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ABSTRACT: Ultrasensitive detection of proteins and biomolecules
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has been previously achieved by optical nanoparticles (NPs) using the Lsxt0°f Bare NPs
principles of Forster resonance energy transfer (FRET). However, the _Lene'p g Rlotnylated NPs
inherent need for labeling the target analyte in these assays hinders =§'~4“°i’ =

their applicability in point-of-use (POU) diagnostics. In this work, a .(Iz‘.( ,{8 %"2‘10;' 3

label-free NP-based sensor has been developed that utilizes down- Z ;233 % !

conversion luminescence and surface electric dipoles as a novel A — gﬁ:m wl 8 I

approach for the detection of avidin. The long-lived luminescence of = o0tk 1|

Eu’*-doped biotinylated NPs was effectively quenched in the presence BF ’1{1). 2oxtef - J\ "\

of avidin in a concentration-dependent manner. The NPs exhibited % 00— e
high avidin selectivity and sensitivity with a limit of detection (LOD) 575 %?’aveleﬁrisgth (;::) “

of 7.8 nM and a wide dynamic range spanning 1 nM to 10 M in

deionized (DI) water. The application of the assay in a complex biological matrix consisting of cell growth medium supplemented
with 10% v/v serum was verified with minor effects on avidin sensitivity exhibited by an LOD of 34.7 nM. The performance of the
system was evaluated by comparing the photoluminescence (PL) intensities of known avidin concentration and the values predicted
by the generated calibration curve. The new biosensing strategy has the potential to be extended to the detection of other disease
biomarkers or pathogens with LOD and limited matrix effects in POU settings.
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raditional diagnostic approaches such as the enzyme-

linked immunosorbent assay (ELISA) enable the capture
and detection of proteins through antibody—antigen binding
interactions, while oligonucleotide microarray and sequencing
technologies (e.g., polymerase chain reaction-PCR) allow for
the identification and discovery of specific nucleic acid
targets."” While these approaches possess high sensitivity
(LOD within fM—pM range) and selectivity, they lack
multiplexing capabilities, require large volumes of reagents,
contain multiple time-consuming processing steEs, and require
highly trained personnel for assay operation.” > Therefore,
conventional methods are incompatible with the growing need
for POU diagnostics according to the set of criteria

distinct optical characteristics such as tunable size-dependent
emission, high PL quantum yields, broad excitation spectra,
15,16 However, their inherent
toxicity and chemical instability limit their application in
biological detection and medical diagnosis.'”'® Compared to
organic dyes and QDs, rare earth (RE)-doped luminescent
NPs exhibit superior features, including long luminescence
lifetime (us—ms range), large (anti)Stokes shifts (>S50 nm),
narrow emission bandwidths (<10 nm), low toxicity, and high
resistance to photobleaching, which has led to their use as
energy donors.!? 2! Regardless of the type of energy donor/
acceptor, the majority of FRET-based assays require

and narrow emission bandwidths.

summarized by the acronym ASSURED (Affordable, Sensitive,
Specific, User-friendly, Robust and rapid, Equipment-free,
Deliverable) proposed by the World Health Organization
(WHO).® Several optically based techniques have been
developed to bypass the challenges encountered with tradi-
tional bioassays. 8 Specifically, a growing body of optical
sensors utilize the FRET effect where the sensor sensitivity is
highly dependent on the structure and efficiency of the
fluorophore energy donor.””'' Numerous drawbacks of
commonly used organic dyes, including photobleaching,
blinking effects, and sample interference, make them unsuitable
energy donors."”™'* Semiconductor quantum dots (QDs) have
been favorably adopted in the FRET-based studies due to their
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fluorescent labeling of the target analyte. This makes a
bioanalytical assay vulnerable to changes in pH, temperature,
ionic concentration, and oxidation, limiting their utility for
POC applications.””**

To address the challenges of current FRET-based sensors,
Bajgiran et al. recently developed a Bi**-doped YVO,:Eu’|
YVO,:Bi** core—shell (CS) nanoarchitecture that exhibits
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adaptive downconversion (DC) luminescence upon modifica-
tion with weak electric surface ligands.”* The hybridization of
the Bi3+/VO43_ energy levels was observed to be a function of
the weak electric dipole generated by the surface decorated
ligand. This difference in the hybridization in the presence of
ligands of the Bi**/VO,>” energy levels resulted in changes in
energy level overlap between Bi**/VO,’” and Eu’" ions,
altering the luminescence. Ultimately, tuning of the hybrid-
ization resulted in a systematic enhancement or quenching of
the luminescent signal based on the direction and magnitude
of the dipole moment.”* In the present study, the label-free
detection of avidin is demonstrated through the dipole
modulation of the developed CSNPs surface functionalized
with biotin to exploit the well-established biotin—avidin
interactions (Scheme 1). The biotin—avidin complex has

Scheme 1. Hlustration of the Sensing Mechanism
Harnessing the Changes in Dipole Moment at the Surface of
the Nanoparticle Sensor
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been adopted extensively to characterize novel bioanalytical
and biotechnological applications because of its high affinity
(~7.0 x 10" M™') leading to stable biomolecular
constructs.”” >’ Functionalizing the surface of the CSNPs
with D-biotin initially generated a positive dipole moment (i.e.,
electron-withdrawing), resulting in a decreased luminescent
signal (Figure S1A). The high affinity between the tetrameric
protein avidin and the vitamin biotin applied a larger positive
dipole moment at the surface of the CSNPs resulting in further
quenching of the luminescence.

