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Abstract

Lanthanide doped nanocrystals capable to emit higher energy photons under excitation with lower energy radiation are
promising for a broad range of applications including biodetection, biosensing, and bioimaging. However, the adaptation of
these nanoparticles to the biological environment that requires good water-solubility, stability and ease of further function-
alization still remains a challenge. The application of nanoparticles for biodetection or in various assays encountered many
difficulties arising mainly from the strong tendency of nanoparticles for aggregation or nonspecific binding. Here we present
anew method to obtain soluble and stable in water-based buffers NaYF,:Yb>*Er’* nanocrystals with modified surface ready
for further conjugation with biomolecules. In the presented approach polyvinylpyrrolidone/vinyl alcohol copolymer (PVP/
VA) with photo-activatable linker (N-5-Azido-2-nitrobenzoyl group—ANB-NOS) was used for initial coating due to its high
non-covalent affinity to nanoparticles surface. Subsequent coating with aminated dextran by ultraviolet light activation of
ANB-NOS was carried out. This step has a significant impact on nanocrystals stability in the physiological buffer as well as
on protein conjugation. Conjugation of biomolecules was possible by employing another photo-linker—sulfosuccinimidyl
4,4'-azipentanoate (sulfo-SDA). Bacterial Protein G has been selected to create a universal immune-imaging agent due to its
ability to bind Fc fragment of most mammalian immunoglobulins. Moreover, the direct attachment of antibodies to nano-
particles was also examined. The activity of biofunctionalized nanocrystals was tested in immunoblot test, that confirmed
preserved activity of attached molecules and lack of undesired nonspecific binding or precipitation on the assay membrane.
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Introduction

Fluorescence-based detection and imaging are powerful
tools for fundamental biology and practical diagnosis in
medicine and therapy. In particular, fluorescence probes
can be applied for studying molecular interactions and cel-
lular systems including advanced diagnostics (e.g. analytes
detection using southern and western blotting, hybridization
microarrays, Real-Time PCR), bio-distribution analysis (e.g.
distribution of drugs and drug carriers), imaging of live or
fixed cells and tissues to describe activity, metabolism, mor-
phology, and composition [1-4]. These techniques offer high
sensitivity, multi-label possibility, relatively low cost, and
wide range of commercially available bio-specific probes.
Conventional fluorescent dyes, used as labels in bio-imaging
and biological studies have some limitations and drawbacks.
A particular disadvantage is an operation under visible or
ultraviolet light excitation which leads to non-specific auto-
fluorescence of the samples and thus decreased contrast of
imaging that results in limited detection. The vast major-
ity of organic dyes are sensitive to irradiation and the main
issue in their utilization is photobleaching. Under excita-
tion, many fluorescent organic molecules undergo irrevers-
ible chemical reactions after which they lose fluorescence
capabilities [5, 6]. Although some chemical modifications
of dyes were designed and radical scavengers are used, pho-
tobleaching is still one of the main limiting factor for most
of the existing organic fluorophores to be applied in more
demanding experiments like in-vitro tracking or time-lapse
studies. A partial solution is provided by the development
of near-infrared (NIR) fluorescent labels. In the NIR region,
the observed background fluorescence is diminished and at
the same time stability of organic fluorophores is increased.
Furthermore, near-infrared light can penetrate tissues deeper
than ultraviolet or visible radiation and causes less tissue
damage than UV light. Therefore, non-destructive and deep
imaging of living organisms in real-time became possible
[7, 8]. Nevertheless, only a slight difference between excita-
tion and emission wavelengths together with still insufficient
photostability of NIR dyes remains the challenge [8, 9].
The mentioned drawbacks can be omitted by replacing
standard NIR fluorophores with up-converting nanoparti-
cles (UCNPs). Photon up-conversion is a process which
results in anti-Stokes emission at wavelengths shorter
(higher energy) than the excitation wavelength. UCNPs
convert near-infrared light (usually 808 or 980 nm) to
visible and UV light and what is most important, they
are not susceptible to photobleaching. Moreover, lan-
thanide-based nanocrystals offer narrowband and multi-
color emission in UV/Vis/NIR range, large anti-Stokes
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shift, and long luminescence lifetimes (suitable for time-
resolved background rejection). On the other hand, these
materials are not suitable for biological applications in
their native form [10, 11]. One of the most widely used
UCNPs—Ilanthanide-doped NaYF, nanocrystals are usu-
ally obtained as oleate-capped hydrophobic nanoparticles
dispersed in organic solvents. Owing to the character of
capping molecules they are soluble solely in organic sol-
vents and require additional treatment for transfer into the
water environment [12, 13].

