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Introduction

Water soluble non-conjugated fluorescent
polymers: aggregation induced emission, solid-
state fluorescence, and sensor array applicationst

%xa.b

Anna Jose,? Adithya Tharayil® and Mintu Porel

In this work, two water soluble fluorescent non-conjugated polymers have been designed and syn-
thesized. To confer water solubility, a synthetic strategy was made to incorporate secondary amine moi-
eties and ester linkages in the backbone, and to make it fluorescent we have attached dansyl and naphthyl
moieties. The polymers exhibited solid-state fluorescence which was confirmed by solid-state fluor-
escence spectroscopy and microscopy. They also exhibited aggregation induced emission (AIE) behaviour
in a water—DMSO mixture which was confirmed by fluorescence, quantum yield, DLS, and lifetime ana-
lysis. Furthermore, the interaction of the polymers with different metal ions was studied with the aim of
using it as a sensor. Among the 15 metal ions tested, it was found that the dansyl appended polymer gave
distinct signals in the absorption and emission spectra for the addition of Cu?*, Co?*, Ag*, K*, Fe?* and
Fe** ions. These metals also showed discrete signals in the absorption spectra along with distinguishable
colour changes such as Cu?* — blue, Co?* - pink, Ag™ - purple, Fe?* — dark yellow and Fe** — light
yellow on their addition. Further linear discriminant analysis (LDA) was performed to see the sensor array
applications of the polymer and showed a discrete sensor array output and clear separation of clusters,
validating the application of the polymer as a multi-analyte sensor. The separation and identification of
the metals via LDA was also possible in nanomolar concentrations. Moreover, our strategy for developing
a fluorescent polymer is also versatile for synthesising polymers with tuneable properties for diverse
applications.

having extensive = aromatic building units, or (b) non-conju-
gated polymers that do not have extensive conjugation.’

Water soluble fluorescent polymers are extensively used for
applications in drug delivery," diagnostics and therapeutics,”
bioimaging® and as probes for various biological analytes®?
and environmental pollutants.®® This is credited to the
improved solubility and photostability, and robust nature of
these polymers. The techniques that are conventionally used
for the synthesis of polymers employ prolonged and weari-
some synthetic and purification approaches, sophisticated
instrumentation, harsh solvents, elevated temperatures, high
pressure, and inert atmospheres. These drawbacks have pro-
voked massive research in this arena with the aim of develop-
ing newer strategies for the simpler synthesis of polymers. The
polymers hence formed can be either (a) conjugated polymers,
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Among these, the conjugated polymers, in view of their = aro-
matic conjugation, have weak solubility in aqueous media, ren-
dering them unfit for sensing and biomedical applications.
Therefore, the emphasis in recent times has been to develop
water friendly nonconjugated polymers.

The attachment of a suitable fluorophore to the polymer
backbone will result in the development of polymers with
potential applications towards sensing various analytes with
amplified sensitivity and selectivity, fast responses, and real-
time detection. Fluorescent polymeric materials that are uti-
lised for selective detection of toxic heavy metals,'® anions,””**
etc. have been reported by various groups. In addition to these
single-sensor-single analyte systems, the sensor arrays'>*
that discriminate multiple analytes based on the discrete
response pattern are also prominent for real world appli-
cations. A sensor array based on optical measurements utilises
the signals from absorption and emission spectra to provide
qualitative and quantitative statistics on the type and concen-
tration of the analytes. The sensor array provides unique
response patterns in the presence of various analytes, thus
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paving the way for single-sensor-multiple analyte systems. The
prospect of concurrent detection of multiple analytes with
excellent sensitivity validates the extensive research in the field
of sensor arrays.