The surface of the CSNPs was functionalized with biotin
using carboxylic acid chemistry’® instead of capping ligands or
cross-linking agents, both of which require complex reaction
chemistries. Fourier-transform infrared spectroscopy (FTIR)
verified the successful conjugation of biotin to the CSNP
surface by exhibiting the presence of a sharp peak at 1686 cm™
in the spectrum of the functionalized CSNPs, assigned to the
stretching vibration of the amide bond (Figure S1B).*" As a
result of surface modification, the zeta-potential for CSNP
colloidal solution (pH = 6.99) changed markedly from —26.8
to —38.9 mV after biotinylation (Figure S1C). The highly
negative zeta-potential values stabilize the CSNP colloids by
means of electrostatic repulsion. Accordingly, these biotiny-
lated CSNPs exhibit superior DI water dispersity compared to
nonfunctionalized CSNPs by forming a more transparent
colloidal solution that can be easily observed with the naked
eye (Figure S1D). In order to properly characterize avidin
detection, the surface coverage of the biotin functionalized
CSNPs was measured to be 0.35 pmol.mg™' based on the
thermogravimetric analysis (TGA) performed on the biotiny-
lated CSNPs (Figure S1E).

The biotinylated CSNPs were titrated against various
concentrations of avidin (1.0 nM to 10 uM) dispersed in DI
water to monitor concentration-dependent changes in the PL
intensity. After S min of incubation, gradual quenching of the

PL intensity was detected with increasing avidin concentration
due to the larger positive dipole applied at the local surface of
the CSNPs through avidin—biotin interactions (Figure 1A). A
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Figure 1. Biotinylated CSNPs can detect avidin at low LODs in DI
water. (A) 0.1 mg/mL of biotinylated CSNPs were incubated with
different avidin concentrations in DI water for 5 min resulting a
significant PL quenching. Control indicates biotinylated CSNP in DI
water. (B) Calibration curve determined the LOD of the biotinylated
CSNPs was 7.8 nM. Control indicates biotinylated CSNPs in DI
water at the presence of BSA.

standard calibration curve was generated after 30 min of
incubation to form a basis for reliably determining the amount
of free avidin in solution (Figure 1B). Plotting the intensity of
Eu’* emission (positioned at 619 nm) as a function of the
logarithm of avidin concentration exhibited a wide dynamic
range of 1 nM to 10 yM with strong linearity (R* = 0.99) over
10—100 nM range. Using this response, the LOD for the avidin
system was determined to be 7.8 nM (Figure S2A), which is
comparable to those of QD/UC FRET-based methods (LOD
=0.5—10 nM).”" 7%’ It should be noted that the avidin used in
this work is not conjugated to a fluorescent tag, and therefore,
it has minimal light absorption within the emission (~619 nm)
and excitation (~300 nm) range of the CSNPs (Figure S3A).
The avidin light absorption within these ranges is not
concentration-dependent. Thus, there is minimal energy
absorption by avidin at the excitation/emission wavelength
range of the CSNPs, which is in contrast with the sensing
mechanism of a typical FRET-based assay.'”** Furthermore, it
is well-known that in addition to excitation/emission intensity,
the luminescence lifetime of the NP phosphor also changes in
FRET-based assays.'”** In order to clearly distinguish between
the sensing mechanism proposed in this work and other
FRET-based assays, the emission lifetime of the Eu’* was
monitored with increasing concentrations of avidin. As can be
seen from Figure S3B and Table S1, in contrast to FRET-based
assays,”* there are no discernible changes between the

https://dx.doi.org/10.1021/acssensors.9b02204
ACS Sens. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02204/suppl_file/se9b02204_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02204/suppl_file/se9b02204_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02204/suppl_file/se9b02204_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02204/suppl_file/se9b02204_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02204/suppl_file/se9b02204_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02204/suppl_file/se9b02204_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02204/suppl_file/se9b02204_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02204/suppl_file/se9b02204_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02204/suppl_file/se9b02204_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02204?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02204?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02204?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02204?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02204?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02204?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.9b02204?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

emission lifetimes of the CSNPs in the absence or presence of
the avidin.

