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Up-conversion nanoparticles (UCNPs) of sodium yttrium fluoride with ytterbium and erbium ions as sensitizer
and activator (p-NaYF,4/Yb®"/Er®") have been synthesised by a solvothermal method. The synthesised particles
were found to be highly uniform in size (~50 nm) and of hexagonal crystal phase producing strong up-
conversion luminescence dominated in the green wavelength region. During the synthesis, photoluminescence
properties of the reaction mixture were monitored at regular intervals to ensure the required particle size dis-
tribution and luminescence efficiency. The hydrophobic particles thus obtained were modified by coating with
silica, yielding particles that were stable in aqueous media. The silica coated UCNPs were further modified with
maleimide-polyethylene glycol-silane (mal-PEG-silane) to provide thiol reactive surface groups. The silanized,
maleimide-bearing UCNPs were effective for conjugating to reductively-cleaved half antibodies against oflox-
acin, a veterinary antibiotic, to produce photoluminescent nanobiosensors for its detection and quantification.
The speed and minimum detection concentration (~10 nM) that we report for a competitive assay of ofloxacin in
this study is promising for developing sensors for this and other biomolecules.

1. Introduction

Up-conversion is a process whereby near-infrared (NIR) or infrared
(IR) light, is converted to higher energy, ultraviolet (UV) or visible light,
via multiple photon absorption and energy transfer in rare earth doped
materials [1,2]. Up-conversion nanoparticles (UCNPs) with good pho-
toluminescence efficiency have been recognised as suitable for bio-
labelling applications [3,4]. For efficient bio-detection, engineering of
UCNPs with uniform shape and size and high photoluminescence (PL)
yield is essential. UCNPs are generally comprised of inorganic nano-
particles doped with sensitizer and activator rare earth ions. The effi-
ciency of up-conversion emission can be improved by promoting the
energy transfer between the sensitizer and the activator with the assis-
tance of the host lattice [2]. The sensitizer chosen should have good
absorption cross-section to absorb the energy from the excitation light,
usually a laser, and the host should mediate transfer of this energy to the

activator, mainly through non-radiative and phonon assisted processes.
To date, efficient up-conversion emission with good potential for bio-
sensing and imaging applications has only been observed in a very
few dopant-host combinations, such as NaYF4Yb>*/Er®* [3,5]. How-
ever, the up-conversion luminescence efficiency is also nanoparticle
size-dependent due to decreasing number of emitting ions and
increasing surface-to-volume ratio leading to stronger surface quench-
ing effects at smaller particle diameters [6-9]. The non-radiative deac-
tivation channels are believed to be related to the surface properties of
the nanoparticles. These size dependency on photoluminescence are
mainly due to such phonon-mediated energy transfer processes [10] and
are effected by high energy vibrations of ligands, surfactants [6] and
surrounding solvents [8] containing ~-OH and -CH groups [8], from
increased surface defect density [8] or from a combination of these ef-
fects. There are reports on the dependence of shape on luminescent
properties in oxide nanoparticles [11,12].
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The highest up-conversion efficiencies observed have been in hex-
agonal phase NaYF, bulk materials doped with the Er®*/Yb%* or Tm3*/
Yb3* ions synthesised using solid-state methods [13,14]. Colloidal
nanosuspensions of upconverting NaYF4 nanocrystals, and related ma-
terials, have also been synthesised through various protocols including
thermal decomposition, precipitation, and high-pressure reactions
[5,15-18]. Among many methods of synthesis of UCNPs, the sol-
vothermal reaction with a high boiling point solvent was successful in
preparing UCNPs with high up-conversion efficiency [19-21]. However,
the colloidal nanoparticles thus produced, due to their hydrophobicity
and need for organic solvents, were not suitable for many biological
applications. To overcome this, the particles were surface engineered to
convert them to be hydrophilic as well as chemically reactive. Reactive
functional groups such as amines and thiols, allow attachment of specific
biomolecules such as antibodies and enzymes. Methods such as ligand
exchange, removal and oxidation, layer-by-layer assembly and surface
silanization are the most prominent surface modification strategies re-
ported [22]. However, ligand exchange was found to have an adverse
effect on the resultant nanoparticle quality [23]. In contrast, a uniform
surface layer of silica does not significantly change the PL emission
properties of the UCNPs, but in addition, enhances their aqueous dis-
persibility, reduces the tendency for aggregation and significantly di-
minishes nonspecific binding in assays [24-27]. In this research, we
have synthesised photoluminescent hexagonal crystal phased § NaYF4/
Yb3*/Er3* UCNPs using a solvothermal method in oleic acid and 1-
octadecene. A silica coating procedure was employed to improve the
dispersibility of UCNPs in water and also for low cytotoxicity and pro-
vide a surface for further modification with different functional groups
for effective attachment of antibodies. The silica coating created on the
surface rendered the UCNPs hydrophilic and further addition of mal-
eimide polyethylene glycol-silane (mal-PEG-silane) introduced mal-
eimide groups which show specific reactivity with -SH groups. We used
such modified nanoparticles to attach anti-ofloxacin half-antibodies.
Ofloxacin is a commonly used veterinary antibiotic within the fluo-
roquinolone family currently causing environmental concerns and for
which a rapid detection assay would be highly useful.