In this work, we have put forth strategies for the synthesis
of water-soluble non-conjugated polymers by attaching (a)
dansyl and (b) naphthyl derivatives as fluorescent tags. Both
polymers, D1 with a dansyl tag and N1 with a naphthyl tag,
incorporate ester linkages in the backbone alongside the sec-
ondary amines that render the system water soluble. The syn-
thetic strategy employed here does not require high tempera-
tures or an inert atmosphere but utilises mild reaction con-
ditions. Both of the polymers exhibited aggregation induced
emission (AIE) behaviour in a water-DMSO mixture. The AIE
behaviour of fluorescence materials is extensively used for
applications as sensing agents,">”"” biomarkers,'® drug deliv-
ery agents,'® anti-counterfeit devices,”® and organic light-emit-
ting diodes (OLEDs)*' and in photovoltaics.”* In addition to
liquid-state fluorescence, the two polymers exhibited solid-
state fluorescence as well. Materials with solid-state fluo-
rescence are ideal for overcoming unfavourable ACQ (aggrega-
tion induced quenching) effects that can arise during bio-
imaging applications.>® The interaction of the sensors with
various metal ions was studied via absorbance and emission
spectral analyses and the data obtained revealed the potential
of the polymer to work as a sensor array. The optical data were
then converted into canonical scores via linear discriminant
analysis (LDA). Using LDA, the clear-cut distinction and identi-
fication of six metal ions, namely, Cu®**, Co**, Ag", K, Fe** and
Fe®" were possible. This was also possible in nanomolar con-
centrations, making it sensitive towards the detection of metal
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ions. Moreover, the addition of these metal ions to polymer D1
produced discrete colorimetric responses: Cu®>* - blue, Co*" -
pink, Ag* - purple, Fe** - dark yellow and Fe** - light yellow,
making it a viable tool for easy detection of metal cations in
addition to being a multi-analyte sensor array.

Results and discussion

Owing to the importance of water-soluble fluorescent polymers
in the detection of environmental pollutants, we have devised
strategies for the synthesis of two different polymers: (a) D1,
with a dansyl tag and (b) N1, with a naphthyl tag. The syn-
thetic scheme for this is shown in Scheme 1. The reaction
started with the fluorophore, either dansyl chloride, 1a, or
2-(bromomethyl)naphthalene, 1b, reacting with diethanol
amine, 2, in the presence of triethylamine (TEA) as a base and
dichloromethane (DCM) as a solvent to form 3a/3b with term-
inal hydroxy groups (Scheme 1). In the next step, the hydroxy
groups were functionalised by the reaction with chloroacetyl
chloride to produce the chloroacetyl derivative 4a/4b
(Scheme 1). HPLC (high performance liquid chromatography)
traces of 4a and 4b are shown in Fig. S1 and S2.7 Later, 4a/4b
was taken for a polymerisation reaction with 1,3-propane
diamine in an acetonitrile solvent for 12 hours at room temp-
erature to synthesise D1 and N1 (Scheme 1). The obtained
polymer powder was washed with ethyl acetate and acetone
multiple times to remove any impurities. The polymer D1 was
obtained with ayield of 71% and N1 was obtained with a yield
of 82%. The solid obtained was then dried and utilised for
photophysical studies. It is to be noted that all three steps
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Scheme 1 The synthetic procedure for dansyl appended polymer (D1) and naphthyl appended polymer (N1). (TEA: triethylamine, DCM: dichloro-

methane, ACN: acetonitrile).
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were performed at room temperature, using mild solvents
without the need for an inert atmosphere and with inexpensive
starting materials.

The molecular weight of the synthesised polymers was
determined using gel permeation chromatography (GPC). For
D1 the molecular weight obtained was 18 K Da with a polydis-
persity index (PDI) of 1.41 (Fig. S3%). Similarly, for N1 the
molecular weight obtained was 18 K Da with a PDI of 1.22
(Fig. S41). "H-NMR spectra of the starting materials and the
polymers were also recorded (Fig. S5-S71). The synthesised
polymers were also characterised by FT-IR spectroscopy and
scanning electron microscopy (SEM). The disappearance of the
C-Cl stretching frequency at 785 cm™" in the polymers in com-
parison with the precursors and the appearance of character-
istic peaks of secondary amine validate the polymer formation
(Fig. S8 and S97). The surface morphology of the synthesised
polymers was studied via scanning electron microscopy. The
obtained images (Fig. S10t) indicate distinct surface mor-
phologies for each polymer. The polymer D1 has feather-like
structures on the surface whereas the surface of N1 is uniform
and smooth. Thermal stability was studied using TG-DTA ana-
lysis (Fig. S117). The polymer N1 was stable up to 150 °C, and
showed 50% decomposition at 300 °C and complete decompo-
sition at 650 °C. The polymer D1 showed 90% stability up to
125 °C. Almost 50% reduction occurred around 300 °C and
complete decomposition occurred around 350 °C.

