M) Checs tor updates View Article Online

View Journal

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: J. Han, Y. Cai, Y.
Wang, X. Dai, L. Wang, C. Li, B. An and L. Ni, New J. Chem., 2018, DOI: 10.1039/C8NJ01917G.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
author guidelines.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
‘‘‘‘‘‘‘‘ standard Terms & Conditions and the ethical guidelines, outlined
in our author and reviewer resource centre, still apply. In no
event shall the Royal Society of Chemistry be held responsible

for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

ROYAL SOCIETY
OF CHEMISTRY

~

ROYAL SOCIETY o
OF CHEMISTRY rsc.li/njc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c8nj01917g
http://pubs.rsc.org/en/journals/journal/NJ
http://crossmark.crossref.org/dialog/?doi=10.1039/C8NJ01917G&domain=pdf&date_stamp=2018-06-20

Page 1 of 27

Published on 20 June 2018. Downloaded by Kaohsiung Medical University on 6/20/2018 11:31:36 AM.

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

New Journal of Chemistry

View Article Online
DOI: 10.1039/C8NJ01917G

Mixed polymeric micelles as multifunctional visual thermo-sensor for

rapid analysis of mixed metal ions with AI’* and Fe’*

Juan Han®, Yunfeng Cai®, Yun Wangb’*, Xiaohui Daib, Lei Wangb, Chunmei Lib, Baodong Anb,
Liang Ni°
“School of Food and Biological Engineering, Jiangsu University, Zhenjiang 212013, PR China
b School of Chemistry and Chemical Engineering, Jiangsu University, Zhenjiang 212013, PR

China

*Corresponding  authors. Yun Wang, Tel.: +86-0511-88790683, E-mail addresses:

yunwang@ujs.edu.cn.

Abstract:

A novel type of responsive mixed double hydrophilic block copolymers
(DHBC)-based multifunctional visual thermo-sensor (the mixed copolymers of
poly(ethylene oxide)-b-poly(N-isopropylacrylamide-co-2,4-methacryloyl benzaldehyde oxime)
(PEG-b-P(NIPAM-co-BDMa) and  poly(ethylene  oxide)-b-poly(N-isopropylacrylamide-co-
rhodamine 6G methyl acrylic acid) (PEG-b- PINIPAM-co-Rh6GEMa) for the detection of
AP" and Fe’™ was designed and synthesized based on the reversible
addition-fragmentation chain transfer (RAFT) polymerization. The studies of
sensing processes showed that the multifunctional visual thermo-sensor had excellent

selectivity for AI’" and Fe’" ions over many environ-mentally relevant ions, and high
1
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sensitivity with the detection limit in nanomolar level. Moreover, the multifunctional
visual thermo-sensor can form the micelles with
(P(NIPAM-co-BDMa)/P(NIPAM-co-Rh6GEMa) blocks as cores and well-solvated
PEG block as coronas when increasing the temperature, which can enhance the
detection sensitivity of AI’" and Fe’* ions. The detection limit of 0.05 g/L mixed
micelles for the analysis of AI’" and Fe’* ions from 25 °C to 40 °C were decreased
from ~5.95 to ~4.02 nM, ~30.30 nM to ~23.84 nM, respectively. Furthermore, mixed
micelles combined with Principal Component Analysis (PCA) and linear regression
analysis to establish prediction models to achieve quantitative detection of the mixed
jons with AI’" and Fe’* successfully.

Key words:

multifunctional visual thermo-sensor, A’*, Fe*”, PCA

Introduction

Fluorescence chemosensors as valuable tools which have some excellent
properties, such as high selectivity, high sensitivity, fast response, low cost and easy
operation, have been widely researched and applied in many environmental and
biological processes' ™. Recently, more and more researchers focus on the design of
dual or multi metal ion fluorescence chemosensor comparison with the single
response probes appears to be a new area of research. The dual or multi fluorescence
chemosensor have the wider potential applications in analyte recognition due to it
provides an edge over the single response probes in terms of cost-effectiveness and
efficient analysis in fields.

Aluminum and Iron element play the very important roles in biological and
environmental systems>*. Aluminum is the largest metal element in nature and is
extensively used in our daily life, such as aluminum-based pharmaceuticals and
storage/cooking utensils which results in a moderate increase in the Al concentration
in food. Due to the large number of the use of aluminum foil and aluminum containers,
the possibility of the body to absorb the AI’* increase a lot correspondingly’.

