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ABSTRACT: In this work, hydrophobic upconversion nanoparticles (UCNPs) were transformed
into hydrophilic NPs via the rapid oxidative polymerization of dopamine (DA) induced by NalOy in
a water-in-oil microemulsion system. The polydopamine (PDA)-coated UCNPs synthesized using
NalOy4 as the oxidant exhibited a positive charge (+26.4 mV) at pH 7.0. Those prepared using
ambient O, as the oxidant had a negative charge (—15.4 mV). The difference in the composition
between PDA-coated UCNPs using NalO, (UCNPs@PDA-NalO4) and those using ambient O,
(UCNPs@PDA-O,) as oxidants was supported by the XPS and FTIR results. The difference in the
surface charges may be due to variation in the composition, which probably attributed to the different

oxidants used. A series of controlled experiments were carried out to infer the origination of the



positive charges of UCNPs@PDA-NalO,. Furthermore, Au nanoparticles (Au NPs) were deposited
on UCNPs@PDA-NalO; where PDA served as both the reductant and the stabilizer so that
additional reagents and thermal treatments were not necessary. The effect of pH on the deposition of
Au NPs was also studied. In addition, the load density of Au NPs on the surface of the PDA-coated
UCNPs could be adjusted by changing the dosage of HAuCly, which could effectively enhance the
upconversion luminescence (UCL) intensity. This work provides a method to regulate the surface
charge of the PDA coating, and the nanocomposites with unique properties synthesized by this
method may be employed in biological imaging, diagnostic analysis, and other biological fields.

KEYWORDS: Upconversion nanoparticles; Polydopamine; Positive charge; Au nanoparticles

1 Introduction

Upconversion nanoparticles (UCNPs) have been extensively investigated in biological
applications because of their unique ability to absorb low-energy near-infrared light and emit
high-energy visible light [1-5]. However, high-quality UCNPs are generally synthesized in organic
solvents, and their surface is usually covered with oleic acid (OA) and/or oleylamine (OAm) ligands,
rendering them hydrophobic [6-12]. Since UCNPs for biological applications require a high
dispersibility and stability in aqueous media [6-12]. They also need suitable surface functional
groups in order to facilitate the subsequent conjugation of biomolecules or probe molecules [6-12].
Thus, many different approaches to the surface functionalization and engineering of as-synthesized
hydrophobic UCNPs have been developed [6-12]. The techniques may be divided into three main

groups: ligand oxidation [7, 8], ligand exchange [9, 10], and encapsulation [11, 12].



Messersmith and coworkers pioneered the single-step formation of robust adherent
polydopamine (PDA) coatings based on the mussel-inspired polymerization of dopamine (DA) at
alkaline pHs on various substrates possessing both hydrophilic and hydrophobic surfaces [13]. PDA
also received much attention in the surface modification of nanoparticles [14-16]. Recently,
hydrophobic UCNPs were coated with PDA using a water-in-oil microemulsion method to obtain
water-dispersible UCNPs@PDA core-shell nanocomposites [17-20]. The advantage of using PDA is
that it can be easily functionalized with other molecules, mainly nucleophiles [13, 17]. Moreover,
due to the presence of the catechol groups, PDA has a strong complexation ability with metallic
cations and reduces them spontaneously in situ into metallic nanostructures [13, 21-27]. As a result,
We conclude that PDA could serve as a versatile molecular platform to generate metallic
nanoparticles (usually Ag and Au) with the desirable morphology and load density [21-27]. Thus, the
functionalities of PDA have made these films of very interesting in the study of their applications
[28, 29]. However, all the studies reported on PDA-coated hydrophobic UCNPs use dissolved O, as
the oxidant, which is time-consuming, usually 24 h [17-20]. It has been reported that the use of
oxidants stronger than dissolved O, allows for a faster deposition of PDA coatings [30-37]. Recently,
some studies have indicated that the composition of PDA [32-37] and can affect the surface
hydrophobicity [32, 33] and are influenced by the oxidant used. To date, only a few studies have
been conducted to study the effect of oxidants on the surface charge of PDA coatings.