Usage of ofloxacin, a veterinary drug has benefited the animal in-
dustry and helped providing affordable animal proteins to the growing
human population. However, its extensive use has led to worldwide
concern due to its potential threat to human health by entering the food
chain and contributing to bacterial resistance. In order to minimize the
risk to human health via the development of bacterial resistance,
analytical determination of ofloxacin is critical [28,29]. Several
methods such as chemiluminescence [30], spectrophotometric methods
[311, high performance liquid chromatography (HPLC) [32] and capil-
lary electrophoresis [33] have been utilised for the detection of oflox-
acin. But, most of these methods have the shortcoming of the need for
extensive technology and poor detection limits in the mg/mL range. As
low concentration of antibiotic residues might already select for resis-
tant bacteria, development of sensitive and accurate detection methods
capable of measuring low concentration of antibiotic residues should be
developed. Hence, in the present study, ofloxacin was selected as the
target analyte molecule in order to assess the suitability of our newly
designed UCNP based nanobiosensor platform. The method of evalua-
tion of the sensing adopting a competitive assay is found to be a single
step procedure of using the ofloxacin modified 96 well plates and pho-
toluminescent UCNPs are highly effective in the detection due to high
signal/noise ratio.

2. Materials and methods
2.1. Materials
Chemicals such as sodium hydroxide (NaOH) (99%), yttrium (III)

chloride hexahydrate (YCl3-6H20) (99.9%), ytterbium (III) chloride
hexahydrate (YbCl3-6H20) (99.9%), erbium (III) chloride hexahydrate
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(ErCl3-6H20) (99.9%), oleic acid (Cat. W281506), 1-octadecene
(>95%), ammonium fluoride (NH4F) (99.5%), ammonia solution (30%),
cyclohexane (99.5%), tetraethoxysilane (TEOS), IGEPAL CO-520 (IGE-
PAL), tris (2-carboxyethyl) phosphine hydrochloride (TCEP), bovine
serum albumin (BSA), ethylenediamine, 1-ethyl-3-(-3-dimethylamino-
propyl) carbodiimide hydrochloride (EDC), ofloxacin, sulfamethazine,
acetone, methanol, Tween-20, phosphate buffer saline (PBS), nitrocel-
lulose membrane and ECL chemiluminescence kit from Sigma-Aldrich
were used in this research. The 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic = acid (HEPES) buffer and  N-hydrox-
ysulfosuccinimide (Sulfo NHS) purchased from ThermoFisher Scientific
have been utilised in the present study. Maleimide-PEG silane (mal-PEG-
silane) from Creative PEG Networks, North Carolina, USA and rabbit
anti-ofloxacin antibodies produced by Antibody Production Services of
Life Science Group Ltd., UK, were used in this study. The antibodies were
affinity purified before further use.

