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(57) Abstract: Disclosed is a method of preparing polymeric pho-
toluminescent dots in water using inexpensive non-conjugated poly-
mers. The resulting polymeric photolumineseent dots display the fol-
lowing properties: excellent water dispersibility, low toxicity, high
adsorptivity, good photo-stability and high quantum yield. The pho-
toluminescent properties are not influenced by aggregation- caused
quenching effect. The method is amenable to scale-up and is envi-
ronmentally friendly.



10

15

20

25

WO 2017/208175 PCT/IB2017/053211

PHOTOLUMINESCENT NANOPARTICLES AND THEIR SYNTHESIS AND USES
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No. 62/343,214,
filed May 31, 2016. The entire contents and disclosures of the preceding application are
incorporated by reference into this application.
[0002] Throughout this application, various publications are cited. The disclosures of these
publications in their entireties are hereby incorporated by reference into this application to more
fully describe the state of the art to which this invention pertains.
FIELD OF THE INVENTION
[0003] The present invention relates to water-based photoluminescent polymer dots.
BACKGROUND OF THE INVENTION
[0004] There is an enormous demand for fluorescent materials nowadays because of their
photoluminescence properties which find potential applications in diverse fields, such as
chemosensing [1], environmental monitoring [2], biological analysis [3], bioimaging [4-6],
organic light emission diodes (OLED) [7-9], and solar cells [10-14]. In the past decade,
increasing efforts have been devoted to the development of heavy-metal-free and low-toxicity
photoluminescence (PL) nanoparticles in order to overcome the drawbacks of conventional
organic dyes (¢.g. low water solubility, weak emission in water, and poor photostability) as
well as the intrinsic toxicity of inorganic nanoparticles (¢.g. quantum dots, named Q-dots)
[15,16] and upconversion particles doped with rare earth metals [17]). Various types of
organic-based PL nanoparticles have been developed, including semiconducting polymer
nanoparticles (P-dots) that consist of n-conjugated polymer [ 18], organic aggregation-induced
emission (AIE) dots assembled from small phenyl containing organic molecules having
propellers or pinwheel shapes [19], and photoluminescent carbon nanostructures [20, 21].
Recently, a new class of organic luminescent materials derived from non-conjugated

macromolecules has been scarcely reported. For examples, a pure oxygenic non-conjugated
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macromolecule of poly[(maleic anhydride)-alt-(vinyl acetate)] has been reported to display
strong light emission in organic solvents such as THF, NMP, DMSO and DMF [22]. A non-
conjugated polyacrylonitrile (PAN) which is almost non-luminescent in dilute solutions
becomes highly emissive when concentrated or aggregated as nanosuspensions, solid powders
and films [23]. In contrast to conventional fluorescent molecules which suffer from
aggregation-caused quenching, the PL property of the non-conjugated polymer is attributed to
the aggregation-enhanced emission mechanism such as clustering-triggered emission.

[0005] Branched polyethyleneimine (PEI) is a water-soluble polymer that consists of 25%
primary, 50% secondary and 25% tertiary amines (Figure 1 shows chemical structure of the
PEI). This amine-rich PEI (25 kD) has been found to display very weak blue emissions
(fluorescence quantum yield @r ~ 0.01) in water [24].

[0006] Two approaches have been reported to enhance the optical properties of the PEIL
[0007] Firstly, crosslinking low molecular weight and branched PEI to form PEI-based
nanoparticles. Yang’s group recently reported PEI-based photoluminescence dots through
crosslinking low molecular weight and branched PEI (Mw =1800) with a carbon tetrachloride
(CTC) [25]. The resulting crosslinked PEI particles possess a broad size distribution with an
average hydrodynamic diameter of ca. 180 nm measured by dynamic light scattering (DLS).
The enhanced PL intensity of the crosslinked PEI may be attributed to the decreased in
vibration and rotation of amino-based chromophores, leading to a crosslinking enhanced
emission (CEE) effect. They have also demonstrated that this type of water-dispersible PEI-
based photoluminescent dots is able to achieve targeted cell imaging [26]. However, this
method usually generates particles with a broad size distribution because the crosslinking
reaction is difficult to control. Furthermore, the maximum quantum yield of the crosslinked
PEI nanoparticles is less than 10%.

[0008] Secondly, self-assembly of hydrophobically modified PEI into nanoparticles has been

disclosed. Sun et al reported ultra-bright and multicolor PEI-based polymer dots which were
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fabricated via first conjugation of hydrophobic polylactide (PLA) to PEI (25 kD), followed by
generation of the PEI-PLA dots using an emulsion/solvent evaporation technique [27]. A
weight ratio of D, L-lactide/PEI of 60 was found to give the copolymer an optimal balance
between hydrophobic and hydrophilic segments. The fluorescence quantum yield of the
resultant nanoparticles (ca. 227 nm in diameter) was up to 31%, which is 30 times higher than
the native PEI in water. Moreover, the emission spectra of the PEI-PLA dots were generally
broad and sensitive to the excitation wavelengths (multi-color fluorescence).

[0009] Luo et al reported the formation of PEI-based fluorescent nanoparticles through the
Schiff base reaction between amines in PEI and formyl group in D-glucose, and then self-
assembly of D-glucose conjugated PEI in aqueous solution. The resultant nanoparticles had an
average hydrodynamic diameter of ca. 342 nm with surface charge around 11.2 mV. The PEI-
based dots exhibit excitation independent emission property. The emission wavelength is
centered at 465 nm, and the quantum yield of the nanoparticle is reported as high as 46 % using
quinine sulfate as a reference [28-29]. However, this approach involves tedious multiple step
syntheses of hydrophobically modified PEI copolymer and subsequent self-assembly process
through emulsion/solvent evaporation technique. Furthermore, the particle stability is strongly
affected by acid because of easy hydrolysis of the imine or ester linkage. Finally, the self-
assembly process is not amendable for a scale-up production.

SUMMARY OF THE INVENTION

[0010] The present invention discloses a novel method of preparing polymeric
photoluminescent dots in water based on inexpensive non-conjugated polymeric molecules.
The method involves chemical modification of amine containing water-soluble polymer with
hydrophilic vinylic molecules containing carboxylic acid group, followed by the free-radical
polymerization to form poly(amine-acid)-based nanoparticles.