Following the synthesis, we explored the AIE (aggregation
induced emission) behaviour of the polymers in the water-
DMSO mixture. The synthesis of materials with AIE properties
is progressing rapidly as they find use in a wide range of appli-
cations from materials science to biomedical science. In water
(good solvent), both D1 and N1 exhibited weak emission and
as the DMSO (bad solvent) fraction increased, the polymers
exhibited enhanced emission due to aggregate formation. The
AIE arises due to the restricted rotation of the molecules in the
aggregate state, which reduces the non-radiative decay.>*>°
This is shown in Fig. 1a and b, where the increase in the per-
centage of DMSO from 0% to 99% resulted in enhanced fluo-
rescence emission. The photographic images of D1 in various
water-DMSO fractions captured under a UV lamp are shown in
Fig. 1c, and the AIE behaviour is also shown.

To confirm the aggregate formation, we performed a DLS
(dynamic light scattering) experiment. The experiment was
performed using water-DMSO mixtures with DMSO fractions
of 0%, 50%, and 90% (Fig. S12 and S13t). The water-DMSO
mixture of D1 with 0% DMSO had a hydrodynamic diameter
of 205.2 nm with a polydispersity index (PDI) of 0.308. For the
water-DMSO mixture with 50% DMSO, the hydrodynamic dia-
meter was 403 nm with a PDI of 0.122. For the mixture with
90% DMSO, a mix of hydrodynamic diameters was observed,
with the highest value being 4472 nm (PDI 0.759). A similar
experiment was done with N1 as well. For the 0%, 50% and
90% DMSO fractions the obtained hydrodynamic diameters
were 310.8 nm (PDI 0.9), 418.6 (PDI 0.275) and 661 nm (PDI
0.495), respectively. Both of these experiments clearly indicate
that aggregates with larger sizes were formed in the 90%

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The fluorescence emission intensity of (a) D1 and (b) N1 in a
water/DMSO mixture with the DMSO fraction varied from 0% to 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90% and 99% obtained with an
excitation wavelength of 365 nm for D1 and 280 nm for N1. (c) The
photographic images of D1 in the water/DMSO fraction showing AIE
behaviour.

DMSO fraction, as observed from the fluorescence studies.
This proves the aggregate formations in higher DMSO fractions.

In addition to this, the quantum yield of a few representa-
tive water-DMSO mixtures of D1 and N1 were determined
using quinine sulphide (quantum yield, 0.54, Fig. S16%) as the
reference standard. The quantum yield obtained for the 0%,
30%, 70% and 90% DMSO fractions of D1 were 0.023, 0.061,
0.183 and 0.243 (Fig. S17t). Additionally, for the 0%, 30%,
70% and 90% DMSO fractions of N1, the obtained quantum
yields were 0.010, 0.032, 0.113 and 0.153 (Fig. S18%). The
quantum yields obtained for both polymers are shown in
Table 1. In both cases, the quantum yields increased with
increasing percentage of DMSO in water, which validates the
formation of aggregate. The time-correlated single photon
counting (TCSPC) analyses of the 30%, 60% and 90% DMSO

Polym. Chem., 2023, 14, 3309-3316 | 3311
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Table 1 Quantum yield obtained for polymers D1 and N1 in different
DMSO fractions in water

Quantum yield obtained for

DMSO % in water D1 N1

0 0.023 0.010
30 0.061 0.032
70 0.183 0.113
90 0.243 0.153

fractions of both D1 and N1 were used to calculate the average
lifetime of the same. The fluorescence decay profiles of D1
and N1 are shown in Fig. S19.f The average lifetimes (7)
obtained for the 30%, 60% and 90% DMSO fractions of D1 are
3.5 ns, 4.73 ns and 5.63 ns and those obtained for N1 are
5.21 ns, 7.04 ns and 8.86 ns. This also indicates the aggregate
formation at higher DMSO fractions.