2.2. Synthesis and characterization of § NaYF,/Yb>* /Er®* up-
conversion nanoparticles (UCNPs)

Hexagonal NaYF4/20%Yb>"/2%Er>" UCNPs were prepared by a
modified solvothermal method reported by Plohl et al. [34]. In our
experiment, 3.12 mmol of YCl3.6H,0, 0.8 mmol YbCl3.6H20 and 0.08
mmol ErCl3.6H,0 were mixed with 24 mL oleic acid (OA) and 60 mL 1-
octadecene (ODE) in a 250 mL five necked glass reaction vessel under Ar
atmosphere. Oleic acid is the coordinating solvent while the non-
coordinating solvent 1-octadecene was used as the primary solvent
due to its high boiling point (315 °C). The solution was heated to a
temperature of 200 °C to get a homogeneous mixture of rare earth
chlorides in OA/ODE. This chloride precursor solution was then cooled
down to a temperature of 65 °C and, 16 mmol of NH4F and 10 mmol of
NaOH dissolved in 20 mL of methanol were added. The temperature of
the solution was then increased gradually to 300°C and maintained at
this temperature for 2 h under Ar gas atmosphere and reflux conditions.
Such higher reaction temperature and longer reaction time are required
to provide sufficient free energy to overcome the activation barrier of an
o/p phase transition [17,35]. In order to monitor the growth of particles
and their rate of formation, a small quantity of the reaction mixture was
taken at regular intervals, after 300°C, using microbore polytetra-
fluoroethylene (PTFE) tubing attached to a syringe and the upconver-
sion PL spectrum and TEM have been taken. The final solution taken
after 120 min was cooled to room temperature and the nanocrystals
were separated by centrifuging the fine suspension at 80,000 g for 1 h
using a Beckman Avanti J20XP high-speed centrifuge with the Beckman
type 50.2 Ti rotor. The precipitate was washed four times with cyclo-
hexane by dispersing and centrifuging at 80,000 g and redispersing the
nanoparticle pellet in cyclohexane. The concentration of the UCNP
suspension was found to be 60 mg/mL. The shape and size of particles
present in solutions taken at different times were also studied. The
particles are highly stable and the photoluminescence is not quenched
even after several months.

Sizing of the particles was carried out by recording their TEM image
on a JEOL-JEM1400 Transmission Electron Microscope. The samples for
TEM were prepared by placing a drop of UCNP suspension in cyclo-
hexane onto the surface of a holey carbon coated Cu grid and letting the
solvent to vaporise prior to imaging. The size-distributions of nano-
particles were estimated from TEM images using ImageJ software;
typically, at least 100 particles were measured. To assess photo-
luminescence, the sample solutions were irradiated with a 976 nm near-
infrared laser (BL976-PAG900, Thorlabs) and UCNP emission recorded
with a spectrometer (QE-PRO, Ocean Optics) with 5 s integration time
and 1000 mA laser diode current. The powder X-ray diffraction (XRD)
pattern of the UCNP sample (at 90 and 120 min reaction time) were
obtained by a PANalytical X-Pert Pro Multipurpose Diffractometer. The
diffraction patterns were acquired by irradiating the powder samples
with Cu Ka radiation of 1.5406 A wavelength with accelerating voltage
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and emission current of 40 kV and 40 mA, respectively. Data were
collected at a rate of 4°/min in the 20 range from 10° to 80°.

2.3. Silica coating of UCNPs and functionalisation with mal-PEG-silane

Silica coating on the particle surface was carried out by a modified
procedure as reported by Zhang et al. [36]. One millilitre of the nano-
particle suspension was mixed with 500 pL of IGEPAL and 50 mL of
cyclohexane by ultrasonication for a period of 2 min followed by stirring
for a period of 10 to 15 min. Ammonia solution (400 pL of 30% v/v in
water) mixed with 2 mL of IGEPAL was then added to the above mixture
followed by sonication for 30 s and stirring for 30 min. Tetraethox-
ysilane (TEOS) (200 pL) was added to this mixture and allowed to stir for
a period of 48 h at room temperature to produce silica coated UCNPs.
The silica coated UCNPs were separated from the solution by centrifu-
gation at 80,000 g using a Beckman Avanti J20XP high-speed centrifuge
(Beckman type 50.2 Ti rotor). The precipitate was then washed with 1:1
v/v EtOH/water and then redispersed in deionised water to a concen-
tration of 8.5 mg/mL. The morphology was then characterized using
TEM, to establish the uniform coating of silica over the nanoparticles.