[0011] The present invention discloses a photoluminescent poly(amine-acid) nanoparticle

obtainable by a method comprising the following steps: (a) mixing an amine-containing
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polymer with an o,f-unsaturated carboxylic acid or carboxylic acid anhydride monomer,
wherein the polymer and monomer undergo Michael addition reaction and amidation reaction
to form a prepolymer; (b) adding a radical initiator to the solution resulting from step (a) to
form a poly(amine-acid) polymer; and (c) allowing the poly(amine-acid) polymer to self-
assemble via electrostatic interaction between carboxylic group and amine group to form the
poly(amine-acid) nanoparticle.
[0012] The present invention further discloses a method for preparing a poly(amine-acid)
nanoparticle, comprising the steps of: (a) reacting an amine-containing polymer and an o,f3-
unsaturated carboxylic acid or carboxylic acid anhydride monomer to form a prepolymer via
Michael addition and amidation; and (b) adding a radical initiator to the solution resulting from
step (a) to form a poly(amine-acid) polymer; and (c¢) allowing the poly(amine-acid) polymer to
self-assemble via electrostatic interaction between carboxylic group and amine group to form
the poly(amine-acid) nanoparticle.
[0013] The present invention relates to a method for detecting the presence or absence of
formaldehyde or formaldehyde releasing agent in a sample.
[0014] The present invention also relates to a method for detecting the presence or absence of
one or more metal ion in a sample.

BRIEF DESCRIPTION OF THE FIGURES
[0015] Figure 1 shows a synthetic route of water-based non-conjugated photoluminescent
polymer nanoparticles.
[0016] Figure 2A shows a TEM image of PEI-PMAA nanoparticles with 0.5 % PTA staining.
Figure 2B shows the size distribution of PEI-PMAA nanoparticles in the TEM image of Figure
2A.
[0017] Figure 3A shows an IR spectrum of PEI-MAA stage 1 product. Figure 3B shows an IR
spectrum of PEI-PMAA nanoparticles (stage 2 product).

[0018] Figure 4 shows an NMR spectrum of the PEI-MAA stage 1 product.
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[0019] Figure 5A shows a UV spectrum of PEI-PMAA nanoparticles in water.

[0020] Figure 5B shows the excitation dependent emission spectra of PEI-PMAA
nanoparticles in water measured with various excitation wavelengths ranging from 300 to 540
nm. Figure 5C shows the normalized excitation dependent emission spectra of PEI-PMAA
nanoparticles in water measured with excitation wavelengths ranging from 300 to 540 nm.
[0021] Figure 6A shows samples of PEI-PMAA nanoparticles in different concentrations in
water under room light. Figure 6B shows samples of PEI-PMAA nanoparticles in different
concentrations (mg/mL) in water under 365 nm irradiation.

[0022] Figure 7A shows photoluminescence spectra of PEI-PMAA nanoparticles in different
concentrations in water under excitation wavelength of 360 nm. Figure 7B shows normalized
photoluminescence spectra of PEI-PMAA nanoparticles of different concentrations under
excitation wavelength at 360 nm.

[0023] Figure 8 shows photoluminescence spectra of PEI-PMAA nanoparticles of different
concentrations in water at their optimal excitation wavelengths.

[0024] Figure 9A shows samples of PEI-PMAA nanoparticles in water under UV irradiation
at different exposure times. Figure 9B shows the photoluminescence intensity of PEI-PMAA
of Figure 9A as a function of the UV irradiation time.

[0025] Figure 10 shows the phosphorescence lifetime of PEI-PMAA nanoparticles in solid
state at pH 1, 4, and 11.

[0026] Figure 11A shows solid samples of PEI-PMAA nanoparticles observed under a
handheld UV lamp (365 nm). Figure 11B shows solid samples of PEI-PMAA nanoparticles
after switching off the UV light source at room temperature.

[0027] Figure 12A shows samples of PEI-PMA A nanoparticles suspended in both DMSO and
deionized (DI) water under a handheld UV lamp at room temperature. Figure 12B shows
samples of PEI-PMAA nanoparticles suspended in both DMSO and DI water immediately after

switching off the UV light source at room temperature.
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[0028] Figure 13A shows a reaction scheme of using PEI-PMAA nanoparticles for
formaldehyde (FA) detection. Figure 13B shows solutions after reacting with different
concentrations (ppm) of formaldehyde at 95 °C for 1 hour, and irradiated with UV lamp (365
nm).
[0029] Figure 14A shows a photoluminescence spectra of a PEI-PMAA stock solution (0.6
mg/mL) when excited with 360 nm and 400 nm laser. Figure 14B shows a photoluminescence
spectra of a PEI-PMAA solution after reacting with 2000 ppm of formaldehyde (FA), when
excited with 360 nm and 400 nm laser.
[0030] Figures 15A-15C show the same sample specimen prepared from mixing a solid PEI-
PMA A nanoparticle with oligomer of methyl methacrylate, followed by further polymerization
under free-radical polymerization. The images were taken under a handheld UV lamp at 365
nm (Figure 15A), a portable UV lamp at 400 nm (Figure 15B), and no UV light (Figure 15C).
DETAILED DESCRIPTION OF THE INVENTION
[0031] The present invention relates to poly(amine-acid) nanoparticles with
photoluminescence properties. Disclosed is a novel method of preparing poly(amine-acid)
nanoparticle dots in water using inexpensive non-conjugated polymer molecules. The method
involves chemical modifications of nitrogen-containing water-soluble polymers with
hydrophilic vinylic molecules containing carboxylic acid or carboxylic acid anhydride groups,
followed by free-radical polymerization to form poly(amine-acid)-based nanoparticles.
[0032] In one embodiment, a prepolymer is prepared by the chemical modification of an
amine-containing water-soluble polymer through (a) a Michael addition reaction between the
amine of the amine-containing polymer and the double bond of an acrylic acid-based monomer;
and (b) an amidation reaction between the amine of the amine-containing polymer and the
carboxyl group of the acrylic acid-based monomer (Figure 1). Then, the prepolymer is
polymerized in the presence of a radical initiator such as peroxide to afford poly(amine-acid)

nanoparticles. The resultant poly(amine-acid) nanoparticles are well dispersed in water with
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narrow particle size distribution. The hydrodynamic diameters of the nanoparticles can vary in
the range of 30 nm to 500 nm through controlling the amount of acrylic monomer used. The
acrylic monomer conversions are usually greater than 95%. The nanoparticles can emit strong
fluorescent light upon radiation with quantum yield reaching up to 85%. The enhanced
photoluminescence properties of the poly(amine-acid) nanoparticles can be attributed to the
synergistic effects of decreased vibration and rotation of amino-based chromophore, clustering
of carbonyl chromophore, and nano-sized polymer aggregates with the quantum confinement
effect. These effects lead to an efficient electron overlap between lone pairs and & electrons
through polar-polar and n-= interaction [23].