One may find numerous protocols for bio-functionaliza-
tion of UCNPs, however, mainly due to poor efficiency of
biofunctionalization, insufficient stability of functionalized
nanoparticles in water or inability to form stable conjugates
of nanoparticles with biomolecules, their application is
still limited [14-26]. Despite these issues, more and more
functionalization protocols allowed to demonstrate lantha-
nide-doped UCNPs as e.g. labels for human serum protein
-Visceral adipose tissue-derived serpin detection [27]. Up-
converting nanoparticle assemblies were recently also pre-
sented in excellent work as labels in multiplexed detection,
monitoring, and in vivo imaging of small noncoding RNAs
responsible for posttranscriptional regulation of gene expres-
sion [28]. UCNPs in the assembly were also used in many
experiments for noninvasive temperature sensing, based on
luminescence sensitivity to temperature changes [29].

Although many of the methods described in the literature
lead to effective functionalization of nanomaterials surface,
the issues with unspecific interactions may prevent success-
ful utilization in some applications [30-33]. Due to specific
requirements in the utilization of bio-functionalized UCNPs
in dot blot assays, we focused to develop protocols allowing
to obtain functionalized nanoparticles that lack nonspecific
interactions with nitrocellulose and immobilon membranes.

A novel bio-conjugation technique based on water-solu-
ble polymers derivatized with a photoactivatable linker was
designed and characterized. The polymers with photoacti-
vatable linker were applied in two-step protocol, providing
a biocompatible coat effectively stabilizing nanocrystals and
available for conjugation with bioactive molecules. In the
next step, immunoglobulin-binding Protein G or goat anti-
bodies were attached to coat UCNPs. The method allows
obtaining functionalized nanocrystals that due to the lack
of unspecific binding to dot blot membrane can be easily
used for analyte detection. UCNPs-based dot blot reader
was designed based on an inverted fluorescence microscope,
which together with newly developed UCNPs functionali-
zation technique, were characterized in terms of suitability
for quantitative measurements of proteins. The new bio-
functionalization technique was studied for (a) cubic and
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(B) hexagonal phase NaYF, that showed universality and
potential for use with other matrices-based nanoparticles.

Experimental
Materials and methods

Nanocrystals were prepared using commercially available
reagents without any further purification. Yttrium oxide
Y,05 (99.99%), ytterbium oxide Yb,05 (99.99%), erbium
oxide Er,0; (99.99%), sodium trifluoroacetate (98%), trif-
luoroacetic acid (ReagentPlus®, 99%), Polyvinylpyrrolidone
(PVP), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride EDC, N-Hydroxysuccinimide NHS, 1-octa-
decene (90%) and ammonium fluoride NH,F (>98.0%) were
purchased from ALDRICH Chemistry. Oleic acid (90%) was
purchased from ABCR GmbH & Co. KG. Ethanol (96%
pure p.a.), methanol (pure p. a.), n-hexane (95%) and acetone
(pure p.a.) were purchased from Chempur (Poland). Chloro-
form (pure p.a.), sodium hydroxide NaOH (pure p.a.), acetic
acid (99.5%) were purchased from POCH S.A. (Poland),
ANB-NOS (N-5-azido-2-nitrobenzoyloxysuccinimide) was
purchased from ThermoFisher Scientific. Carboxymethyl-
dextran (CM-Dextran) was purchased from Sigma Aldrich.
Sulfo-NHS-Diazirine, sulfosuccinimidyl 4,4'-azipentanoate
was purchased from ThermoFisher. Anti-mouse antibodies
isolated from goat (novex™, H + L; unconjugated, cross-
adsorbed) were purchased from Life Technologies.

To synthesize cubic and hexagonal NaYF,: 20% Yb>*
2% Er’* nanocrystals, thermal decomposition of trifluoro-
acetate or acetate salts with some modifications has been
used [34, 35]. Detailed synthesis protocols are described
in Supporting Information. The structure, and morphology
of nanoparticles were characterized by X-ray diffraction on
X-ray diffractometer WAXS/SAXS—EMPYREAN (PANa-
lytical), transmission electron microscope FEI Tecnai G2
X-TWIN and dynamic light scattering on Zetasizer Nano
(Malvern ZS). The luminescent spectra of up-converting
nanocrystals were measured with Andor Shamrock SR-303i
spectrograph equipped with Newton EMCCD spectroscopy
detector system.

