the wh
fluorescence s

Fluorescen

a more accura
s performed 
nsity. A hot
nsity is three

mber of hot-s
culated on the 
here R is the o
-spots.  ൌ ே೓ೞே೛    

forming this 
centrations, w
M, achieving 
n the large are
. 8, a massiv
ieved ranging
this enhance
porting info
centrations, th

ge variations i
y contain a co
e. For our m

gnals were i
rounding gl
orescence wer
-spot occupati
wever, the 
rounding the 
can be seen in
sed by the n
ponsible for th
vertheless, the
uaranteed for 

st a hot-spot 
ection, we ach

10 fM on gl
detection is 
om, thus p
sensors for enh

om diatom w
f 10-9 M. Th
n in the suppo
creases, so do
ctor from dia
higher conce
considered t

le. However,
he density of
 levels. At 

no longer uni
hole diatom, t
signals is dilu

nce imaging

ate method, a 
rather than

t-spot was de
e times the n
spots, the hot

glass and the
occupation th

hot-spot cou
we pushed our 

detection an 
ea averaging 
e enhancemen
 from 27× up 

ement is dis
ormation. D
he non-uniform
in hot-spot oc
ouple of fluo

measurements, 
imaged and 
lass. Becau
re selectively
ion ratio on d
hot-spot occ
diatom varies

n Fig. 8. This 
non-uniformit
he wide rang
e enhancemen

single-molec
occupation 

hieve detection
ass. This 10×
attributed to

proving the 
hanced fluore

was achieved
he reproducib
orting inform
o the SNRs, a
atom. This c
entrations, th
to be uniform
, at lower co
f fluorophores

this concen
iformly dispe
the enhancem

uted. 

g hot-spot a

hot-spot coun
n analyzing 
efined as a 
noise floor. C
t-spot occupa

e diatom by us
e number of p

unting analys
limit of detec
order of mag
technique. As
nt due to the
to 2,700×. Th

scussed in d
Due to th
mity of the an
ccupation rati

orophores or t
diatoms with
then compa

use diatoms 
 imaged, the
diatom is rela
cupation rati
s largely betw
large variatio

ty of the an
e of enhance

nt factor of m
ule detection.
ratio of at l
n limits of 1 f

× improvemen
 the enhance

merit of 
escence. 

d at antigen 
bility of our 
ation. As the 

as well as the 
an be easily 

he analyte is 
mly dispersed 
oncentrations, 
s is closer to 
ntration, the 

ersed and by 
ment factor of 

nalysis 

nting analysis 
the average 
pixel whose 

Counting the 
ation ratio is 
sing Equation 
pixels that are 

 (3)

is at several 
ction down to 
gnitude lower 
s is shown in
e diatom was 
he mechanics 

depth in the 
e ultra-low 

nalyte leads to 
io. An image 
there may be 
h fluorescent 

ared to their 
exhibiting 

e variation in 
atively small. 
io on glass 
ween samples 
on on glass is 
nalyte and is 
ment factors. 

more than 20× 
 Requiring at 
least 1% for 
fM on diatom 
nt to the limit 
ements from 
diatom-based 

 
r 

 
 
 

 
 
 
 

f 

 
 
 
 

 

 
 

r 
 
 
 
 

 

 
t 
r 
 
 

 
 
 
 
 
 

r 
 

 
d

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

Figure 8. Th
plotted on a
concentration 

4. Conclus

In summary
enhanced f
fluorescence
diatom bios
photonic cry
synergistic w
detection. W
better detect
fluorescence
of the mouse
10-15 M (14
modalities, 
molecule on
enhanced flu
simple hot-s
paper, prove
immunoassa
sensitivity. 
fluorescence
phone-based
have a lot of
the advantag
in rural and
nations. We
enhanced flu
versatile dev
rural and un
this in our fu

Supportin

he hot-spot occu
a log scale fo

at 10-15 M. 

sion 

y, we demo
fluorescence 
e spectroscopy
silica. The p
ystal features 
way to achiev

We experimen
ion limit with

e imaging resp
e IgG goes do

40 fg/mL) for
virtually se

n each diat
uorescence im
spot counting
es the great 
ay to enhance 

This sensor
e microscopy
d diagnostics.
f attention in r
ges of such a s
d low-income
e expect that
uorescence im
vice for cell-p
nderdeveloped
uture work. 

ng Informa

upation ratio o
or several sam

onstrated a 
microscopy 

y and fluoresc
porous nanost

of diatoms a
ve ultra-sensit
ntally achieve
h fluorescence
pectively. The
own to 10-16 M
r the two res

ensing a sin
om frustule. 