Here, OA-stabilized UCNPs were quickly coated with the PDA using the water-in-oil
microemulsion method with NalO; as the oxidant to obtain PDA-coated UCNPs
(UCNPs@PDA-NalO,). The surface properties and compositions of UCNPs@PDA-NalO, were

characterized and compared with those obtained using the conventional slow PDA coating



(UCNPs@PDA-O,;) method. Furthermore, Au NPs were grown on the surface of
UCNPs@PDA-NalOy using the in situ reduction of HAuCl; by PDA. The influence of the load
density of Au NPs on upconversion luminescence (UCL) was also studied. The fabrication procedure
of Au NPs loaded UCNPs@PDA-NalO4 (UCNPs@PDA-NalO4/Au) is schematically illustrated in

Scheme 1.

° Dopamine

HAuCl,
° ° NalO, 10 min pH 8.0
UCNPs UCNPs@PDA-NalO, UCNPs@PDA-NalO,/Au

Scheme 1. Schematic representation of the formation of UCNPs@PDA-NalO,/Au NPs

2 Experimental

2.1 Materials

Yttrium chloride hexahydrate (YCl;-6H,O, 99.99%), Ytterbium chloride hexahydrate
(YbCl3:6H,0, 99.99%) and Erbium chloride hexahydrate (ErCl;-6H,0O, 99.99%) were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. Oleic acid (OA, 90%) and 1-Octadecene
(ODE, 90%) were supplied by Chengdu Shuobo Yanchuang Science and Technology Co., Ltd.
Sodium hydroxide (NaOH, AR), Ammonium fluoride (NH4F, AR), Ammonia solution (AR),
Methanol (CH;0H, AR), Ethanol (C,HsOH, AR) and Cyclohexane (C¢H;,, AR) were obtained from
Chengdu Best Regent Co., Ltd. Chloroauric acid (HAuCls, >99.9%) and Dopamine hydrochloride

(DA-HCI, 98%) were received from Beijing J&K Technology Co., Ltd. Polyoxyethylene (5)



nonylphenyl ether (Lgepal CO-520, branched, M,, = 441, AR) was obtained from Shanghai Macklin
Biochemical Technology Co., Ltd. Sodium periodate (NalO,, AR) was purchased from Tianjin
Kemiou Chemical Reagent Co., Ltd. Unless otherwise noted, all materials were obtained from
commercial supplies and used as received without further purification. Deionized water was used

throughout.

2.2 Synthesis of hydrophobic UCNPs

The hydrophobic UCNPs were synthesized via a thermal decomposition method [38]. The
details of the synthesis of 1 mmol NaYF,:Yb/Er core nanoparticles in a typical procedure were
described below. First, 0.76 mmol of YCl;-6H,0, 0.2 mmol of YbCl;-6H,O and 0.04 mmol of
ErCl;-6H,0 were magnetically mixed with 6 mL of OA and 12 mL of ODE. The mixture was
degassed under the N, flow, and then heated to 170 °C for 30 min to form a homogeneous clear
solution and cooled to 50 °C while stirring. Afterwards, 10 mL of methanol solution containing
NaOH (2.5 mmol) and NH4F (4.0 mmol) was added to the mixture solution and stirred for 30 min.
After being stirred at 110 °C for 30 min to completely remove methanol and any residual water, the
mixture solution was quickly heated to 305 °C and maintained for 90 min. After cooling down to
room temperature, the products were precipitated by ethanol and washed with
cyclohexane/ethanol/methanol several times. After that, the NaYF4:Yb/Er core nanoparticles were
re-dispersed in 10 mL cyclohexane, and then the inert NaYF, shell was deposited on the
NaYF,:Yb/Er core nanoparticles via a similar step. Finally, the obtained hydrophobic UCNPs were

ready to be dispersed in cyclohexane prior to their further use.

2.3 Synthesis of UCNPs@PDA-oxidant (NalO,4 or O,)

The UCNPs@PDA-NalO, were synthesized with a modified water-in-oil microemulsion
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method [17]. Typically, 0.65 mL of Lgepal CO-520 was added in 10 mL of cyclohexane solution of
hydrophobic UCNPs (1 mg/mL), and stirred vigorously for 20 min. Next, 0.075 mL of ammonia
solution (25%) was carefully added into the solution, followed by ultrasonic treatment for 15 min
and stirred gently for 30 min. After that, 0.05 mL of freshly prepared DA-HCI solution (25 wt%) was
slowly injected into the solution. After stirring for 30 min, 0.05 mL of NalOy solution (12.5 mg/mL)
was injected into the above solution and stirred for another 10 min, 2 h, or 6 h. The products were
precipitated by ethanol and washed with ethanol/water several times.