Conversely, Iron is not only one of the most common transition metal, is essential for
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all living organisms, but also the highest content of trace elements in the body, and it
is involved in the composition of the body of a variety of key enzymes and proteins 5
1. However, excessive intake of AI’* and Fe'" may lead to a wide range of numerous
diseases such as heart disease, Alzheimer’s disease, osteoporosis, Parkinson’s disease
and malfunctions of the central nervous system''™*. Thus, it is urgent to develop high
selectivity and sensitivity chemosensors for the effective detection of AP’ and Fe'" in
the environment and biological samples.

As we all know, AI’" has reverse magnetic properties, and the probe is mostly

1317 Fe’* has paramagnetic characteristics, which usually

fluorescent enhanced probe
makes many fluorescent probes with Fe’" show fluorescence quenching, which
seriously affects the sensitivity of detection'®>’. Thus, the fluorescent molecular probe
based on a single emission mechanism for detecting A" and Fe®” is relatively few.
He et al. reported that a novel bis-rhodamine urea BRU could efficiently recognize
Fe*" and AI*" in CH;0H/H,0 through a turn-on colorimetric response 21 Kang et al.
synthesized a MOF-based sensor which could recognize Fe'* by the quenching of

22

I by the enhancement of the ligand-based emission .

Eu’" emission and detect A
And a perylenediimide (PDI)-based host receptor which exhibits excellent sensitivity
towards AI’" and Fe*" in DMSO was reported by Suganya et al **. However, these
small molecule-based fluorescence chemosensors for detection of A’ and Fe’" ions
have some limitations, including poor water solubility and biocompatibility,
unsatisfied detection sensitivity, and difficult to achieve the multifunctional
integration with other analyte-sensing capabilities. And what’s more, although these
probes can detect Fe** and AI’", there are no probes that can simultaneously determine
the contents of these two coexisting metals without interfering with each other.

In the past two decades, in order to achieve functional cooperativity and broader
adaptability of probe, the topic of self-assembled has become increasingly hot, and
gradually tends to the study of stimuli-responsive double hydrophilic block
copolymers (DHBCs)**?’. It can automatically self-assemble into one or more types

of aggregates in aqueous solution when suffering proper external stimuli such as pH,
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temperature and ionic strength. Thus, we integrate sensitive primers into amphiphilic
polymers to develop multiple functional (temperature, ions, etc.) probes to offer a
series of potential features such as improved water solubility, enhanced detection
sensitivity, excellent biocompatibility.

Visual detection has received widespread attention because of the extreme
simplicity and low cost of this type of assay in which the presence of target analyte
can be directly observed by the naked eye based on color changes™ *°. Because both
qualitative and semiquantitative assessment can be performed in real time without
using any complex and expensive instrument, visual detection is especially important
in field analysis of point-of-care test and environmental monitoring. Based on this, we
proposed to combine the multifunctional macromolecule fluorescence probe with the
visual detection to obtain the multifunctional visual thermo-sensor. By designing the
detection model rationally and extracting the eigenvalues of the color, the Principal
Component Analysis (PCA) analysis method is constructed to realize the
simultaneous quantitative detection A" and Fe®".

Herein, we report on the utilization of mixed micelles as a multifunctional visual
thermo-sensor for the efficiently detection of A" and Fe*" (Scheme 1). Two novel
types of responsive DHBCs-based chemosensors, poly(ethylene
oxide)-b-poly(N-isopropylacrylamide-co-2,4-Methacryloyl Benzaldehyde Oxime)g
(PEG13-b-P(NIPAM-co-BDMa)g), poly(ethylene oxide)-b-poly(N-
isopropylacrylamide-co-Rhodamine 6G Methyl Acrylic Acid)gy
(PEG113-b-P(NIPAM-co-Rh6GEMa)s7) were designed and synthetized by reversible
addition-fragmentation chain transfer (RAFT) polymerization, and AI’* and Fe’*
recognition primitives BDMa and Rh6GEMa were labeled in the thermosensitive
block, respectively. The sensing capabilities and the effects of reaction time and
system temperature of the sensor were discussed. In addition, based on the
identification of different colors of AI’" and Fe®" (mixed micelles for AI’" and Fe**
were made of blue and yellow fluorescence, respectively), quantitative prediction

models were constructed for simultaneous analysis to detect the respective contents of
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the two metal ions in the mixture.
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Scheme 1. (A) Schematic illustration for the metal ion response mechanism, (B) Schematic

illustration for the fabrication of thermos-responsive PEGy; -b-P(NIPAM-co-BDMa), and

PEG,; -b-P(NIPAM-co-R6GEMa)s; mixed sensors.