maging, in con
g analysis me
ability of dia
fluorescence 

r is ideal 
 diagnostics, 
 Cell phone-
recent years [1
system are ob
e areas as we
t the diatom 
mmunoassay 
phone based P
d areas and w

ation 

on diatom and 
mples with an

photonic cr
including 

cence imagin
tructures and
are combined 
tive immunoa
ed 100× and 
e spectroscopy
e limit of detec
M (14 fg/mL)
spective detec
ngle mouse 

The effecti
njunction with
ethod used in
atom fluoresc

and achieve 
for point-of-

particularly 
-based biosen
15-17, 36, 37]
vious, particu
ell as develo

photonic cr
can be used 
POC diagnos

we will invest

glass 
nalyte 

rystal 
both 

ng on 
d the 

in a 
assay 

10× 
y and 
ction 
) and 
ction 
IgG 

ively 
h the 

n this 
cence 

high 
f-care 

cell 
nsors 
] and 

ularly 
oping 
rystal 
as a 

sis in 
igate 

Add
onli
 
 

Ack
ackn
Hea
R03
Gran
Agr
auth
Poly
than
assi
 

Aut

Ref

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10] 

ditional suppo
ine version of

knowledgeme
nowledge the 
alth under 
3EB018893, t
nt No. 170132

riculture unde
hors also ack
ymer Technol
nk Mr. Bo W
stance in mea

hor biograph

ferences 

Weiss, S. 
biomolecules, 
Lakowicz, J. T
Press, New Yo
Pickup, J.; Hu
Fluorescence-b
, 20, 2555-256
Luo, F.; Zhen
Chen, G. An 
multiplex dete
Chem Commu
Sikorska, E.;
Sikorski, M. 
edible vegetab
Agric. Food C
Yi, L.; Li, H.;
sensitive fluor
assay of glutat
4034-4037 (20
Jo, H.; Her, J.
nanoparticles 
cancer, Biosen
Zhang, J.; Wa
C. Aptamer-ba
for multiplex d
201-204 (2010
Sheahan, A.;
Massoud, T. 
vivo protein fo
808 (2016).  
Lu, X.; Nicovi
molecule bios
microscopy, B

orting informa
f this article a

ents The au
support from
Grant No. 

the National S
29, and the U
er Grant No.
knowledge th
logies, Inc. Th
Wu and Dr.
asuring the flu

hies: See Supp

Fluorescence 
Science, 283, 1

Topics in fluore
ork, New York,
ussain, F.; Evan
based glucose s

65 (2005).  
ng, L.; Chen, S

aptamer-based
ection using un
un., 48, 6387-63

Gliszczynska-
Synchronous f
ble oils. Quan

Chem., 53, 6988
Sun, L.; Liu, L

rescence probe
thione reductas
009).  
; Ban, C. Dual 
for the highly 

ns. Bioelectron.
ang, L.; Zhang,
ased multicolor
detection in hom
0).  

Sekar, T.; C
A molecular i

folding and mis

ich, P.; Gaus, K
sensors using s

Biosens. Bioelec

ation may be 
at the publish

uthors woul
m the National

1R21DA04
Science Foun

Unites States D
. 3017-67021
he support f
he group woul

Li-Jing Che
uorescence spe

porting Inform

spectroscopy
1676-1683 (199
escence spectro
, USA, 1994), p
ns, N.; Rolinski
sensors, Biosen

S.; Cai, Q.; Lin
d fluorescence 
nmodified gold 
389 (2012).  
Swiglo, A.; K
fluorescence sp
ntification of t
8-6994 (2005).  
L.; Zhang, C.; X
e for fast thiol
e, Angew, Chem

aptamer-functi
sensitive detec
, 71, 129-136 (
 H.; Boey, F.; 
r fluorescent go
mogeneous solu

Chen, K.; Pau
imaging biosen
folding, J Mol 

K.; Gooding J. T
super-resolution
ctron., 93, 1-8 (

found in the 
her’s website.

ld like to 
l Institutes of 
437131 and 
ndation under 
Department of 
1-26606. The 
from Marine 
ld also like to 
eng for their 
ectroscopy. 

mation online.

y of single 
99).  
scopy (Plenum 

pp. 1-19.  
i, O.; Birch, D. 
ns. Bioelectron. 

n, Z.; Qiu, B.;
biosensor for 
nanoparticles, 

Khmelinskii, I.;
pectroscopy of 
tocopherols, J. 