The solid-state fluorescence and absorption spectra of the
synthesised polymers D1 and N1 were recorded and the
spectra obtained are shown in Fig. 2a and b, respectively. It
can be noted that for D1, the excitation maximum occurred at
250 nm with a shoulder peak at 365 nm. The emission
maximum for D1 was obtained at 520 nm. For N1 the absorp-
tion maximum was at 280 nm and the emission maximum was
at 330 nm. The solid-state fluorescence images of the polymers
were also obtained by viewing these polymers under UV light
irradiation (Fig. 2c and d). The polymer D1 gave bright green
fluorescence whereas N1 did not. This difference in behaviour
can be attributed to the difference in the fluorescence tag
present in each polymer. In addition, the images of N1 and D1
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dissolved in 100% DMSO when viewed under a UV lamp are
shown in Fig. 2e and f. respectively. The solution of N1 is not
fluorescent, whereas the solution of D1 displays bright yellow
fluorescence.

Fluorescence microscopy images of the synthesised poly-
mers were also recorded to understand the solid-state mor-
phology. For this, different filters that operate at different
wavelengths were shone on D1 and N1 and the obtained
images are shown in Fig. 3. The various filters used were
DAPI-345/455 nm, FITC-494/518 nm, TRITC-555/580 nm, and
CY3-550/565 nm with an exposure time of 200 milliseconds.
The images obtained indicate that polymer N1 shows higher
emission as compared to D1.

Following the synthesis, characterisation and photophysical
studies, we intended to use the synthesised polymers for the
sensing of metal ions in water. This is important as the con-
centration of different metal ions in the environment and
water bodies is directly connected to the quality of life of
organisms and identifying the presence of these at levels
above the permissible levels is required to prevent health
issues. For this the excitation and emission spectra of D1 and
N1 were recorded in aqueous media. The absorption of D1
occurred at 365 nm and emission at 520 nm. For N1 the exci-
tation and emission maxima were at 280 nm and 330 nm,
respectively. To understand the metal detection capacity of
these polymers a 3 mg mL™" solution of D1 was prepared in
water. The emission spectra of a diluted solution of D1 were
initially recorded and to this various metal solutions including
A13+, Zn2+, Cd2+, Pb2+, Fe2+, Fe“"*, Mn2+, Na*, K+, C02+, Cu2+,
Ni**, Ag", Ca®* and Hg”" were added. It was observed that the
emission intensities underwent enhancement in the presence
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Fig. 2 The solid-state fluorescence and absorption spectra of D1 (a) and N1 (b) and the photographic images of D1 (c) and N1 (d) viewed under a
fluorescent lamp. The images (e) and (f) denote N1 and D1 dissolved in a DMSO solution.
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PH

Fig. 3 Solid-phase fluorescence microscopic images of N1 and D1.

of Ag" and K". For the addition of Ag", the emission maxima at
420 nm were found to be increasing (Fig. 4a) and for the
addition of K*, the emission maxima at 520 nm were increas-
ing (Fig. 4a). The addition of Ag" ions to D1 also resulted
in aggregate formation and this was confirmed by DLS
(Fig. S147). Furthermore, the solution of D1 + Ag" showed clear
evidence of the Tyndall effect (Fig. S151), demonstrating the
formation of nanoscale aggregates. The addition of Cu**, Co™",
Fe**, and Fe’" produced quenching of fluorescence (Fig. 4a).
However, the quenching observed was highest for Fe®'
Furthermore, we recorded the absorption spectra of D1 in the
presence of all metal ions and found that the addition of Ag",
Cu”*, Co**, Fe**, and Fe*" produced discrete colour patterns
(Fig. 4b) and spectral changes (Fig. S207). In the absorption
spectra, the addition of Cu®>" and Co>" gave absorption
maxima at 670 nm and 510 nm, respectively. When Fe®" and
Fe** were added the absorption maxima occurred at 490 nm;
nevertheless, Fe** had a higher optical density for the same
amount of metal ion added. Moreover, the addition of Ag"
gave purple, Cu** gave blue, Co®" gave pink, Fe*" gave dark
yellow, and Fe*" gave light yellow color to the D1 solution