Synthesis and modifications of polymers

Aminated PVP copolymer was synthesized according to
work of P.I. Kitov [36] and was kindly provided by Dr.
Pavel Kitov. 100 mg of the aminated PVP copolymer was
dissolved in 1.98 mL dimethyl sulfoxide (DMSO) followed
by addition of 25 mg ANB-NOS in 20uL. DMSO. Reaction
mixture was stirred overnight in the dark at room tempera-
ture. Subsequently 2 mL of Milli-Q water was added and
non-bonded ANB-NOS was removed by dialysis. A small

amount of final product was lyophilized for evaluation of
concentration. Carboxylation of dextran was prepared fol-
lowing protocol described in Ref. [37]. Amination of car-
boxymethyl dextran was performed with EDC/NHS and
ethylenediamine as amine group donor. Briefly, 500 mg
of Carboxymethyl-dextran (CM-Dextran) was dissolved in
3 mL of 0.1 M MES buffer pH 4.8, then 3.25 mmol EDC-
HCI and NHS was added. The mixture was incubated 1 h
with stirring at RT, followed by the addition of 15X molar
excess of ethylenediamine titrated to pH 9.0 by concentrated
HCI (final pH of the reaction mixture should be ~ 8). Amina-
tion was then provided for 2 h. Finally, dextran was sepa-
rated from other compounds by precipitation and washing
with ethanol and acetone and dialysis to Milli-Q water. After
dialysis it was lyophilized and the quantity of free amino
groups was determined by 2,4,6-trinitrobenzene sulfonic
acid (TNBS) assay.

Bio-functionalization

Bio-functionalization of the up-converting nanocrystals with
the utilization of modified polymers can be divided into a
couple of steps and is described below as well as in Fig. 1
in detail.

Removing of organic ligand

To attach functional groups the first step was to remove oleic
acid. For this purpose 1 mL of UCNPs in chloroform (60 mg
of nanocrystals/mL) was mixed with 1 mL of 1 M HCI,
then vortexed vigorously 5 min for protonation of carboxyl
groups. An aqueous phase was collected and washed twice
by centrifugation (22,000 g, 20 min) and redispersion in mQ
water or dialyzed until the mixture reached pH ~3—4.

Initial coating

0.4434 mg Polyvinylpyrrolidone conjugated with
N-5-Azido-2-nitrobenzoyloxysuccinimide PVP-ANB-NOS
(30 pL, 14.78 mg/mL) was added to the ligand-free UCNPs
for overnight incubation. The free polymer was discarded
with supernatant by centrifugation and functionalized
UCNPs were dispersed in 1 mL mQ water.

Crosslinking with aminated dextran

A solution of 30 mg Dex-NH, in 2 mL mQ water was pre-
pared followed by dropwise addition of 1 mL UCNP-PVP
with continuous and intensive stirring. The vessel was
placed on a magnetic stirrer and the sample was exposed
to UV radiation (1 h 4,,,, 366 nm) generated by 4 W hand-
lamp. For purification of double-coated UCNPs, gel column
packed with a Sepharose CL-6B resin and equilibrated with

a
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Fig. 1 General procedure of up-converting nanoparticles biofunction-
alization. First step is removing oleate moieties by protonation with
HCI. Next step is incubation with PVP-ANB-NOS at room tempera-
ture (RT) followed by incubation with aminated dextran together with

0.9% NaCl (elution was monitored on refractometer) was
used. In the end, NPs were centrifuged and redispersed in
3 mL 0.9% NaCl. The obtained nanoparticles dispersion was
stable and precipitation was not observed.

Conjugation

0.5 mg sulfo-SDA (Sulfo-NHS-Diazirine, sulfosuccinimidyl
4,4'-azipentanoate) dissolved in 150 uL. mQ water was added
to 1 mL of UCNP-PVP-Dex-NH, together with 50 uL 0.5 M
HEPES buffer pH 8.14. After 1 h of incubation excess of the
unbound linker was removed by dialysis to mQ water.