[0033] In one embodiment, the nitrogen-containing polymer is hydrophilic. In another
embodiment, the nitrogen-containing polymer can be natural or synthetic. The nitrogen-
containing polymer consists of one or more amine group selected from the group consisting of
primary amine (-NHz), secondary amine (-NRH) and tertiary amine. Structurally, the nitrogen-
containing polymer can be in the form of linear of cyclic aliphatic or aromatic amine. The
amine functional groups can be located in the polymer main chain or in the side chains.

[0034] In general, biopolymers of natural and synthetic nitrogen-containing polymer give high
conversion of the acrylic monomer and form very stable poly(amine-acid) nanoparticles with
narrow size distribution.

[0035] In one embodiment, the nitrogen-containing polymer is a synthetic polymer selected
from the group consisting of polyethylencimine (PEI). In some embodiments, the natural
nitrogen-containing polymer is selected from the group consisting of N-acetyl sugars such as
chitosan, and proteins such as casein, gelatin and bovine serum albumin.

[0036] The prepolymer can be prepared using an acrylic acid-based monomer.

[0037] In one embodiment, the acrylic monomer has the formula CH2=CR1R2, wherein Ry is
hydrogen, alkyl having 1-10 carbon atoms, preferably alkyl having 1-3 carbon atoms, phenyl,

or optionally substituted phenyl, and Rz is -COOH or -COOCOR3, wherein R3 is alkyl, phenyl,
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optionally substituted phenyl, benzyl, optionally substituted benzyl, heteroaryl or optionally
substituted heteroaryl.

[0038] In one embodiment, the acrylic monomer is an o, p-unsaturated carboxylic acid
anhydride in either linear or cyclic form.

[0039] When forming nanoparticles using an acrylic monomer, the nitrogen-containing
polymer is preferably dissolved in an aqueous system, such as water, acid or other appropriate
system chosen to suit the polymer. The weight ratio of monomer to nitrogen-containing
polymer is usually in the range of 1:10 to 10:1, and preferably 2:1 to 6:1.

[0040] The mole ratio of acrylic monomer to radical initiator is preferably more than 1000:1
and preferably 5000:1. In some embodiments, the radical initiator is selected from the group
consisting of hydroperoxide, potassium persulfate, 2,2°-azobis(2-amidinopropane)
hydrochloride, and water-soluble azo initiators.

[0041] In one embodiment, depending on the nature of the hydrophilic polymer and monomer,
the reaction can proceed at ambient temperature. In some embodiments, the temperature can
be elevated to 40 to 95 °C, and preferably 60 to 85 °C.

[0042] Forthe formation of prepolymer, the reaction time ranges from 1 to 48 hours under air.
For the formation of poly(amine-acid) nanoparticles, the reaction time ranges from 0.5 to 4
hours under an appropriate atmosphere such as nitrogen.

[0043] The particle size of the poly(amine-acid) nanoparticles is measured as the
hydrodynamic diameter (Dn). Typically, the poly(amine-acid) nanoparticles have narrow size
distribution. The size distribution of the poly(amine-acid) nanoparticles is measured as
polydispersity index (PDI) value and is in the range of about 0.05 to 0.2.

[0044] In one embodiment, the present invention involves a method to prepare water
dispersible non-conjugated photoluminescent polymer dots via chemical modification of
water-soluble amine-containing polymers. An aqueous graft copolymerization between a

monomer containing carboxylic acid or anhydride group and a water-soluble amine-containing
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polymer, biopolymer or synthetic polymer to form nanoparticles driven by electrostatic
interaction between the grafted carboxylic acid-containing polymers and the water-soluble
amine-containing polymer. In this process, the carboxylic acid-containing polymer provides
the negative charges, which could neutralize the partial positive charges of the amine-
containing polymer, resulting in the formation of hydrophilic domains of the nanoparticles.
[0045] The method of preparing the present poly(amine-acid) nanoparticles has several distinct
advantages.

[0046] It is a simple and convenient method which only requires a one-pot synthesis involving
chemical modification, graft copolymerization and self-assembly driven by an electrostatic
interaction. The method is also suitable for large-scale production.

[0047] The highly photoluminescent nanoparticles synthesized through non-conjugated
polymer and monomer do not require any traditional dye molecules. For the traditional
photoluminescent molecules, fabrication into nanoparticles always suffers from the
aggregation-caused-quenching (ACQ) effect. The ACQ effect will cause a lot of problems in a
system of semiconducting polymer, in which the chromophores are conjugated phenyl rings.
The poly(amine-acid) nanoparticles of the present invention can avoid the ACQ effect.

[0048] The raw materials needed for the present invention are all conventional materials
widely available.

[0049] Structure with interpenctrating networks is formed between a negatively charged
hydrophilic carboxylic acid-containing polymer and an amine-containing polymer; therefore,
the resulting poly(amine-acid) nanoparticles are pH responsive in the whole pH range.

[0050] The poly(amine-acid) nanoparticles made from water soluble amine-containing
polymer and acrylic acid-based monomer as the raw materials are highly soluble in aqueous

systems, which can be used to prepare emulsions of high solid content.
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[0051] The method of the present invention can be used to prepare a wide range of novel
biomaterials and synthetic polymers with well-defined narrow size distribution.

[0052] Being environmentally friendly, the method of the present invention does not require
any surfactant, and employs aqueous-based chemistry.

[0053] The nanoparticles of the present invention possess remarkable optical performance,
with absolute quantum yield as high as 85 %, which is comparable to commercial organic dye
in the same emission wavelength (quinine sulfate, QY 54 9%). The nanoparticles also exhibit
bright phosphorescence in solid state.