Subsequently, 50 mg mal-PEG silane was added to 1 mL of 8.5 mg/
mL silica-coated UCNP suspension in water, ultrasonicated for 1 min and
kept under shaking for 3 h. The mixture was centrifuged in an Eppendorf
microfuge at 15,000 g for 30 min. The precipitate was then washed with
water, redispersed in 1 mL of phosphate buffered saline (PBS,
comprising 0.14 M KCl, 50 mM phosphate and pH 7.4), and ultra-
sonicated to yield a homogeneous suspension.

Silica coated UCNP dispersion is stable for several hours and partly
precipitates within a couple of days. However these UCNPs easily
redisperse and show nearly 100% photoluminescence even after at least
4-5 months' storage.

2.4. Conjugation of ofloxacin with bovine serum albumin (BSA)

Ethylenediamine (200 pL) was added to 10 mL of 50 mg/mL BSA
solution in PBS. The pH of the solution was adjusted to 7.4, then 100 mg
of EDC and 100 mg sulfo-NHS were added and the mixture was stirred
for 2 h. Ethylenediamine modified BSA (BSA-NHy) was purified on a
desalting PD10 column (GE-Biosystems). BSA-NH; (~15 mL) was then
mixed with 150 pL of 1 M ofloxacin in 1 M NaOH solution. After
adjusting the pH to 7.4, 100 mg of EDC plus 100 mg sulfo-NHS were
added to BSA-NHy mixture and the conjugation reaction has been
carried out for 2 h under stirring. In the next step, the ofloxacin-BSA
conjugate was purified on a PD10 desalting column and effective
conjugation was tested by dot blot analysis [37]. Drops of BSA control
solution (6 mg/mL in PBS) and drop of ofloxacin-BSA solutions (6 mg/
mL in PBS) were absorbed onto nitrocellulose membrane. The mem-
brane was then blocked in blocking buffer (1% (w/v) casein in PBS
buffer with 0.1% (v/v) Tween 20 added (PBST)) for 1 h with gentle
agitation on an orbital shaker. Then the membrane was washed 3 times
with blocking buffer. The nitrocellulose membrane was then incubated
with rabbit anti-ofloxacin primary antibodies for 1 h. The membrane
was washed 3 times with PBST and incubated with anti-rabbit-HRP
secondary antibodies. The bound antibodies were visualised by
enhanced chemiluminescence (ECL) after adding ECL substrate (Pierce
ECL Western Blotting Substrate — Product 32209). The dot blot image
has been captured by placing the ECL substrate added membrane in a
Syngene G-Box imager machine, adopting the G:BOX Chemi XX6 Gen-
esys software.

2.5. Anti-ofloxacin conjugation with silica coated UCNPs

One mL of anti-ofloxacin IgG (~2.5 mg/mL) was mixed with 280 pL
of 10 mM TCEP and incubated for a period of 1.5 h at 37 °C. This process
allows cleavage of the antibody to obtain reduced half antibodies for
exposing the —SH linkages to conjugate with the maleimide groups on
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the UCNPs. The reduced antibody solution was mixed with 1 mL mal-
PEG-silane modified UCNPs and the pH was adjusted to 7 by adding PBS.

2.6. Competitive ofloxacin assay

A 96 well polystyrene plate was incubated with BSA-ofloxacin (50 pL
of 8 mg/mL per well) at 4 °C for 24 h before adding 1% (w/v) casein and
10 mg/mL BSA in PBST blocking buffer at 200 pL per well. The plate was
incubated with this blocking buffer for 1 h and then washed with PBST
four times. A series of ofloxacin and sulfamethazine (control) dilutions
ranging from 0.1 mM to 10 nM were prepared in 50 mM HEPES buffer
(pH 7.4). Anti-ofloxacin-UCNPs were then mixed with each concentra-
tion of antibiotics (ofloxacin or sulfamethazine) in HEPES buffer and
incubated for 30 min at room temperature. Subsequently each anti-
biotic-antiofloxacin-UCNP mixture (ofloxacin- antiofloxacin-UCNPs as
well as sulfamethazine-antiofloxacin-UCNPs) was placed in the indi-
vidual well in the ofloxacin modified plate for 30 min. The plate was
then washed with PBS buffer and the photoluminescence was measured
on a BMG LabTech plate reader by exciting bound UCNPs using a 976
nm diode laser and using a 520 nm emission filter.