Xi, Z. A highly 
l-quantification 
m. Int. Ed., 48, 

ionalized silica 
ction of breast 
2015).  
Song, S.; Fan, 

old nanoprobes 
ution, Small, 6, 

ulmurugan, R.;
nsor detects in 
Med, 94, 799-

Towards single 
n fluorescence 
(2017).  

 
  

 
f 
d 
r 
f 
 
 
 

r 

 

 

 

 
 
 

 
f 
 

 
 

 

 

 
 

 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

[11] Stelzer, E.; Light-sheet fluorescence microscopy for 
quantitative biology, Nat. Methods, 12, 23-26 (2015).  

[12] Deschout, H.; Zanacchi, F.; Mlodzianoski, M.; Diaspro, 
A.; Bewersdorf, J.; Hess, S.; Braeckmans, K. Precisely 
and accurately localizing single emitters in fluorescence 
microscopy, Nat. Methods, 11, 253-266 (2014) 

[13] Kuroda, A.; Alexandrov, M.; Nishimura, T.; Ishida, T. 
Rapid on-site detection of airborne asbestos fibers and 
potentially hazardous nanomaterials using fluorescence 
microscopy-based biosensing, Biotechnol. J., 11, 757-767 
(2016).  

[14] Gao, X.; Ding, C.; Zhu, A.; Tian, Y. Carbon-Dot-Based 
Ratiometric Fluorescent Probe for Imaging and 
Biosensing of Superoxide Anion in Live Cells, Anal. 
Chem. 86, 7071-7078 (2014).  

[15] Breslauer, D.; Maamari, R.; Switz, N.; Lam, W.; Fletcher, 
D. Mobile Phone Based Clinical Microscopy for Global 
Health Applications, 4, e6320 (2009).  

[16] Zhu, H.; Yaglidere, O.; Su, T. W.; Tseng, D.; Ozcan, A. 
Cost-effective and compact wide-field fluorescent imaging 
on a cell-phone, Lab Chip, 11, 315-322 (2011).  

[17] Cosckun, A.; Nagi, R.; Sadeghi, K.; Phillips, S.; Ozcan, A. 
Albumin testing in urine using a smart-phone, Lab Chip, 
13, 4231-4238, (2013).  

[18] Ganesh, N.; Block, I.; Mathias, P.; Zhang, W.; Chow, E.; 
Malyarchuk, V.; Cunningham, B. Leaky-mode assisted 
fluorescence extraction: application to fluorescence 
enhancement biosensors, Opt. Express, 16, 21626-21640 
(2008) 

[19] Bauch, M.; Toma, K.; Toma, M.; Zhang, Q.; Dostalek, J. 
Plasmon-enhanced fluorescence biosensors: a review, 
Plasmonics, 9, 781-799 (2014).  

[20]  Gallegos, D.; Long, K. D.; Yu, H.; Clark, P. P.; Lin, Y.; 
George, S.; Nath, P.; Cunningham, B. T. Label-free 
biodetection using a smartphone. Lab Chip, 13, 2124-2132 
(2013).  

[21]  Dutta, S.; Saikia, K.; Nath, P. Smartphone based LSPR 
sensing platform for bio-conjugation detection and 
quantification. RSC Adv. , 6, 21871-21880 (2016).  

[22] Ren, F.; Campbell, J.; Wang, X.; Rorrer, G. L.; Wang, A. 
X. Enhancing surface plasmon resonances of metallic 
nanoparticles by diatom biosilica. Opt express, 21, 15308-
15313 (2013).  

[23] Kong, X.; Xi, Y.; Le Duff, P.; Chong, X.; Li, E.; Ren, F.; 
Rorrer, G. L.; Wang, A. X. Detecting explosive molecules 
from nanoliter solution: A new paradigm of SERS sensing 
on hydrophilic photonic crystal biosilica. Biosens 
Bioelectron, 88, 63-70 (2017).  

[24] Purcell, E. Spontaneous emission probabilities at radio 
frequencies, Phys. Rev. , 69, 681 (1946).  

[25]  Cheng, C. -C.; Scherer, A. Fabrication of photonic band�
gap crystals. J. Vac. Sci. Technol. , 13, 2696-2700 (1995).  

[26]  Campbell, M.; Sharp, D. N.; Harrison, M. T.; Denning, R. 
G.; Turberfield, A. J. , Fabrication of photonic crystals for 

the visible spectrum by holographic lithography, Nature, 
404, 53-56 (2000).  