In the next step, 2.5 mg Protein G (Pierce™ Recombinant
Ig binding Protein G) dissolved in 50 uL. mQ water was
added and the mixture was radiated again for 1 h by UV
lamp. Excess of protein was removed by gel chromatogra-
phy. Functionalized nanocrystals were then centrifuged and
redispersed in 3 mL of 0.9% NaCl solution for further use.

Alternatively, anti-mouse antibodies isolated from the
goat were selected for conjugation. The procedure was not
significantly altered except for additional step and the neces-
sity of changing medium for antibodies to 0.9% NaCl.

* @ Springer

ultraviolet (UV) treatment of the sample. The nanocrystals are then
incubated with sulfo-SDA and HEPES buffer. The attachment of pro-
tein G is obtained by another exposure to UV light

Dot-blot testing
Preparation

Different types of antigens were used to examine the effec-
tiveness of the developed protocol, including lipopolysac-
charide (LPS) from Escherichia coli, mammalian antibodies
or horse myoglobin. LPS was dissolved in mQ water using
an ultrasonic bath and proteins were dissolved or diluted in
0.9% NaCl to initial concentration 0.5 mg/mL or 0.2 mg/mL.
For experiments, series of solutions were prepared. 1 uL of
antigen solution was applied on a nitrocellulose membrane
by pressing it very gently with the end of the pipette tip
to damp the membrane without forcing a liquid flow with
piston, instead letting capillary force to transfer sample
onto the membrane (this method provides higher density
of bound antigen which results in increased signal). Dried
membranes were placed in 2 mL microcentrifuge tube with
blocking solution (1.5 mL 1% BSA in TBS) and incubated
for 45-60 min at 37 °C with thermo-shaker. Afterwards,
membranes were moved to another tubes with 2 mL of the
appropriate solution of TBS containing: primary antibodies
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for “sandwich” type detection or UCNPs (0.3 mg/mL) for
direct recognition as well as a secondary agent. Tubes with
antibodies were set to a second incubation again at 37 °C for
the next 2.5 h. Subsequently, blots were washed in 15 mL
conical centrifuge tubes filled with 5 mL TBS-T (0.05%
Tween 20) and shaken 5 min twice with buffer changed one
time. Membranes immersed in a solution containing UCNPs
were incubated overnight and mixed gently on a rotator.
Before reading they were washed as mentioned above (in
certain cases second washing was prolonged to decrease
background noise).

Dot-blot reading and analysis

Dot-blot reading was performed using an automated fluores-
cence microscope (AxioObserver.Z1 from Carl Zeiss) which
was modified in-house to image in up-conversion mode.
To obtain the image of single dot in the dot blot (diameter
of ~1 mm), tiles feature in Zen Software (ZenBlue2011)
was employed. All images were taken with objective 10xEC
Plan-Neofluar and camera EMCCD Rolera EM-C2. The
field of view for 10 X objective is 1.4 mm, which was fur-
ther cropped down to accomplish non-even excitation beam
profile. Therefore, to image single dot in a dot blot, 3 X3
image mosaic were required. Typically, a whole dot blot strip
was imaged and the whole mosaic image was then analyzed
off-line. Special care was taken during the measurements to
preserve excitation intensity and acquisition time to keep
the experimental setup properties fixed to quantitatively
compare the intensities of the dots. For the excitation of the
up-converting nanoparticles laser diode 975 nm connected
to a fluorescence microscope was used (Spectra Laser,
Poland). A special filter cube was prepared with dichroic
filter FF750-SDi01-25 and emission filter FF01-950/SP for
the measurements. Further details regarding image acquisi-
tion, dot-blot reading, and analysis are provided in Support-
ing Information.

Results and discussion

Two types of up-converting core @shell nanocrystals were
used for experiments, namely cubic (o) and hexagonal ()
NaYF,:Yb**Er’** @ NaYF,. The synthesized nanoparticles
were dispersed in chloroform and stored at room tempera-
ture. a-NaYF,:Yb>*Er’* @ NaYF, emits orange/yellow light
while B-NaYF,:Yb**Er’* @ NaYF, exhibits green lumines-
cence under near-infrared excitation. The observed color
under 975 nm laser excitation originates mainly from two
emission bands (green *S;, — *I;5, and red *Fy), — ;5,5
relative intensity (Fig. 2).