3. Results and discussion

The formation of particles at different times after reaching the re-
action temperature of 300 °C was studied using TEM of the nanoparticles
in solutions taken at 40, 60, 90 and 120 min, and the images of particles
in those solutions are presented Fig. 1(A-D). The histograms corre-
sponding to each image depicting the particle size distribution are re-
ported in Fig. S1.

A mean particle size of around 52 nm was observed as the reaction
time was increased to 120 min while the mean size was around 22 nm at
90 min reaction time. It was observed that the particles showed homo-
geneous growth with little clustering or agglomeration as evident from
the TEM. The variation in mean particle size with time after the opti-
mum temperature was reached is shown in Fig. 1E. The data indicate an
increased rate of growth of particles as time proceeds. The uniform and
exponential nucleation and growth process from particle size of 12.7 +
1.5 nm (at reaction time of 40 min) to 21 4 1.6 nm (at reaction time of
90 min) was seen, but as the reaction time was increased from 90 to 120
min, a sharp increase in particle size (52 + 3.7 nm) was observed. In our
experiment, 1-octadecene (ODE) was used as the primary organic sol-
vent to provide a high-temperature environment based on its high
boiling point, while oleic acid acts as a surfactant and controls the
crystal growth of the UCNPs by coordinating to the particle surface and
forming a hydrophobic layer. Oleic acid acts as the coordinating ligand
thus forms a uniform coating layer on the UCNPs as a result of the for-
mation of a lanthanide-oleate complex initially as a shell. The oleate
ligands adsorbed on the surface makes it hydrophobic and help to
disperse in hydrophobic organic solvents [38]. Thus, during the reaction
process, the surfactant plays two roles: (1) capping the surface of UCNPs
to prevent them from aggregation (2) controlling the growth of the
nanoparticles by a selective absorption effect [39].

Fig. S2 shows the homogeneous suspension obtained after a reaction
time of 120 min which is opaque due to non-absorptive light scattering
by the UCNPs. Under 976 nm laser illumination the UCNPs showed a
green visible light emission. The upconversion PL spectra of particles in
solution obtained at different reaction times are presented in Fig. 2. Up-
conversion emission peaks were clearly observed from sample obtained
from reaction times of 40 min and longer. An increase in the total PL
count was observed with longer reaction times. The three emission
peaks in the spectra were attributed to 2H11 s to 4115/2 (around 520 nm
green emission), 483 /2 to 411 5/2 (around 541 nm-green emission) and 4F9/
5 to 4115/2 (around 653 nm-red emission) transition of the Er®* jons in
the nanoparticles, with the most intense green emission observed at 541
nm. The integrated PL intensity and the contribution of green emissions
to this were expected to be greater for particles of larger size. The ratio of
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Fig. 1. TEM images showing hexagonal UCNP formed in solution after different reaction times from the optimum temperature of 300 °C. (A), 40 min; (B), 60 min;
(C), 90 min; (D), 120 min; (E), Variation in average particle size with reaction time after the optimum reaction temperature was reached.
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Fig. 2. Photoluminescence emission spectra showing formation of hexagonal
UCNPs with reaction time at 300 °C. Once 300 °C had been reached spectra
were recorded at: (A), 20 min; (B), 40 min; (C), 60 min; (D), 90 min; (E),
120 min.

integrated PL intensities in the green (512-560 nm) and red (637-674
nm) wavelength range calculated from the spectra for different particles
sizes is defined as the G/R ratio. It is clear that the intensity of green
emission relative to red increases with mean particle size. The G/R ratio
and integrated green intensity vs mean particle size is presented in Fig. 3
and showed a substantial increase for 120 min reaction time. The in-
crease showed a nearly linear trend and correlated to the formation of
larger particles shown in Fig. 3.