[0054] The present invention discloses a photoluminescent poly(amine-acid) nanoparticle
obtainable by a method comprising the following steps: (a) mixing an amine-containing
polymer with an a,p- unsaturated carboxylic acid or carboxylic acid anhydride monomerr,
wherein the polymer and monomer undergo Michael addition reaction and amidation reaction
to form a prepolymer; (b) adding a radical initiator to the prepolymer resulting from step (a) to
form a poly(amine-acid) polymer; and (c) allowing the poly(amine-acid) polymer to self-
assemble via electrostatic interaction between carboxylic group and amine group to form the
poly(amine-acid) nanoparticle.

[0055] In some embodiments, the monomer has the formula CH2=CRiR:, wherein R; is
hydrogen, alkyl having 1-10 carbon atoms, preferably alkyl having 1-3 carbon atoms, phenyl,
or optionally substituted phenyl, and Rz is -COOH or —-COOCOR3 wherein Rs is alkyl, phenyl,
optionally substituted phenyl, benzyl, optionally substituted benzyl, heteroaryl, or optionally
substituted heteroaryl. In one embodiment, amine-containing polymer is synthetic or natural
polymer comprising amino group. In another embodiment, the amine-containing polymer is
water soluble. In one embodiment, the amine-containing polymer is selected from the group
consisting of polyethyleneimine (PEI), linear Polyethylenimine, poly(allylamine), poly
(acrylamide), poly|dimethylsiloxane-co-(3-aminopropyl)methylsiloxane], poly(vinylamine),

poly(N-methylvinylamine), chitosan, polylysine, casein, gelatin, bovine serum albumin and

10
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protein. In one embodiment, the amine-containing polymer has an average molecular weight
of 1800 to 75000. In one embodiment, the amine-containing polymer has an average molecular
weight of 10000 to 60000. In one embodiment, the amine-containing polymer has an average
molecular weight of 20000 to 50000. In one embodiment, the amine-containing polymer has
an average molecular weight of 25000 to 45000. In one embodiment, the amine-containing
polymer has an average molecular weight of 45000 to 75000.

[0056] In one embodiment, the amine-containing polymer is polyethyleneimine (PEI) and the
acrylic acid monomer is methacrylic acid.

[0057] In one embodiment, the poly(amine-acid) nanoparticle has a particle size ranging from
15 nm to 35 nm. The nanoparticle has hydrodynamic diameter (Dn) value ranging from 30 nm
to 500 nm, 50 nm to 200 nm, 50 nm to 100 nm, 100 nm to 200 nm, 200 nm to 300 nm, or 300
nm to 500 nm. The nanoparticle has PDI value ranging from 0.05 to 0.2, or 0.05 to 0.15. The
nanoparticle has surface charges ranging from 20 mV to 55 mV, or 35 mV to 55 mV. In one
embodiment, the nanoparticle has IR absorption bands at 3500-2800 cm™, 1750-1600 cm™,
1560-1540 cm™, 1480-1450 cm™, 1410-1390cm™ and 1200-1100 cm™. In another
embodiment, the nanoparticle has IR absorption bands at 3500-2800 cm™, 1700-1600 cm™,
1550 cm™, 1460 cm™, 1395 cm™, and 1159 cm™!. In another embodiment, the nanoparticle has
average ratio of carbon to nitrogen is in the range of 2:1 to 45:1 per dry weight. In one
embodiment, the nanoparticle has an elemental composition of 51-54% carbon, 8-10%
hydrogen and 10-11% nitrogen per dry weight, wherein average ratio of carbon to nitrogen is
in the range of 4.5:1 to 5.5:1 per dry weight.

[0058] In certain embodiments, 0.1-1.0 mg/ml of the poly(amine-acid) nanoparticle in water
has photoluminescence peak ranging from 400 nm to 420 nm under excitation wavelength of
360 nm, or 3-7.5 mg/ml of said poly(amine-acid) nanoparticle in water has photoluminescence
peak ranging from 450 nm to 480 nm under excitation wavelength of 420 nm, or 4.9-5.1 mg/ml

of the poly(amine-acid) nanoparticle in water has photoluminescence peak ranging from 450

11



10

15

20

25

WO 2017/208175 PCT/IB2017/053211

nm to 470 nm under excitation wavelength of 420 nm, or 9.8-10.2 mg/ml of the poly(amine-
acid) nanoparticle in water has photoluminescence peak ranging from 470 nm to 490 nm under
excitation wavelength of 420 nm, or 8-20 mg/ml of said poly(amine-acid) nanoparticle in water
has photoluminescence peak ranging from 470 nm to 550 nm under excitation wavelength of
420 nm.

[0059] In one embodiment, the absolute quantum yield of the poly(amine-acid) nanoparticle is
up to 35%. In another embodiment, the absolute quantum yield of the poly(amine-acid)
nanoparticle is up to 85%.

[0060] In one embodiment, the poly(amine-acid) nanoparticle has a fluorescence lifetime
ranging from 0.3-10 ns. In one embodiment, the poly(amine-acid) nanoparticle has a
fluorescence lifetime ranging from 1-5 ns. In another embodiment, the fluorescence lifetime of
the poly(amine-acid) nanoparticle ranges from 1.0-1.6 ns.

[0061] In one embodiment, the poly(amine-acid) nanoparticle has a phosphorescence lifetime
ranging from 1-1000 ps. In one embodiment, the poly(amine-acid) nanoparticle has a
phosphorescence lifetime ranging from 1-500 ps. In one embodiment, the poly(amine-acid)
nanoparticle has a phosphorescence lifetime ranging from 1-200 ps. In another embodiment,
the phosphorescence lifetime of the poly(amine-acid) nanoparticle ranges from 19-23 ps.
[0062] The present invention further discloses a method for preparing a poly(amine-acid)
nanoparticle, comprising the steps of: (a) reacting an amine-containing polymer and an o,f3-
unsaturated carboxylic acid or carboxylic acid anhydride monomer to form a prepolymer via
Michael addition and amidation; and (b) adding a radical initiator to the prepolymer resulting
from step (a) to form a poly(amine-acid) polymer; and (c) allowing the poly(amine-acid)
polymer to self-assemble via electrostatic interaction between carboxylic group and amine
group to form the poly(amine-acid) nanoparticle.

[0063] In one embodiment, the weight ratio of the acrylic acid monomer to the amine-

containing polymer ranges from 1:10to 10:1. In one embodiment, the weight ratio of the acrylic

12



10

15

20

25

WO 2017/208175 PCT/IB2017/053211

acid monomer to the amine-containing polymer ranges from 1:1 to 10:1. In another
embodiment, the weight ratio of the acrylic acid monomer to the amine-containing polymer
ranges from 2:1 to 6:1.