The concept which assumes the use of polymers to
modify the properties of nanoparticles is an inspiration for

a-NaYF,:20%Yb 2%Er@NaYF,
B-NaYF4:20%Yb 2%Er@NaYF,

Intnesity [a.u.]

500 600 700
Wavelength [nm]

Fig.2 Up-conversion luminescence spectra of a-NaYF,:Yb**Er’*@
NaYF, and B-NaYF,:Yb**Er’*@ NaYF, nanocrystals under excita-
tion with 975 nm laser diode. The acquisition time for spectra collec-
tion was 500 ms for cubic and 5 ms for hexagonal nanocrystals with
the same power of excitation. The inset image shows up-conversion
luminescence from colloidal solutions of nanocrystals- green from
B-NaYF,:Yb**Er**@ NaYF, and orange from a-NaYF,:Yb**Er’t@
NaYF,

researchers for at least several years [22, 38—41]. Polyvi-
nylpyrrolidone is a common choice mostly due to its good
biocompatibility, lack of toxicity, and solubility in many sol-
vents including water. In nanotechnology PVP plays role as
a structure and size regulating agent during the synthesis of
different type of nanoparticles and also for their stabilization
especially in an aqueous environment [41—43].

We used PVP-vinyl acetate copolymer to enable polymer
functionalization with functional groups, e.g. amines. After
preparation of aminated PVP, copolymer was ready for cou-
pling to ANB-NOS containing amine reactive NHS ester.
The linker provides photoactive nitrophenyl azide moiety for
further coupling. It was used as a tool for coating and stabi-
lization of bare UCNPs which also allowed for conjugation
with proteins (BSA was chosen for a trial).

However, when we attempted functionalization using
above procedure, we observed immediate precipitation of
whole material while adding proteins to the solution of
coated UCNPs.

To prevent precipitation and improve NPs stability, intro-
duction of the second coating with dextran was necessary
(Fig. 1). Dextran is a polysaccharide composed of glucose,
characterized by good solubility, biocompatibility, lack of
toxicity and with many documented applications in medi-
cine [44-46]. Its carboxymethylated derivative had been
aminated that allowed subsequent coupling to PVP located
on UCNPs by photoactivation of ANB-NOS. Obtained nan-
oparticles were purified from an excess of dextran by size
exclusion chromatography (Supplementary Information Fig.

4
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S3.). The stable dispersion of nanoparticles was obtained
in acidic, neutral, and alkaline buffers. A few exceptions
that we have found are buffers containing phosphates and
carbonates. After contact even with very low concentrations
of phosphates UCNPs precipitate almost immediately. After
reaction Dextran still possess free amine groups ready for
conjugation. Interestingly ANB-NOS cannot be used again
as it causes precipitation of UCNPs. Due to that, another
linker was employed, namely sulfo-SDA. It works in a simi-
lar way to ANB-NOS through NHS ester and UV-activated
moiety, but it has a different structure and physicochemical
properties. In the next step, UCNPs conjugates with antibod-
ies or protein G were prepared.

To create a universal bioimaging tool NPs surface was
coated with recombinant Protein G, a protein of bacterial
origin capable of recognizing Fc fragments of mammalian
antibodies, especially IgG type. Nanoparticles decorated
with protein G can be easily coupled with immunoglobu-
lins without engaging a chemical coupling. After photo-
conjugation excess proteins were removed by size exclu-
sion chromatography. Purified nanoparticles were examined
with Coomassie Protein Assay for the presence of protein
and characterized via DLS measurements (Fig. S4 and Fig.
S5). The measurements confirmed the monodispersity of the
nanocrystals after functionalization. Zeta potential for nano-
particles after each step of functionalization was measured,
however in the case of modified PVP-coated nanocrystals

.
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measurements were not possible due to precipitation of
PVP-coated nanocrystals in 0.9% NaCl solution. Zeta Poten-
tial which is associated with surface charge can be useful to
predict particles’ stability in the solution. Removing oleic
acid by acid treatment results in a high positive charge of
bare UCNPs (36.8 mV). The addition of PVP and aminated
dextran is reflected by the lower value of measured poten-
tial (26.6 mV). A slightly negative value (-3.1 mV) after
conjugation with Protein G is consistent with a negative net
charge of the protein. Despite the near-zero zeta potential
of PVP-Dex-protein G coated nanoparticles, we did not
observe large aggregates in DLS measurements.