This increase in PL with particle size is due to the decrease in specific
surface area of the particles which is favourable for reducing non-
radiative relaxation pathways [9]. In addition, the larger nanocrystals
possess a relatively decreased number of surface quenching sites and
thus enhance the up-conversion luminescence by reducing the non-
radiative energy transfer assisted PL decay process of the luminescent
lanthanide ion [40].

It was noticed that the percentage contribution from integrated
green luminescence was directly proportional to the mean particle size
and the particles showed 74.4% of the total integrated luminescence
emission as the particle size of 52 nm was reached after 120 min reaction
time. The variation in G/R values observed in our experiments were
concordant with the results by Zhao et al. [8] where G/R luminescence
intensity ratio increases, as the particle size is varied from 6 nm to 45 nm
in both cubic and hexagonal NaYF, phases. Sample with higher particle
size was utilised in our research discussed below for ofloxacin detection
due to their higher integrated green photoluminescence.

The particles obtained after 120 min reaction time were then coated
with silica in order to make them hydrophilic, biologically non-toxic and
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Fig. 3. Variation in ratio of integrated green (512-560 nm) to red (637-674
nm) (G/R) and percentage integrated green intensity vs mean particle size.

to enable ease of functionalisation. Oleic acid capped NaYF,/Yb3*/Er®*
UCNPs dispersed in cyclohexane were added to an IGEPAL-cyclohexane
mixture which acted as a reverse micro-emulsion for polymerisation of
the TEOS precursor, while ammonia acted as a catalyst, during the silica-
coating procedure. This brought about steady growth of the silica shell,
thus resulting in uniform silica-coated UCNPs [41]. The silica coating
also led to less aggregation thus maintaining the homogeneity of the
system while subsequent mal-PEG-silane addition provided suitable
thiol reactive sites for antibody attachment. An additional advantage of
the PEG-linker was prevention of agglomeration with well-maintained
monodispersity [42] and reduction in non-specific binding [43]. TEM
images of the silica coated hexagonal nanoparticles are shown in Fig. 4.

The particle size distribution analysis of silica coated UCNPs (Sup-
plementary information Fig. S3) showed a broader distribution as
compared to the uncoated UCNPs. It was observed that an average
particle size of around 61.1 + 4 nm was observed for silica-coated
particles while a mean value of 52 + 3.7 nm was indicated for un-
coated particles. This amounted to a silica coating thickness of ~10 nm
on the UCNPs.

A comparison of the PL spectra of silica coated particle and the bare
UCNPs in cyclohexane is presented in Fig. 5.

The reduction in the G/R emission ratio (G/R = 1.42), might be due
to the non-radiative decay in the presence of the silica coating which
quenches the green emission. This quenching is due to the -OH groups
within the silica coating.

The X-ray diffraction pattern of the sample with reaction time 120
min is shown in Fig. S4. Cubic phase was observed even for the sample
with 90 min reaction time (data not shown), while the sample with 120
min reaction time showed highly crystalline pure hexagonal phase as per
JCPDS 16-0334. The crystal lattice parameters were found to bea =b =
5.9835 A, ¢ = 3.5121 A (¢ = p = 90°; y = 120°) with the space group
P63/m, for the phase pure hexagonal sample.

A competitive assay was established in order to use the surface
modified anti-ofloxacin-UCNP conjugate for the detection of ofloxacin
on plate in a fluorescence plate-reader. In the process of optimising the
competitive assay, BSA was conjugated with ofloxacin using EDC/sulfo-
NHS followed by adsorption of ofloxacin-BSA conjugate on plate wells.
Ofloxacin-BSA conjugate formation was tested by dot blot analysis
(Fig. 6). The chemiluminescence observed on the ofloxacin-BSA conju-
gate showed effective bioconjugation of ofloxacin molecules to BSA.