[0064] In one embodiment, the reaction is performed in a solvent selected from the group
consisting of water, HCI, H2SO4, HNOj3, acetic acid, trifluoroacetic acid (TFA) and mixture
thereof.

[0065] In some embodiments, the radical initiator is selected from the group consisting of
hydroperoxide, potassium persulfate, 2.2 -azobis(2-amidinopropane) hydrochloride and other
water-soluble azo initiators.

[0066] In one embodiment, the mole ratio of the monomer to the radical initiator ranges from
600:1 to 6000:1. In one embodiment, the mole ratio of the monomer to the radical initiator
ranges from 1000:1 to 4000:1. In one embodiment, the mole ratio of the monomer to the radical
initiator ranges from 2000:1 to 4000:1. In one embodiment, there is 0.5 to 15 wt/wt % of the
nitrogen-containing polymer. In another embodiment, there is 1 to 30 wt/wt % the of monomer.
In one embodiment, the reaction time for the formation of prepolymer ranges from 1 hour to
48 hours under air. In another embodiment, the reaction time for the formation of prepolymer
ranges from 12 hours to 48 hours under air. In one embodiment, the reaction time for the
formation of poly(amine-acid) nanoparticles ranges from 0.5 hour to 4 hours under an
appropriate atmosphere such as nitrogen. In another embodiment, the reaction time for the
formation of poly(amine-acid) nanoparticles ranges from 1 hour to 4 hours under an appropriate
atmosphere such as nitrogen.

[0067] The present invention relates to a method for detecting the presence or absence of
formaldehyde or formaldehyde releasing agent in a sample, the method comprising: (a)
preparing a suspension of the poly(amine-acid) nanoparticles of claim 1 in one or more solvent;
(b) detecting the fluorescence in the suspension resulting from step (a); (¢) allowing the sample

contact with the suspension resulting from step (a) to form a mixture; (d) detecting fluorescence

13



10

15

20

25

WO 2017/208175 PCT/IB2017/053211

in the mixture resulting from step (¢); and (¢) comparing the fluorescence detected in step (b)
and step (d), wherein a difference in detected fluorescence between the suspension and the
mixture is indicative of the presence of the formaldehyde or formaldehyde releasing agent in
the sample. In some embodiments, the sample is selected from the group consisting of air,
fabric, paint, ink, wood, plastic, resin, metal, paper, water, glass, coating, lacquers for
packaging, toys, furniture, urine, haircare product, skincare product, fabric care product, dental
care product, fine fragrance product, health care product, homecare product, cosmetics product,
nail polish, nail glue, eyelash glue, hair gel, beverage product, and various combinations
thereof. In certain embodiments, the formaldehyde releasing agent is selected from the group
consisting of quaternium-15, imidazolidinyl urea (Germall 115), diazolidinyl urea (Germall IT),
DMDM hydantoin (Glydant), 2-bromo-2-nitropropane-1,3-diol (Bronopol), 5-bromo-5-nitro-
1,3-dioxane (Bronidox), tris(hydroxymethyl) nitromethane (Tris Nitro),
hydroxymethylglycinate (Suttocide A) and polyquaterniums. polyoxymethylene urea, sodium
hydroxymethylgycinate, glyoxal. In one embodiment, the solvent is selected from the group
consisting of water, DMSO, DMF, acetic acid, chloroform, dichloromethane, ethyl acetate,
hexane, diethyl ether, THF and various combinations thereof The present invention also relates
to a method for detecting the presence or absence of one or more metal ion in a sample, the
method comprising: (a) preparing a suspension of the poly(amine-acid) nanoparticles of claim
1 in one or more solvent; (b) detecting the fluorescence in the suspension resulting from step
(a); (c) allowing the sample contact with the suspension resulting from step (a) to form a
mixture; (d) detecting fluorescence in the mixture resulting from step (c); and (e) comparing
the fluorescence detected in step (b) and step (d), wherein a difference in detected fluorescence
between the suspension and the mixture is indicative of the presence of the metal ion in the
sample. In one embodiment, the metal is selected from the group consisting of copper, lead,
cadmium, mercury, iron, nickel, chromium, zinc. In another embodiment, the sample is

selected from the group consisting of fabric, paint, ink, wood, plastic, resin, metal, paper, water,
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wastewater, glass, coating, lacquers for packaging, toys, furniture, haircare product, skincare
product, fabric care product, dental care product, fine fragrance product, health care product,
homecare product, cosmetics product, nail polish, nail glue, eyelash glue, hair gel, food,
beverage product, plants, tealeaf and various combinations thereof. In some embodiments, the
solvent is selected from the group consisting of water, DMSQO, DMF, acetic acid, chloroform,
dichloromethane, ethyl acetate, hexane, diethyl ether, THF and various combinations thereof.
[0068] The invention will be better understood by reference to the Experimental Details which
follow, but those skilled in the art will readily appreciate that the specific experiments detailed
are only for illustrative purpose, and are not meant to limit the scope of the invention, which is
defined by the claims following thereafter.
[0069] It is to be noted that the transitional term “comprising”, which is synonymous with
“including”, “containing” or “characterized by”, is inclusive or open-ended and does not
exclude additional, un-recited elements or method steps.

EXAMPLE 1
1) Synthesis of PEI-PMAA nanoparticles
[0070] Water-soluble polymers having amino functional groups, for example
polyethyleneimine (PEI), polymerize with methacrylic acid (MAA) in aqueous solution via a
two-stage reaction. The PEI polymer in water was concurrently modified with MAA monomer
through both Michael addition and amidation reaction to form prepolymer. The prepolymer of
modified PEI contains both amide, carboxylic acid and C=C double bond and forms some
degree of crosslinking. In the second stage, an alkyl hydroperoxide initiator was added to
initiate the graft copolymerization of MAA under nitrogen to form poly(amine-acid)
nanoparticles. After the growth of the grafted PMAA chains, the clectrostatic interaction
between carboxylic group in PMAA and amines in PEI will draw the PMAA chains and PEI
chains together to form polyplex, thus increasing the hydrophobicity of the polymer and

inducing the self-assembly process to form PEI-PMAA nanoparticles.
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2) Characterization of PEI-PMAA nanoparticles

[0071] The resulting nanoparticles possess hydrodynamic diameters in the range around 100
nm with a narrow size distribution. The PEI-PMAA nanoparticle possesses a hydrodynamic
diameter (Dn) of 114 + 1.3 nm with PDI value of 0.138, and the surface charge of PEI-PMAA
nanoparticles in solution is 45 mV. The morphology of PEI-PMAA nanoparticles in the dry
state was evaluated by TEM. Figure 2A shows that the PEI-PMAA nanoparticles are highly
uniform with average particle size of 28 nm. Figure 2B shows that the PEI-PMAA
nanoparticles have a narrow particle size distribution from 15-35 nm.