(a) 1
600004

D1 +K*
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(Fig. 4b). The same experiment was also conducted with N1.
The fluorescence emission intensities of N1 upon the addition
of different metal ions were checked and no quenching of fluo-
rescence for the metal ions was found (Fig. S217).

In view of the distinct spectral patterns obtained from the
absorption and emission signals of D1 in the presence of six
metal ions (Ag®, Cu**, Co®", Fe**, Fe** and K"), we propose to
use linear discriminant analysis (LDA) to clearly discriminate
these. LDA is a reduction analysis method that helps in the
graphical visualisation of multidimensional data. To obtain
this, triplicates of the output signals were recorded by measur-
ing the fluorescence and absorption spectra of D1 in the pres-
ence of Ag", Cu®>*, Co®", Fe**, Fe** and K" ions. From this a bar
diagram of (I, — I)/I, for all six metals was plotted by choosing
different emission and absorbance parameters (Fig. 5a). The
parameters taken for consideration are F493, F510, and F420,
which denote the fluorescence response patterns, and A490,
A510, and A670, which denote the absorbance response pat-
terns. From these labels, a LDA score plot was obtained and is
shown in Fig. 5b. The LDA of six metal ions produced distinct
clusters and high-level dispersion of data. This allowed a dis-

30000
D1 + other
200004 metal ions
D1
10009 D1 + Cu?*/Co?*/Fe?+
0 D1 + Fe3*

T T T ]
400 450 500 550

Wavelength (nm)

Fig. 4 (a) The fluorescence spectra of D1 (3 mg mL™) with different metal ions (50 pM) obtained with an excitation wavelength of 350 nm and an
excitation and emission slit width of 20 nm, and (b) a photographic image of D1 (3 mg mL™Y) in the presence of Ag*, Cu?*, Co®*, Fe?*, Fe** and K*

(0.5 mM) viewed under normal light.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5
escence responses of D1 with Ag*, Cu?*, Co?*, Fe?*, Fe3* and K*.

crete sensor array output and clear separation of clusters vali-
dating the application of D1 as a multi-analyte sensor. The
sensitivity of the sensor D1 was also studied in nanomolar con-
centrations of metal ions. The LDA plot obtained for this is
shown in Fig. S22.1 The clear separation and clustering of the
analytes were consistent even at these low concentrations. This
proves that the polymer D1 is efficient at detecting trace levels
of metal ions. The LOD (limit of detection) of D1 for the detec-
tion of various metal ions, namely, Co>", Cu®*, Fe*', Fe**, Ag"
and K, was also determined. For this, an aqueous solution of
D1 (1 mg mL™") was made and this was titrated with different
metal ions. From the fluorescence spectra recorded, the LOD
was calculated using the equation, LOD = 30¢/K, where o
denotes the standard deviation of the sensor alone and K
denotes the slope of the regression curve obtained from the
plot of fluorescence intensity with concentration of metal ions
(Fig. S23-S287). Hence, the LOD obtained was 4.05 nM for
Co**, 5.01 nM for Cu®**, 1.40 nM for Fe**, 4.67 nM for Fe**,
4.48 nM for Ag' and 1.02 nM for the K’ ion. The obtained
LODs were within the nanomolar range, which is consistent
with the data acquired via LDA, which again proves the sensi-
tivity of the sensor and reliability of the data procured.