As a control, UCNPs@PDA-O, were prepared using the conventional slow strategy, i.e.,

reacted for 24 h after adding DA -HCI solution, in order to form a PDA coating.

2.4 Synthesis of UCNPs@PDA-NalO,/Au

In brief, x (x = 0.05, 0.10, 0.15, 0.30, 0.45 or 0.60) mL of HAuCl, (0.3 wt%) was added to 1 mL
of 1 mg/mL UCNPs@PDA-NalO, alkaline aqueous solution (pH 8.0) with ultrasonic treatment for 5

min. Finally, the obtained UCNPs@PDA-NalO,/Au were stored at 4 C.

2.5 Characterization

The Transmission Electron Microscope (TEM) and High-resolution Transmission Electron
Microscope (HRTEM) images were provided by Titan G260-300 (FEI Company, USA). X-ray
Diffraction (XRD) pattern was acquired by XD-6 diffractometer (Persee, China). The Upconversion
Luminescence (UCL) spectra were characterized by a Dual-FL fluorescent spectrometer (HORIBA,
Japan) using a 980 nm diode laser. Fourier Transform Infrared (FTIR) spectra were investigated on

an Agilent Cary 660 FTIR spectrometer (Agilent, USA). X-ray Photoelectron Spectroscopy (XPS)



analyses were performed using K-Alpha (Thermo Fisher Scientific, USA). The Ultraviolet-visible
(UV-vis) spectra were obtained from a Thermo UV-500 spectrophotometer (Thermo Fisher Scientific,
USA). The Dynamic Light Scattering (DLS) was performed on a Zetasizer Nano-ZS90 (Malvern,
UK). Thermogravimetric Analysis (TGA) curves were obtained from a TGA 5500 instrument (TA

Instruments, USA).

3 Results and discussion

3.1. Preparation of UCNPs@PDA-oxidant (NalO, or O,)

The hydrophobic UCNPs were coated with PDA using the water-in-oil microemulsion method
using ambient air or NalO, as the oxidant. The corresponding representative TEM and HRTEM
images are presented in Fig. 1. Fig. 1A, B shows that the UCNPs were uniform nanoparticles with an
average diameter of 38.6 = 0.2 nm. The fringe distance of 0.517 nm nicely matches well with the (1
1 1) plane of the hexagonal phase, NaYF, (JCPDS No. 28-1192), which is consistent with the XRD
results (Fig. S1A). An approximately 2.9 nm PDA Ilayer was uniformly deposited on
UCNPs@PDA-O,; prepared with ambient air as the oxidant (Fig. 1C, D); however, it takes too long
(24 h) to complete the PDA coating because of the low chance of the ambient air to meeting the DA
in the water-in-oil system. Thus, NalO4 was used instead of ambient air as the oxidant to improve the
coating rate. The NalO, solution comes in contact with the water to facilitate the oxidation of DA
directly. Furthermore, the oxidizing ability of NalO, is stronger than that of oxygen. Fig. 1E, F
shows that an approximately 3 nm uniform PDA layer is consistently and uniformly deposited on the

UCNPs@PDA-NalO, synthesized using NalO,4 as the oxidant with a reaction time of 10 min, and



without significant core-free PDA particles. The PDA layer of UCNPs@PDA-NalO, synthesized by
NalO, oxidation for 2 h and 6 h was similar to the reaction time of 10 min (Fig. S2). In order to
improve the experimental efficiency, the ideal reaction time was determined to be 10 min and was
used subsequently. Furthermore, after coating with the PDA layer, the XRD patterns of
UCNPs@PDA-NalO, are similar to those of UCNPs (Fig. S1A), indicating that the PDA coating did
not change the crystalline phase of NaYF,. Fig. SIB shows that UCNPs@PDA-NalO, lost 2.43%
more weight than UCNPs, and which is the PDA coating. The UCL spectra of the UCNPs are shown
in Fig. S1C, there are two green peaks (521 and 540 nm) and one red peak (657 nm) are attributed to
energy transitions from 2Hjy, 4S3,, and “Fg; to *I;5, of Er3* ions, respectively. After the UCNPs
were coated with PDA, their UCL intensity decreased (Fig. S1C) because of the scattering effect on

both emission and incident light by the PDA layer [39].