The hydrophilised UCNPs, adopting the procedure of silica coating,
were used for production of anti-ofloxacin IgG-UCNP conjugate. Coating
the plate wells with ofloxacin-BSA conjugate allows a competitive assay
to be effective since the coating allows capture of free anti-ofloxacin IgG-
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Fig. 4. TEM of silica coated upconversion nanoparticles showing uniform silica coating on the UCNPs. (A), Uniform silica coating on UCNPs; (B), Enlarged image of

silica-coated hexagonal shaped UCNP.
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Fig. 5. Photoluminescence emission spectra of bare and silica coated UCNPs
(data normalised to 540 nm peak intensity). Spectra were recorded on an Ocean
Optics QE Pro spectrofluorimeter using 976 nm laser excitation. (A), Bare
UCNPs; (B), Silica coated UCNPs.

UCNP conjugate on the plate. Fig. 7 shows the assay over a range of
ofloxacin from 0.1 mM to 10 nM.
The calibration curve showed good linearity with an R? of 0.9904,

Fig. 6. Dot blot images of BSA and ofloxacin-BSA conjugate. (A), control BSA;
(B), ofloxacin-BSA conjugate. Images were captured by standard western blot
procedure with anti-ofloxacin rabbit IgG and anti-rabbit HRP-IgG. The bound
HRP-IgG were visualised by enhanced chemiluminescence (ECL).

which is a minimal variation when a linear regression fit was performed
for the ofloxacin plot. Overall, the reported method has the advantage
compared to ELISA because of the less steps involved. Our method
comprises simply addition of ofloxacin to the anti-ofloxacin IgG-UCNP
conjugate, then addition to the plate precoated with ofloxacin antigen,
followed by a brief incubation and plate wash before readout. The
selectivity of anti-ofloxacin-UCNPs depends on selectivity of anti-
ofloxacin antibodies. So as the interference experiment (control exper-
iment), the anti-ofloxacin-UCNP conjugate was tested against sulfame-
thazine antibiotic. The results show no response of assay to
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Fig. 7. UCNP photoluminescence competitive assay calibration curve. Data are
mean + SD (n = 3).

sulfamethazine, which indicates the specificity of the anti-ofloxacin-
UCNP conjugate (Fig. 7). The assay format could be directly adapted for
detection of other biomarkers, both small molecule such as ofloxacin
and larger biomolecules such as proteins. Thus, the novelty of the work
includes single step ofloxacin detection using ofloxacin modified 96 well
plates and highly effective detection using UCNPs due to the high signal/
noise ratio. The competitive assay developed in the present study,
adopting silica coated hydrophilised UCNPs, demonstrates ofloxacin
detection down to approximately 10 nM. It is expected that the use of
bioreceptors such as affimers (adhirons) and aptamers having lower
dissociation constant (Kp) could lower the detection limit, which could
be a future perspective. Previously reported work regarding using ma-
terials such as ZrO, used for coating particles such as CsPbBrs [44]
where the application comes as white light emitting diodes, may be tried
effectively in the process of hydrophilising the UCNPs too. The unifor-
mity of coating and less efficiency in quenching of the PL should be
considered.

4. Conclusion

Highly photoluminescent uniformly sized p-NaYF,/Yb%'/Er** up-
conversion nanoparticles (UCNPs) were prepared by a solvothermal
method at 300°C under an Ar atmosphere. The variation in particle size
and photoluminescence with respect to time and temperature was
studied. It was shown that the percentage of green emission was higher
in larger UCNPs when integrated fluorescence was considered. The
UCNPs dissolved in cyclohexane were made hydrophilic by incorpo-
rating a uniform silica coating in order to make the particles suitable for
bio-applications. The hydrophilic silica-coated particles were modified
using maleimide-PEG-silane in order to introduce maleimide groups.
The hydrophilic maleimide modified UCNPs were conjugated with
reduced IgGs directed against the veterinary antibiotic, ofloxacin. A
rapid competitive assay was produced for detection of low concentra-
tions of ofloxacin, with a minimum concentration of ~10 nM which may
be useful for environmental monitoring; the assay format could easily be
adapted for other analytes for which an antibody is available. The future
prospects include the use of affimers or aptamers in the place of anti-
bodies in order to lower the detection limit.
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