To examine whether the observed changes in the PL
intensity of biotinylated CSNPs were due to avidin binding,
the changes in the PL intensity of the CSNPs were monitored
in the presence of increasing concentrations (0.1—10 yM) of
bovine serum albumin (BSA) in DI water (Figure S4A).
Negligible BSA interference was observed in the PL intensity
after 5 min of incubation, suggesting superior selectivity of the
avidin sensing assay. Furthermore, nonfunctionalized CSNPs
were incubated with increasing avidin concentrations (0.1—10
uM) for S min to ensure that the presence of biotin at the
CSNP surface is required for the detection mechanism (Figure
S4B). The PL intensity of the nonfunctionalized CSNPs was
generally higher compared to the biotinylated CSNPs due to
changes in the dipole moment applied at the surface of the
CSNPs at the presence of biotin. Nonetheless, no apparent
changes in the PL intensity were observed after adding the
avidin to the nonfunctionalized CSNPs, confirming that the PL
quenching is due to specific biotin—avidin interactions. Next,
titration experiments were conducted to assess the effect of
biotinylated CSNPs concentrations (50—500 pg/mL) in the
detection of a single concentration (1 M) of avidin. This was
done to demonstrate the wide range of concentrations that can
be adopted by CSNPs for avidin detection. As expected, the PL
intensity of Eu’* emission increased with increasing concen-
trations of the biotinylated CSNPs (Figure SS) suggesting the
tunability of the sensing platform signal-to-noise ratio (SNR)
and LOD. These findings support the promise of the CSNPs as
novel biosensors possessing high specificity and selectivity.

The versatility of the CSNPs for avidin detection was further
investigated by monitoring the performance of the biotinylated
NP sensor in complex biological samples (mammalian cell
growth media: DMEM + 10% v/v fetal bovine serum, FBS). A
concentration-dependent decrease in the PL intensity of
CSNPs was similarly observed in DMEM + 10% v/v FBS
(Figure 2A). The SNR of the biotinylated NP was found to be
lower in the complex biological matrix compared to DI water
and FBS-free DMEM solution (Table S2); however, the SNR
values were still within the range of competing NP-based
biosensors.”*® A calibration curve of avidin detection for the
CSNPs in the complex media exhibited the same shape as the
one observed in DI water (Figure 2B). The addition of avidin
did result in a slight increase of the calculated LOD (34.7 nM,
Figure S2B); however, this small single order of magnitude
change was low comg)ared to the matrix effects of competing
bioanalytical sensors.”’

The accuracy of the CSNP system was evaluated for avidin
monitoring in both DI water and serum spiked DMEM
solutions by comparing the intensity values of known avidin
concentrations (80 and 800 nM) to values predicted from the
generated calibration curves (Table 1, Table S3, and Figure
S6). Calibration curves for avidin detection by CSNPs were
fitted to logistic sigmoid curves and the observed intensity
values were calculated from the fitted equations (see
Supporting Information). The coefficient of variance (CV),
defined as the ratio of the standard deviation to the mean, was
less than 10% for all cases (except 80 nM avidin test in DMEM
media, 12.8%) which confirms the robustness of the generated
calibration curves. The 80 nM avidin test in DMEM + 10%
FBS media has a higher CV due to the increased susceptibility
of the CSNPs to serum-induced matrix effects at low avidin
concentrations, as also evident from the increased LOD.*
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Figure 2. Matrix effects on the performance of biotinylated CSNPs.
(A) 0.1 mg/mL of biotinylated CSNPs was incubated with different
avidin concentrations in DMEM + 10% FBS for S min resulting a
significant PL quenching. Control indicates biotinylated CSNPs in
DMEM+10% FBS with no avidin. (B) Calibration curve determined
the LOD of the biotinylated CSNPs was 34.7 nM.

Table 1. Statistical Analysis on the Performance of the
CSNPs to Measure Known Avidin Concentrations (with 0.1
mg/mL CSNP Concentration)

avidin
concentration calculated measured CcvV
solution (nM) intensity (au.) intensity (au.) (%)
DI Water 80 31240 27500 9
800 10020 8762 9.5
DMEM + 80 13270 10250 12.8
10% FBS 800 8270 9304 59

These results demonstrate the potential applicability of using
the CSNPs for POU monitoring of analytes and biomolecules
in a range of settings with good resistivity to matrix effects,
which is considered a major bottleneck for existing
biosensors.*

In summary, novel downconversion CSNPs that utilize the
changes in local surface dipole as a sensing mechanism have
been reported for avidin detection. Benefiting from the specific
interactions between avidin and biotinylated CSNPs, this
approach exhibits high sensitivity (LOD = 7.8 nM) and
selectivity without the need for target analyte labeling. The
sensor performance was tested in a complex biological matrix,
where good LOD (34.7 nM) and SNR (11.7) were achieved.
The robustness of the system was verified by comparing the PL
intensity from a known concentration of avidin and the values
predicted by the calibration curve. Due to the hydrophilic
nature of the CSNP surface, it is believed that the surface
functionalization should be straightforward for most bio-
molecules using established functionalization methods. It
should also be noted that the dipole induced external field is
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a surface effect, not suitable for larger CSNPs.>” While it is
believed that this mechanism will be suitable for other
biological systems, these systems need to be examined
(experimentally or via simulation) to quantify the effective
dipole moment and luminescent response. Overall, this
inexpensive and label-free NP sensor has the potential to be
coupled with different surface ligands for the detection of small
molecules, enzymes, antibodies, and aptamers with high
sensitivity and reliability in clinical and POU diagnosis settings.
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