A series of immunoassays with selected antigens served
as a direct proof of protein G exposition on the nanoparticles
surface. Conjugation of protein G to nanoparticles exerted
no negative effect on the stability, size and shape of up-
converters (Fig. 3). Solutions containing UCNPs function-
alized with protein G were stored in a refrigerator without
visible precipitation. Moreover, the activity of conjugate was
preserved.

UCNPs functionalized with utilization of the developed
protocol were tested in dot blot assays (Figs. 4 and 5). In a
series of experiments optimal conditions for sensitive detec-
tion as well as the possibility to perform quantitative assays
were verified.

Nitrocellulose transfer membrane (Bio-Rad) was cho-
sen due to the good quality and simple application of the

Fig.3 TEM images of oleic acid capped (a, d) and biofunctionalized UCNPs (b, c, e, f). a—c Cubic phase nanocrystals; d—f hexagonal phase

nanocrystals
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(a) Dropping of LPS in

nitrocellulose strip (2h@37°C)
R 8
L N4
N Blocking S

& YR

N TBS+1%BSA)

Washing
(TBS)

(d) Labeling with UCNPs

== Lipopolysaccharide (LPS)

= Antibodies

UCNPs covered with G-protein

Horseradish peroxidase (HRP)

Fig.4 Schematic presentation of dot blot experiments. Dot blot prep-
aration included the attachment of lipopolysaccharide LPS to nitro-
cellulose strip (a), incubation with specific antibodies (b) followed by
incubation with UCNPs covered with protein G (c, d) or horserad-

samples. Tris-buffered saline is a common buffer in blotting
and does not interact with coated UCNPs. The application
method has a great impact on the limit of detection. Usually,
1 uL of solution with dissolved antigen is put on the mem-
brane as a drop hanging at the end of tip what results in a
big dot with a broadly spread sample. The limited spreading
can be obtained by a small modification where the tip with
solution inside is touching membrane very gently until it
slowly absorbed fluid only by capillary forces. This applica-
tion method results in a significantly higher signal-to-back-
ground ratio. The utilization of functionalized nanocrystals
in “sandwich” and direct type of dot blot assays is presented
in Fig. 5a, b respectively. High background signal in blot
in Fig. 5a is due to not thoroughly washed blot, however, it
did not interfere with the collection of the signal, therefore
this blot could be accepted. The up-conversion luminescence
intensity is proportional to an analyte concentration that is
shown in Fig. 5.

Initially, NaYF, nanocrystals in a-phase were exam-
ined. However, hexagonal (p-phase) nanoparticles pro-
vided ~ tenfold higher brightness (Fig. 5c, d). The up-
conversion luminescence intensity is proportional to the
concentration of nanoparticles since these luminescent
labels are barely susceptible to the chemical environment

(b) Incubation with anty-LPS Ab

(¢) Incubation with G-protein or HRP
(overnight in room temperature)

[ Lo
Washing
(TBS)

| Washing

J\l () HRP
e b

& 47/

ish peroxidase HRP (c, e). The images represent dot blots in series
of LPS dilutions, labelled with UCNPs. Images were taken under
975 nm diode excitation (left image) and bright field image of HRP
labelled dot blot (right image)

and thus, after proper calibration UCNPs-based dot blots
can be used for quantitative detection of antigen concen-
tration. In the case of our initial studies, the detection limit
for LPS with the utilization of two-step “sandwich” type
dot blot and cubic UCNPs was about 2 ug/mL LPS taken
from the dot in which the up-conversion luminescence
signal could be measured (Fig. 5a). The detection limit
for murine monoclonal antibodies with the utilization of
hexagonal UCNPs in direct dot blot assay was 0.2 pg/mL
(Fig. 5¢) and was lower than mAb detection limit with
the utilization of cubic UCNPs (0.8 pg/mL) (Fig. 5b). For
human serum antibodies detection limit was 0.5 pg/mL.
However, some dots that were not recorded (luminescence
signal was too low) can be still seen by the naked eye, so
the detection limit can be lower. For precise quantitative
analysis more optimization should be done and is not the
aim of this work.