[0072] The chemical composition of PEI-PMAA was further characterized by IR, 'H-NMR
and elemental analysis. Since there are two reaction stages, both the stage 1 (prepolymer of
MAA modified PEI) and stage 2 (PEI-PMAA nanoparticles) products were characterized.
Figure 3A and Figure 3B show the IR spectra of both stage 1 and stage 2 products, respectively.
The presence of the characterization peaks of the prepolymer, MA A modified PEI and resulting
PEI-PMAA nanoparticles are clearly labeled in Figure 3A and 3B.

[0073] The 'H-NMR experiments were conducted in D20 to investigate the stage 1 product
(prepolymer of MAA modified PEI). Figure 4 shows the 'H-NMR spectrum of a stage 1
product. The peaks at 5.58 and 5.28 ppm indicate the presence of vinylic hydrogen. This result
suggests that a portion of the MAA has been linked to the PEI chain through an amidation
reaction. The peaks at 1.10 and 0.97 ppm are characteristic peaks of methylene group (-
CH:CHz3-) indicating that some MAA has been conjugated to the PEI chain via a Michagel
addition reaction.

[0074] Chemical compositions of the prepolymer and final nanoparticles were determined with
clemental analysis (EA). Results in Table 1 show that the C/N ratio increases after
polymerization, indicating the formation of graft polymer. The prepolymer comprise of 15%
conjugated MAA and 85% PEI. The degree of PEI modification is 18 %. The final PEI-PMAA

nanoparticle comprise of 67% PMAA and 33% PEI as determined by elemental analysis results

16



10

15

20

WO 2017/208175 PCT/IB2017/053211

and compared to the molar ratios of PEI to PMAA.

Table 1. The clemental analysis results of stage 1 and stage 2 products

Sample Name N % C% | H% | C/N Ratio | Average C/N Ratio
PEI-MAA prepolymer | 18.13 | 41.75 | 9512 2.3025 72997
(Stage 1) 18.89 | 43.38 | 9.687 2.2968 '
PEI-PMAA 1036 | 52.63 | 8.542 5.0796 51019
nanoparticles (Stage 2) | 10.15 | 52.02 | 9468 5.1241 )

3) Photoluminescence properties of PEI-PMAA nanoparticles

[0075] The UV-Vis and photoluminescence spectra of PEI-PMAA nanoparticle were
measured. Figures 5A, 5B and 5C show the UV and photoluminescence spectra of PEI-PMAA
nanoparticle.

[0076] The PEI-PMAA nanoparticle possesses several distinguishing features: (i) Excitation
dependent emission in aqueous solution; (i) Concentration dependent emission in aqueous
solution; (ii1) Excellent optical performance; and (iv) Phosphorescence in solid state at room
temperature.

(1) Excitation-dependent emission

[0077] Figure 5B and Figure 5C show both photoluminescence spectra and normalized
photoluminescence spectra of PEI-PMAA nanoparticles. When the excitation wavelength
between 300 and 360 nm, the emission wavelength is centered at 410 nm, and the emission
intensity is increased with increasing the excitation wavelength. When the PEI-PMAA
nanoparticles were excited with wavelength ranging from 360 to 540 nm, the emission
wavelengths are red-shifted with decrease in emission intensity.

(i1) Concentration-dependent emission

[0078] The PEI-PMAA nanoparticles also exhibit concentration-dependent emission in water.
Figures 6A and 6B show aqueous solutions containing different concentrations of PEI-PMAA
nanoparticles with different colors under UV irradiation (365 nm): 0.1 mg/mL (light blue), 0.5

mg/mL (blue), 1 mg/mL (blue), 5 mg/mL (green-blue) and 10 mg/mL(yellow). Increasing
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solution concentration leads to color changes from light blue to yellow, indicating that the
emission color is red-shifted with increase in the nanoparticle concentration.

[0079] Figure 7A and Figure 7B shows the photoluminescence spectra and normalized
photoluminescence spectra of PEI-PMAA nanoparticles under 360 nm excitation. The
normalized photoluminescence spectra clearly indicate that increasing the nanoparticle
concentration from 1, 5, to 10 mg/mL leads to red-shift of emission center from 410, 460 to
480 nm, respectively.

[0080] Figure 8 shows the optimal emission wavelengths of PEI-PMAA nanoparticles with
different concentrations at their optimal excitation wavelengths. The peak width of half height
of PEI-PMA A nanoparticles are over 100 nm wide. For example, at concentration of 10 mg/mL,
the intensity of emission at 550 nm, which is in the orange light emission window, is as high
as 2x10° (as indicated in dotted lines in Figure 8) Results suggest that increasing the
concentration of the nanoparticle solutions did not result in fluorescence quenching. Instead,
the emission wavelengths are red-shifted. This lack of quenching phenomenon is very different
from the aggregation-caused-quenching (ACQ) phenomenon in the traditional conjugated
organic dye molecules or the aggregation-induced-emission (AIE) phenomenon for the AIE
molecules.

(ii1) Excellent optical performance

[0081] The absolute quantum yield of the PEI-PMAA nanoparticles can reach up to 85 % in
aqueous solution. The fluorescent lifetime of PEI-PMAA nanoparticles is around 1.3 ns in
solution.

Table 2. Optical properties of PEI-PMA A nanoparticles

Optical Properties
Range of Emission wavelengths
(Excitation-dependent emission range) 400 ~ 600 nm
Absolute quantum vyield Up to 85 %
Fluorescence lifetime 1.3 ns
Phosphorescence lifetime 21.2 ps
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[0082] Photostability of PEI-PMAA nanoparticle was evaluated by continuously irradiating
the particle dispersion under 365 nm UV lamp (6 Watt) for up to 4 hours (Figure 9A). Figure
9B shows that the sample still possessed 78% photoluminescence intensity even after 4 hours
UV radiation. The result is superior to other fluorescent materials such as CDs, CdTe QDs,
dye-doped Si02 nanoparticles, dye-doped polymer nanoparticles and fluorescein
isothiocyanate (FITC) [30]. Thus, the PEI-PMAA nanoparticle exhibits remarkable
photostability.