Fig. 1. TEM and HRTEM images of (A, B) UCNPs, (C, D) UCNPs@PDA-O; and (E, F) UCNPs@PDA-NalO,.

Interestingly, it was found that the dispersibility of the UCNPs@PDA-NalO, obtained from the
oxidation of DA for 10 min was much higher than that of UCNPs@PDA-O,. The Zeta potentials of
UCNPs@PDA-O, and UCNPs@PDA-NalO4 are shown in Fig. 2. The Zeta potentials of

UCNPs@PDA-O, at pH 7.0 was —15.4 mV, which is in accordance with that reported in previous



studies [17]. However, the Zeta potentials of UCNPs@PDA-NalO,4 at pH 7.0 was +26.4 mV. The
difference in the Zeta potentials most probably originates from the difference in the compositions
(and structures) of both kinds of PDA coatings. A comparative study of the coatings was carried out

using FTIR and XPS to elucidate the difference between the compositions of PDA-O, and

PDA-NalO,.
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Fig. 2. Zeta potentials of (a) UCNPs@PDA-O, and (b) UCNPs@PDA-NalO,.

Fig. 3 shows the FTIR spectra. Bands at 1562 and 1445 cm™ are observed in the FTIR spectra
of UCNPs, and may be attributed to the stretching vibration of the COO~ groups [17]. After coating
with PDA, the band corresponding to the COO~ groups disappeared, indicating that ligand exchange
would have taken place during PDA coating, according to the proposed mechanism using in silica
coating in the water-in-oil microemulsion method [40, 41]. The spectra of PDA-coated UCNPs show
new peaks at 1608, 1511 cm™! for UCNPs@PDA-O; and 1620, 1508 cm™! for UCNPs@PDA-NalO,.
These may be attributed to the stretching vibration of the aromatic ring and the N-H shearing

vibration of the amide group, respectively, indicating the formation of PDA coating on the UCNPs



[42]. The characteristic absorption peak of the C—O and C—O-H bonds (1123, 1246 cm™! for
UCNPs@PDA-O; and 1072, 1253 cm™! for UCNPs@PDA-NalO,) appeared in the FTIR spectra of
the two samples, indicating the existence of phenolic groups in the PDA coating [33, 43]. The
intensity of the stretching vibration of the aromatic ring is a reference to show that the phenolic
content in UCNPs@PDA-NalOQy, is lower than that in UCNPs@PDA-O,. When compared with that
of UCNPs@PDA-O,, the FTIR spectra of UCNPs@PDA-NalO, shows a less pronounced peak,
which may be attributed to the fact that PDA on UCNPs@PDA-NalO4 has a higher degree of
oligomerization and self-assembly than that on UCNPs@PDA-O, [44]. In both products, the peaks
between 800 and 880 cm! attributed to the C—H wagging vibration of the ring hydrogens in the
1,2,4-trisubstituted and 1,2,4,5-tetrasubstitued benzenes [45] were observed; however, the position
and intensity of the peak are different, indicating that there is a difference in the composition of the

PDA-coated UCNPs prepared using different oxidants.

(a)
1445
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)
b 4 1562
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g () 1511 1462
= 1608 833
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Wavenumber (cm-l)

Fig. 3. FTIR spectra of (a) UCNPs, (b) UCNPs@PDA-O; and (¢) UCNPs@PDA-NalOj,.

Furthermore, XPS was used to characterize the elemental composition on the PDA coatings.



Fig. 4 shows the C 1s, N 1s core-level spectra of UCNPs@PDA-O, and UCNPs@PDA-NalO,. For
both PDA coatings, the XPS C 1s core-level spectra can be curved-fitted into three peak components
with binding energies of 284.36/284.33, 285.73/285.97, and 287.36/288.06 eV, corresponding to the
C=C/C-C, C-O/C—N, and C=0 species, respectively [46, 47]. The C=O content of the PDA-NalO,
coating is higher than that of PDA-O, coating, indicating the richer quinone groups in the
PDA-NalO, coating. By the deconvolution of the N 1s spectra of PDA-O, coating, two peaks at
397.16 and 401.03 eV, except that at 393.25 eV, were identified, which may be assigned to the
R2-NH and R-NH, components, respectively [46, 47]. Compared with the PDA-O, coating, the ratio
of R-NH,/R2-NH of the PDA-NalOy coating changed greatly, indicating the different composition of
these two coatings. Additionally, the peak shifts of +1.47 eV are probably attributable to the
protonation of R-NH, and pyrrolic R2-NH, owing to the fact that positive charging leads to an

increase in the binding energy [47].
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Fig. 4. XPS spectra of C 1s, N 1s core levels of (A, C) UCNPs@PDA-O, and (B, D) UCNPs@PDA-NalO,.
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Scheme 2. The initial stages of PDA coating formation