One of the important advantages of involving Protein G
is a fact that it is compatible with IgG type of antibodies
originating from almost any organisms used in laboratory
experiments, antibodies from i.e. mouse, rat, rabbit, goat,
horse, human, sheep, cow, donkey and monkey. That gives
functionalized up-converting nanoparticles functionality of
a universal immunoimaging agent (Fig. 6).

% @ Springer
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UC Intensity [a.u.]

0,1

Fig.5 Comparison of various dot blot assays. a Two-step (“sand-
wich”) dot blot assay of LPS from E. coli K12 applied on nitrocel-
lulose in series of dilutions then incubated with primary mouse
antibodies (5 pug/mL in TBS), subsequently stained with functional-
ized cubic NaYF,:YbEr@NaYF, up-converting nanoparticles; dots
correspond to 62.5-0.49 pg/mL LPS solutions applied on nitrocel-
lulose membrane. b One-step (direct) dot blot assay of murine mAb
(monoclonal antibodies) applied on nitrocellulose in a series of
dilutions stained directly with functionalized up-converting cubic
NaYF,:YbEr@NaYF, nanocrystals; dots correspond to 50-0.39 pg/

Fig.6 Versatility of UCNPs-
PVP-Dex-Protein G conjugate
to antibodies derived from
different mammalian species.
a, b Mouse, two independ-

ent preparations; ¢ goat; d
rabbit; e human; f horse. 1 pL
of antibody solution was used
per single dot. The membrane
was stained with functionalized
UCNPs and washed thoroughly
to rinse out any particles that
did not bind to the antibodies
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mL protein solutions applied on nitrocellulose membrane. ¢ Murine
mAD stained with hexagonal NaYF,:YbEr@NaYF, nanoparticles;
dots correspond to 3.125-0.024 pg/mL protein solutions. d Immu-
noglobulin from human serum stained with hexagonal up-converting
nanoparticles; 15.62—0.12 pg/mL human serum antibodies solutions.
In dot blot preparation 1 pL of proper solution was used per single
dot. The numbers above each dot correspond to concentration of the
protein (ug/mL) used for particular dot. Right panel represents cor-
responding up-conversion intensity dependence on concentration of
analyzed protein




Journal of Nanostructure in Chemistry

Fig.7 Specificity assay for UCNPs functionalized with goat anti-
mouse antibodies. a (I) mouse antibody, (II) BSA, (III) horse myo-
globin, (IV) chicken egg white lysozyme. Upper row—concentration
0.05 mg/mL; bottom row: 0.5 mg/mL; 1 uL of solution was used per

On the other hand, in some cases, high specificity of
probes is required. Therefore, the developed functionaliza-
tion method was used for direct pairing of antibodies with
UCNPs, and the obtained probes were tested in specificity
assays (Fig. 7a). A simultaneous test with goat antibodies
horseradish peroxidase (Ab-HRP) was carried out to show
that antibodies themselves, rather than nanoparticles, con-
tribute to observed weak cross-reactions with other proteins
(Fig. 7b). The properties of proteins used for biofunctionali-
zation are crucial for the biological activity of the received
conjugates. Because of that, the selection of high-quality
antibodies is very important for successful experiments.
Due to the antibodies’ sensitivity to UV radiation, special
care should be taken during the functionalization with UV-
sensitive linkers. The optimized UV irradiation conditions
in the developed protocol are sufficient for effective photo-
linkers activation and gentle enough to sustain most proteins
activity.

Conclusions

A new method for bio-functionalization of up-converting
nanocrystals with the utilization of photo-linkers was pro-
posed and described in detail. The modified UCNPs are suit-
able for utilization in dot blot assays since they lack unspe-
cific binding to the nitrocellulose and immobilon membranes
that was the main issue in the utilization of previously
described functionalization methods. The conjugated protein
activity was confirmed by the series of dot blot immuno-
tests. The comparison between dot blot tests with utilization
of cubic and hexagonal NaYF,:Yb*"Er** nanocrystals was
also performed and showed significantly higher sensitivity
in the case of hexagonal nanoparticles as compared to cubic
nanoparticles. The developed functionalization method was
shown to be applicable for building universal bioimaging
tools as well as assays of high specificity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40097-021-00404-x.

single dot. b A simultaneous test with goat antibodies horseradish
peroxidase Ab-HRP was carried out to show that antibodies them-
selves rather than nanoparticles contribute to observed weak cross-
reactions with other proteins
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