Conclusions

In conclusion, a simple and efficient strategy was put forward
for the development of water-soluble fluorescent polymers.
The polymers synthesised were: (a) D1, with a dansyl tag and
(b) N1, with a naphthyl tag. The synthetic strategy for poly-
merisation incorporates secondary amine functionalities in
the backbone, making these polymers soluble in aqueous
media. The photophysical studies on these polymers revealed
solid-state fluorescence and aggregation induced emission
(AIE) behaviour in a water-DMSO mixture. The fluorescence
spectra, quantum yield, DLS, and lifetime measurements also
suggested the aggregate formation. The metal detection capa-
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(a) The absorption and fluorescence response patterns of six metals with D1 and (b) a LDA plot obtained from the absorbance and fluor-

bility of the polymers was studied and this revealed that N1
was not specific towards any specific metal whereas D1 pro-
duced distinguishable optical signals with six metal ions,
namely Cu>’, Co™", Ag*, K", Fe*" and Fe®". In view of the dis-
crete spectral behaviour, linear discriminant analysis (LDA)
was performed to determine its applicability as a sensor array.
In doing so, the six metal ions gave clearly distinguishable
clusters with high-level dispersion of output data. Additionally,
the addition of Ag®, Cu®**, Co**, Fe*", and Fe** to D1 produced
discrete colours (Ag" purple, Cu®>" blue, Co®" pink, Fe** dark
yellow, and Fe®" light yellow), making it a visual sensor for
these ions. Taken together, this work proposes a method for
the synthesis of water-soluble fluorescent polymers for the dis-
crimination of Cu**, Co®", Ag", K", Fe** and Fe*" ions, making
it suitable for use as a multianalyte sensor. Alongside, we are
also exploring the application of the polymer for light emitting
diode (LED) and bioimaging applications.

Experimental section
Materials used

All chemicals used in this work were procured from TCI,
Sigma Aldrich and Spectrochem.

Instrumentation

The fluorescence measurements were performed using the
PerkinElmer FL 6500 instrument and UV using the BioTek
EPOCH2 microplate reader. A PerkinElmer STA (Simultaneous
Thermal Analyser) 8000 was used for TG DTA measurements.
A Carl Zeiss Gemini SEM 300 scanning electron microscope
equipped with 2 000 000x magnification and 0.8 nm resolution
at 15 kv, and 1.3 nm at 1 kV was used to record the SEM
images. The Fluorocube - Life Time System from JOBIN-VYON
M/S was used for the time-correlated single photon counting
(TCSPC) analysis to obtain the lifetime of the sample.

This journal is © The Royal Society of Chemistry 2023
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Synthetic procedure

The synthesis of the polymer started with the reaction of
dansyl chloride/2-(bromomethyl)naphthalene reacting with
diethanol amine in the presence of triethylamine (TEA) as a
base and dichloromethane (DCM) as a solvent. The product
obtained was then treated with chloroacetyl chloride in DCM
solvent with a TEA base to get the chloroacetylated product.
This was then treated with 1,3-propane diamine for 12 hours.
The solid obtained was then washed multiple times with
acetone and ethylacetate to remove any impurities. The solid
was then dried and stored at room temperature.

Quantum yield calculation

The quantum yield was calculated using the following
equation:

where Qs and Qg represent the quantum yield of the sample
and the reference, respectively, Is and Iy represent the inte-
grated area under the emission spectra of the sample and the
reference, Ar and Ag represent the absorption of the reference
and the sample and 7 represents the refractive index of the
medium. The reference taken was quinine sulphide with a
quantum yield of 0.54.

Procedure for fluorescence and absorption analysis

The stock solution of the polymers, D1 and N1, was made at
3 mg mL™" in water. The metal ion solutions of AI**, Zn>",
Cd*, Pb*, Fe**, Fe**, Mn>", Na*, K*, Co**, Cu**, Ni**, Ag", Ca**
and Hg>" were prepared at 5 mM in water and the required
amounts were pipetted out into the cuvette for fluorescence
and absorption analysis. For solid state fluorescence, the solid
sample was mounted in the sample holder and the absorption
and emission spectra were recorded. For solid state microscopy
images, the polymer sample was placed on a glass plate and
filters with different excitation/emission values (DAPI, 345/
455 nm; FITC,494/518 nm; TRITC,555/580 nm; and CY3,550/
565 nm) were shon for 200 milliseconds on the sample.
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