[27] Pokhriyal, A.; Lu, M.; Chaudhery, V.; Huang, C.; Schultz, 
S.; Cunningham, B. Photonic crystal enhanced 
fluorescence using a quartz substrate to reduce limits of 
detection, Opt. Express, 18, 24793-24808 (2010) 

[28] Li, H.; Jiang, B.; Yang, X.; Eastman, M.; Liu, Y.; Wang, 
L.; Campbell, J.; Lampert, L.; Wang, R. K.; Rorrer, G. L. 
Near-infrared selective and angle-independent 
backscattering from magnetite nanoparticle-decorated 
diatom frustules. ACS Photonics, 1, 477-482 (2014).  

[29] De Stefano, L.; Maddalena, P.; Moretti, L.; Rea, I.; 
Rendina, I.; De Tommasi, E.; Mocella, V.; De Stefano, M. 
Nano-biosilica from marine diatoms: A brand new 
material for photonic applications. Superlattices 
Microstruct, 46, 84-89 (2009).  

[30] Kong, X.; Xi, Y.; LeDuff, P.; Li, E.; Liu, Y.; Cheng, L. -J.; 
Rorrer, G. L.; Tan, H.; Wang, A. X. Optofluidic sensing 
from inkjet-printed droplets: the enormous enhancement 
by evaporation-induced spontaneous flow on photonic 
crystal biosilica. Nanoscale, 8, 17285-17294 (2016).  

 [31] Kong, X.; Yu, Q.; Li, E.; Wang, R.; Liu, Q.; Wang, A. X. 
Diatomite Photonic Crystals for Facile On-Chip 
Chromatography and Sensing of Harmful Ingredients from 
Food. Materials, 11, 539 (2018). 

 [32] Yang, J.; Zhen, L.; Ren, F.; Campbell, J., Rorrer, G.L.; 
Wang, A.X. Ultra-sensitive immunoassay biosensors 
using hybrid plasmonic-biosilica nanostructured 
materials. J. biophotonics, 8, 659-667 (2015) 

[33] Ganesh, N.; Zhang, W.; Mathias, P.; Chow, E.; Soares, J.; 
Malyarchuk, V.; Smith, A.; Cunningham, B. Enhanced 
fluorescence emission from quantum dots on a photonic 
crystal surface, Nat Nanotechnol, 2, 515-520 (2007). 

[34] Hung, Y; Smolyaninov I. I.; Davis, C. C.; Wu, H.; 
Fluorescence enhancement by surface gratings, Opt. 
Express, 14, 10825-10830 (2006). 

[35] Gaponenko, S. V.; Bogomolov, V. N.; Petrov, E. P.; 
Kapitonov, A. M.; Yarotsky, D. A.; Kalosha, I. I.; 
Eychmueller, A. A.; Rogach, A. L.; McGilp, J.; Woggon, 
U.; Gindele, F., Spontaneous Emission of Dye Molecules, 
Semiconductor Nanocrystals, and Rare-Earth Ions in 
Opal-Based Photonic Crystals, J. Lightwave Technol, 17, 
2128-2137 (1999).  

[36] Yu, H.; Tan, Y.; Cunningham, B. Smartphone 
fluorescence spectroscopy, Anal. Chem., 86, 8805-8813 
(2014). 

[37] Chen, W.; Yu, H.; Sun, F.; Ornob, A.; Brisbin, R.; 
Ganguli, A.; Vemuri, V.; Strzebonski, P.; Cui, G.; Allen, 
K.; Desai, S.; Lin, W.; Nash, D.; Hirschber, D.; Brooks, I.; 
Bashir, R.; Cunningham, B. Mobile platform for 
multiplexed detection and differentiation of disease-
specific nucleic acid sequences, using microfluidic loop-
mediated isothermal amplification and smartphone 
detection, Anal. Chem., 89, 11219-11226 (2017). 

 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

 
 

 

Graphical A

Text: Taking
and emissi
the diatom
immunoass
detection li
spectroscop
respectively
imaging in 
counting an
the great
immunoass
high sensiti

Abstract for T

g advantage
on from the
, we create 

say biosenso
imit by 100×
py and 
y. The effect

conjunction
nalysis meth
t ability 
say to enhan
ivity. 

Table of Con

 of the enha
e photonic 
ultra-sensit

ors. We ach
× and 10× us

fluoresce
ively enhanc
n with the 
od used in th
of diatom
ce fluoresce

ntents 

anced excita
crystal effec
ive fluoresce
ieved enhan
ing fluoresce

ence ima
ced fluoresce
simple hot-
his paper pro

m fluoresce
ence and ach

ation 
ct of 
ence 
nced 
ence 
ging 

ence 
spot 
oves 
ence 

hieve 

 
Ima
 

 

 

 

 

 

 

 

  

 

age: 

This article is protected by copyright. All rights reserved.