(iv) Phosphorescence in solid state at room temperature

[0083] The traditional dye molecules are often quenched in aggregated solid state. Since the
triplet state of the organic molecules are always not efficient, only a small portion of the organic
molecules could emit phosphorescence in solid state. For example, molecules which are able
to form H-aggregate through m-m stacking interaction of the conjugated phenyl rings could
stabilize the triplet excitons at room temperature in solid state, thus resulting in the
phosphorescence emission. However, the nonconjugated PEI-PMAA nanoparticles of the
present invention is also found to possess ultrabright phosphorescence and long
phosphorescence lifetime in solid state at room temperature. Figure 10 shows the
phosphorescent lifetime of the PEI-PMAA nanoparticles in solid state at different pH values.
It was found that the longest lifetime of the solid PEI-PMAA nanoparticle is 21.2 ps.
Furthermore, the phosphorescence of PEI-PMAA nanoparticles could be directly observed
through the naked eye (Figure 11). Under the UV irradiation, the solid PEI-PMAA
nanoparticles emit bright white fluorescence (Figure 11A). After switching off the UV light
source, the PEI-PMAA nanoparticle emitted bright yellow phosphorescence (Figure 11B).
Furthermore, when dispersing the freeze-dried PEI-PMAA nanoparticles in organic solvents
[for example, dimethylsulfoxide (DMSO)]| and irradiating with UV light, the nanoparticle
dispersion would still emit bright yellow phosphorescence after UV light source was switched

off (Figure 12). However, when the particles were dispersed in the deionized water, there was
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not phosphorescence after turning off the excitation (Figure 12b). These results indicate the
solvent-dependent phosphorescence behavior of the PEI-PMAA nanoparticles.

4) Application of the PEI-PMAA nanoparticles

[0084] The poly(amine-acid) nonconjugated photoluminescent polymer nanoparticles of the
present invention are expected to find valuable applications in many areas.

(1) Chemosensing

[0085] Since the Poly(amine-acid) nanoparticles possesses numerous amino groups which are
the chromophore to the emission of the light, the PEI-PMAA nanoparticles can be used for the
detection the formaldehyde (FA) in aqueous solution using Schiff-base reaction between
amines in the PEI-PMAA nanoparticles and aldehyde group in formaldehyde in solution
(Figure 13A). Figure 13B shows the color change of the PEI-PMA A nanoparticle solution (0.6
mg/mL) after reacting with different concentrations of FA [(0 ppm as control), 200, 1000, 2000
and 10000 ppm] at 95 °C for 1 hour. It was found that the emission color of the resultant
solution was red-shifted when increasing FA concentration. The photoluminescence spectra
of both PEI-PMAA stock solution (0.6 mg/mL) (Figure 14A) and the after-FA-reaction PEI-
PMAA nanoparticle (reacted with 2000 ppm FA) (Figure 14B) were compared. From the
photoluminescence spectra, when using 360 nm excitation, the emission of the reacted PEI-
PMAA nanoparticle has red-shifted to 480 nm. Furthermore, when using 400 nm excitation,
the emission of reacted PEI-PMAA nanoparticles also red-shifted to 540 nm. These results
suggest that this kind of poly(amine-acid) nanoparticle can be used for detection of all kinds of
aldehydes through Schiff base reaction.

[0086] Furthermore, the poly(amine-acid) nanoparticles could be used in heavy metal detection.
Since heavy metal ions always have unoccupied orbitals, they can easily coordinate with the
lone pair electrons on amines in an amine-containing polymer, whereby quenching any
fluorescence. Besides, the nanoparticles possess carboxyl groups on the particle surface, which

could easily complex with positively charged metal ions in water through electrostatic
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interaction and coordination. Therefore, the nanoparticles can function as heavy metal ion
detection agent and remover at the same time.

(1) Fluorescent and phosphorescent coating materials

[0087] The poly(amine-acid) nanoparticles has been successfully applied as fluorescent
coating materials for various substrate surfaces. For example, PEI-PMAA nanoparticles have
been coated on wood specimen, giving wood product with photoluminescence property. The
preliminary results suggest that the PEI-PMAA nanoparticles have good compatibility with
wood surface due to their hydrophilic nature. Thus, these kinds of photoluminescence
nanoparticles can be used as fluorescent and phosphorescent coating materials for leather
finishing, paints, paper, textile industrials, fashion design industrials and even building
materials.

(ii1) Photoluminescent nanofiller for polymer and composite materials

[0088] The poly(amine-acid) nanoparticles exhibit ultrabright fluorescence and
phosphorescence in solid state. The nanoparticles in powder form can be used as
photoluminescent (PL) nanofiller in polymers. For example, Figure 15 shows pictures of
PMMA samples containing poly(amine-acid) nanoparticles irradiated under different UV
wavelengths. The specimen emits bright blue and green colors under 365 and 400 nm UV
irradiations, respectively (Figures 15A and 15B). When turning off the UV light, the specimen
can emit bright vellow phosphorescence (Figure 15C). These results indicate that the
poly(amine-acid) nanoparticles could be used as photoluminescent nanofiller in polymer and
composites.

[0089] The poly(amine-acid) nanoparticles can also be used as light-scattering filler to
simultaneously enhance the haze and transmittance of transparent polymers for LED lighting
and displays.

(iv) Organic photovoltaics
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[0090] The poly(amine-acid) nanoparticles possess long phosphorescent lifetime and
ultrabright phosphorescence in solid state, which is highly desirable properties for fabrication
of organic photovoltaics (OPV) as electron transporting layer. Since the fluorescent emission
is guided by singlet state, which process only 1/4 energy, while the rest 3/4 is processed by the
triplet state-phosphorescent emission, the poly(amine-acid) nanoparticle is an ideal material
for electron transportation layer in OPV because it possesses both fluorescent and
phosphorescent emission at room temperature. In addition, the longer exciton lifetime in
phosphorescent materials can facilitate the excitons to travel much longer distance, thus
extending the exciton diffusion length and increase the power-conversion efficiency of OPV.
Furthermore, the highly conjugated small molecules or semiconducting polymers are always
used as electron transporting layer materials in traditional OPV. However, the film formation
is often a problem, thus lowering the performance of OPV and limiting the large-scale
production of the OPV. Since the poly(amine-acid) nanoparticles is an excellent coating
material, it may overcome the film formation problem in traditional OPV fabrication process,
and applicable for large-scale production [31, 32].