There is general agreement that the initial stages (as shown in Scheme 2) of PDA coating
formation involves auto-oxidation of DA giving rise to dopaquinone (DQ), followed by an
intramolecular Michael addition and deprotonation leading to leuco-dopaminechrome [13, 48-51].
Additional oxidation and rearrangement leads to the formation of indole quinone, which then

rearranges to form 5,6-dihydroxyindole (DHI)—a key precursor to PDA [13, 48-51]. Although the



initial pH of reactions systems were adjusted to 8.0 equally, the pH of suspensions with NalOy as the
oxidant moved to a more acidic value than that of O, as the oxidant. This is the result of more
hydrogen atom abstraction from DA as the oxidation of DA progressed when NalO,4 was used as the
oxidant, leading to protonation of the amines of DA or DQ [47, 52]. Protonating the amines of DA or
DQ prevents the intramolecular Michael addition, which make the ratio of R-NH,/R2-NH of the
PDA-NalOy coating higher than that of PDA-O, coating. The exact process of NalO4-induced DA
oxidation polymerization to form PDA will be studied in our future work.

Despite the fact that the chemical composition of the PDA has not been fully elucidated, certain
functional groups are known to be present in the polymer, including catechol, quinone, and amines
[53]. The surface charge on the PDA coating may originate from the dissociation of the amine and
catechol [54]. These results suggest that the relatively low phenol content of the PDA-NalO,4 coating
and the variation in the protonation ability of amines caused by the different compositions of the two
coatings might make UCNPs@PDA-NalO, positively charged relative to UCNPs@PDA-O..
Another important factor that affects the charge of the PDA coating perhaps is the higher rate of
hydrogen atom abstraction from DA as the oxidation of DA progressed when NalO,4 was used as the
oxidant, thus protonating the amines in the PDA-NalO, coating [47]. Interestingly, PDA
microspheres (PDA MPs), PDA-coated OA-stabilized Fe;O0; (OA-Fe;04,@PDA-NalO,), and
PDA-coated OAm-stabilized Au (OAm-Au@PDA-NalO,) were synthesized using the water-in-oil
microemulsion method using NalO, as the oxidant; the Zeta potentials of the three products were all
positive (Fig. S3). The results indicate that NalO, as an oxidant not only rapidly forms a PDA
coating but also obtains nanoparticles with a positively charged surface, an observation that has not

been made in previous studies.



Stability is crucial in practical applications. Thus, we characterized its UCL stability, and the
results are shown in Fig. 5. It can be seen that after 30 days, the UCL wavelengths (521, 540, and
657 nm) of UCNPs@PDA-NalO,4 changed barely, indicating that UCNPs@PDA-NalO,4 has good
stability. This is because PDA consists of hydrophilic hydroxyl and amino groups, which improves

the stability of UCNPs@PDA-NalOy [30, 55, 56].
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Fig. 5. The stability of UCNPs@PDA-NalO4 at UCL wavelengths of 521 nm, 540 nm, and 657 nm.

3.2. Preparation of UCNPs@PDA-NalO,/Au

PDA coatings can act as reactive templates, and can facilitate the one-pot synthesis of
UCNP-supported Au NPs. Although most of the results on the immobilization of Au NPs on PDA
coatings have been reported, little attention has been paid to the effect of pH on the loading process.
The TEM results of the products obtained at pH 4.0 and 8.0 during the loading of Au NPs on the
surface of UCNPs@PDA-NalO, are below. A small number of free Au NPs are observed at pH 4.0