(v) Fluorescent and phosphorescent inks

[0091] Since the poly(amine-acid) nanoparticles have excellent water dispersibility, they could
be utilized as water-based fluorescent or phosphorescent ink in anti-counterfeit applications.
(vi) Other applications

[0092] The poly(amine-acid) nanoparticles may find potential applications in areas such as: (a)
Biological imaging probe (in vitro and in vivo); (b) as nanocarrier for imaging guided gene/drug
delivery; (¢) Organic light-emitting diode (OLED); (d) Photopatterning; and (¢) Functional

bioelectronics.
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What is claimed is:

L.

A photoluminescent poly(amine-acid) nanoparticle obtainable by a method comprising
the following steps:

(a) mixing an amine-containing polymer with an o,B-unsaturated carboxylic acid or
carboxylic acid anhydride monomer, wherein said polymer and monomer undergo
Michael addition reaction and amidation reaction to form a prepolymer;

(b) adding a radical initiator to the prepolymer resulting from step (a) to form a
poly(amine-acid) polymer; and

(c) allowing said poly(amine-acid) polymer to self-assemble via electrostatic
interaction between carboxylic group and amine group to form said poly(amine-acid)

nanoparticle.

The poly(aming-acid) nanoparticle of claim 1, wherein said monomer has a formula
CH2=CR:R2, wherein R is hydrogen, alkyl having 1-10 carbon atoms, phenyl, or
optionally substituted phenyl, and Rz is -COOH or -COOCOR3 wherein Rs is alkyl,
phenyl, optionally substituted phenyl, benzyl, optionally substituted benzyl, heteroaryl
or optionally substituted heteroaryl.

The poly(amine-acid) nanoparticle of claim 1, wherein said amine-containing polymer

is synthetic or natural polymer.

The poly(amine-acid) nanoparticle of claim 1, wherein said amine-containing polymer

1s water soluble.

The poly(amine-acid) nanoparticle of claim 1, wherein said amine-containing polymer
is selected from the group consisting of polyethylencimine (PEI), linear
Polyethylenimine, poly(allylamine), poly (acrylamide), poly[dimethylsiloxane-co-(3-
aminopropyl)methylsiloxane], poly(vinylamine), poly(N-methylvinylamine), chitosan,

polylysine, casein, gelatin, bovine serum albumin and protein.

The poly(amine-acid) nanoparticle of any one of claims 1-5, wherein said amine-

containing polymer is polyethyleneimine.
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10.

11.

12.

13.

14.

15.

16.

The poly(amine-acid) nanoparticle of any one of claims 1-5, wherein said monomer is

methacrylic acid.

The poly(amine-acid) nanoparticle of any one of claims 1-5, wherein the nanoparticle

has hydrodynamic diameter (Dn) value ranging from 30 nm to 500 nm.

The poly(amine-acid) nanoparticle of any one of claim 1-5, wherein the nanoparticle

has PDI value ranging from 0.05 to 0.2 in water.

The poly(amine-acid) nanoparticle of any one of claims 1-5, wherein the nanoparticle

has surface charges ranging from 20 mV to 55 mV.

The poly(amine-acid) nanoparticle of any one of claims 1-5, wherein the nanoparticle
has IR absorption bands at 3500-2800 cm™, 1750-1600 cm™, 1560-1540 cm™, 1480-
1450 cm™, 1410-1390cm™ and 1200-1100 cm™.

The poly(amine-acid) nanoparticle of any one of claims 1-5, wherein carbon to nitrogen

average ratio is in the range of 2:1 to 45:1 per dry weight.

The poly(amine-acid) nanoparticle of any one of claims 1-5, wherein 0.1-1.0 mg/ml of
said poly(amine-acid) nanoparticle in water has photoluminescence peak ranging from
400 nm to 420 nm under excitation wavelength of 360 nm, or 3-7.5 mg/ml of said
poly(amine-acid) nanoparticle in water has photoluminescence peak ranging from 450
nm to 480 nm under excitation wavelength of 420 nm, or 8-20 mg/ml of said
poly(amine-acid) nanoparticle in water has photoluminescence peak ranging from 470

nm to 550 nm under excitation wavelength of 420 nm.

The poly(amine-acid) nanoparticle of any one of claims 1-5, wherein said poly(amine-

acid) nanoparticle has an absolute quantum yield up to 85%.

The poly(amine-acid) nanoparticle of any one of claims 1-5, wherein said poly(amine-

acid) nanoparticle has a fluorescence lifetime ranging from 0.3-10 ns.

The poly(amine-acid) nanoparticle of any one of claims 1-5, wherein said poly(amine-

acid) nanoparticle has a phosphorescence lifetime ranging from 1-1000 ps.
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17.

18.

19.

20.

A method for preparing a poly(amine-acid) nanoparticle, comprising the steps of:

(a) reacting an amine-containing polymer and an a,p-unsaturated carboxylic acid or
carboxylic acid anhydride monomer to form a prepolymer via Michael addition and
amidation; and

(b) adding a radical initiator to the prepolymer resulting from step (a) to form a
poly(amine-acid) polymer; and

(c) allowing said poly(amine-acid) polymer to self-assemble via electrostatic
interaction between carboxylic group and amine group to form said poly(amine-acid)

nanoparticle.

The method of claim 17, wherein said monomer to said amine-containing polymer has

a weight ratio ranging from 1:10 to 10:1.

The method of any one of claims 17-18, wherein said method is performed in a solvent
selected from the group consisting of water, HCl, H2SO4, HNOs, acetic acid,

trifluoroacetic acid and mixture thereof.
The method of any one of claims 17-18, wherein said radical initiator is selected from

the group consisting of hydroperoxide, potassium persulfate, 2,2°-azobis(2-

amidinopropane) hydrochloride, and water-soluble azo initiators.
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Figure 2A
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Figure 11A
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