(Fig. 6A). It is clear that all of the Au NPs are located on the surface of UCNPs@PDA-NalO,4



without forming large aggregates, and that no individual Au NPs were found in the solution at pH
8.0 (Fig. 6B). A similar phenomenon was observed when UCNPs@PDA-NalO,4 were replaced with
OA-Fe;04@PDA-NalO, (Fig. S4). The mechanism for loading Au NPs on OA-Fe;O4@PDA was
proposed in our previous work [42]. The strong chelating ability of ortho-phenolic hydroxyls with
Au (IIT) prompted the dissociation of some PDA molecules from the Fe;O4 core surface, and the
dissociated PDA molecules reduced Au (III) to form Au NPs, which were then loaded on to the
surface of PDA-coated Fe;O, NPs [42]. At pH 4.0, the Zeta potentials of the side solution after
magnetic separation were +12.7 mV (Fig. S3D) indicating that the formed Au NPs could not attach
themselves on to the surface of UCNPs@PDA-NalO, due to the electrostatic repulsion between them

and UCNPs@PDA-NalO, [57].

A g

e *M
e -

Fig. 6. TEM images of UCNPs@PDA-NalO,/Au synthesized at (A) pH 4.0 and (B) pH 8.0.

To investigate the amount of immobilized Au NPs on UCNPs@PDA-NalO,, we carried out a
series of experiments by changing the dosage of HAuCly. Representative TEM images are presented
in Fig. 7. It shows that the average diameter of Au NPs was 8.1 + 1.2 nm, and the density of Au NPs
increased when the dosage of HAuCly, increased. The UV—vis spectra in Fig. 8A shows that the

UCNPs@PDA-NalO4 had no apparent absorption, and a red shift in the absorption peak of



UCNPs@PDA-NalO4/Au was observed with the increase in the dosage of Au. That is, the surface
plasmon resonance (SPR) frequency of Au NPs was shifted to higher wavelengths, which may be
attributed to the increased loading density of Au NPs and the formation of small Au clusters [58, 59].

Plasmonic metal nanostructures (usually Ag and Au) placed in close proximity to UCNPs have
been demonstrated to be excellent tools for tuning UCL by enhancing or quenching the luminescence
intensity [58-64]. Fig. 8B shows that the Au NPs load does not change the peak pattern of UCL
spectra, only the UCL intensity changes; the enhancement factor for different UCL wavelengths are
shown in Fig. 8C. Notably, the enhancement factor of the red peak (657 nm) reached 10.19 when the
dosage of HAuCl, was 0.15 mL. The SPR frequency of Au NPs matches the UCL wavelength of
UCNPs (540 nm) resulting in SPR coupling and local electric field enhancement, which effectively
improves emission efficiency and enhances UCL intensity [58-64]. However, the fluorescence
enhancement decreased when the dosage of HAuCl, increased, which may be due to the transfer of
non-radiative energy from UCNPs to Au NPs [58-64] or the enhancement of the internal filtration
effect [58]. Fig. 7 and Fig. 8 reveal that Au nanoparticles with different load densities can be
achieved by changing the dosage of HAuCly, thereby achieving the goal of regulating the UCL

intensity of UCNPs.

Fig. 7. TEM images of UCNPs@PDA-NalO4/Au synthesized at pH 8.0 with (A) 0.15 mL, (B) 0.30 mL and (C) 0.60 mL of HAuCl,.
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Fig. 8. (A) UV-vis spectra, (B) UCL spectra and (C) UCL enhancement of UCNPs@PDA-NalO4/Au synthesized at pH 8.0 with

different dosage of HAuCl,.

4 Conclusions

In summary, hydrophobic UCNPs with a uniform morphology were synthesized via a thermal
decomposition method. Rapid oxidative polymerization of DA on UCNPs was induced by NalOy in
a water-in-oil microemulsion system, resulting in positively charged water-soluble
UCNPs@PDA-NalO,4 nanocomposites that can be stably stored for 30 days. Subsequently, HAuCl,
was reduced in situ to Au NPs by PDA coating on the surface of UCNPs at pH 8.0, and

UCNPs@PDA-NalO,4/Au nanocomposites were obtained, which could effectively enhance the UCL



intensity. In addition, the surface Au NPs load density of UCNPs@PDA-NalO, can be adjusted by
changing the dosage of HAuCl,. It is expected that the nanocomposites with unique properties will
enable their wide implementation in biological imaging, diagnostic analysis and other biological

fields.
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