2. Experimental

2.1 Materials

Poly(ethylene oxide) monomethyl ether (PEO,;3-OH, Mn = 5.0 kDa, Mw/Mn =

1.05; mean degree of polymerization, DP, is 113) purchased from Aldrich was used as

received (www. sigmaaldrich.com). N-Isopropylacrylamide (NIPAM, 97
purchased from Aldrich was recrystallized twice by a mixture of n-hexane

benzene (v/v=2:1) prior usage. 4-(dimethylamino) pyridine (DMAP, > 99

Benzohydrazide (= 99 %), dicyclohexylcarbodiimide (DCC, > 99

)
and
%),
%),

2,4-dihydroxyformaldehyde (> 98 %), 3-mercaptopropionic acid (MPA, >98%),

5
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Rhodamine 6G (= 99 %), Ethylenediamine (> 98 %), methacryloyl chloride (> 95 %),
Azoisobutyronitrile (AIBN, > 98 %) and all other reagents purchased from Sinopharm
Chemical Reagent Co. were used as received (www.en.reagent.com.cn). Methacryloyl
chloride was distilled prior usage. AIBN was recrystallized from 95% ethanol.
Dichloromethane (CH,Cl;) were dried over CaH, and distilled just prior usage.
Toluene was distilled over sodium and benzophenone immediately before usage. Salts
(K', Na', Li", Co*", Sr*", Ba*", Ca*", Cd*", Ni*", Mn*", Fe*", Cu*’, Fe*", Cr'", Zn*,
AP’") were used for experiments. Water was deionized with a Milli-Q SP reagent
water system (Millipore, Bedford, MA, USA, www.millipore.bioon.com.cn) to a
specific resistivity of 18.4 MQ cm.

2.2 Sample synthesis

In order to prepare mixed micelles with multiple reactions of metal ions and
temperature, the target PEG 3-b-P(NIPAM-co-BDMA )¢ and
PEG3-b-P(NIPAM-co-Rh6 GEMa)s; were obtained.

2.2.1 Synthesis of BDMa (Scheme 2(a) and (b))

Benzohydrazide (1.36 g, 0.01 mol) was dissolved in ethanol (20.00 mL), and a
mixed solution of 2,4-dihydroxybenzaldehyde (1.38 g, 0.01 mol) and ethanol (20.00
mL) was added dropwise with stirring. Then the temperature was raised to 60 °C and
stirred for 1 hour. The solid was precipitated and filtered to obtain a crude product
which was recrystallized three times in ethanol to give scaly rose gold solid product
2,4-dihydroxybenzaldehyde oxime (BD) (2.04 g, yield: 80.0 %). 'H NMR (CD;0D, 3,
ppm; Fig. S1 (a)): 8.41 (1H, ArCH=N-), 7.90-7.95 (2H, ArH), 7.50-7.65 (3H, ArH),
7.22 (1H, ArH), 6.35-6.45 (2H, ArH).

The product BD (2.00 g, 7.84 mmol) and triethylamine (0.79 g, 7.84 mmol) were
dissolved in CH,Cl, (30.00 mL), followed by the dropwise addition of
salicylaldehyde (0.81 g, 7.84 mmol) in the ice bath. The reaction was refluxed at
25.0 °C for 3 h. The reaction mixture was washed with Na,HCOj; aqueous solution for
three times. The organic layer was dried over anhydrous sodium sulfate and filtered,

and the filtrate was subjected to rotary evaporation to give the crude product which
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161  was finally dissolved in an appropriate amount of CH,Cl,. The product was
162  precipitated by adding excess ethanol and filtered again, the reaction was repeated
163 three times to obtain yellowish solid powder BDMa (1.01 g, yield: 40.0 %). '"H NMR
164  (CD;OD, 9, ppm; Fig. S1(b)): 8.51 (1H, ArCH=N-), 8.32 (1H, ArH), 7.93 (2H, ArH),
165 7.62 (1H, ArH), 7.52 (1H, ArH), 7.18 (1H, ArH), 7.10 (1H, ArH), 5.37 (1H,
166  -C(CH3)=CHH), 5.88 (1H, -C(CH3)=CHH), 2.07 (3H, CH3C-).

167  2.2.2 Synthesis of Rh6GEMa (Scheme 2(c) and (d))

168 Rhodamine 6G (4.80 g, 10.00 mmol) was dissolved in absolute ethanol (60.00
169 mlL), followed by the dropwise addition of ethylenediamine (5.00 mL) under stirring.
170  The reaction was refluxed at 70.0 °C for 12 h. The solid obtained by removing the
171 solvent by rotary evaporation was recrystallized three times in ethanol. Finally, the
172 resulting powder was dried in a vacuum oven to obtain dried solid Rhodamine 6G
173 hydrazide (Rh6GEda) (3.43 g, yield: 75.0 %). '"H NMR (DMSO-ds, 8, ppm, TMS; Fig.
174 S1(c)): 7.94 (1H, ArH), 7.47 (2H, ArH), 7.07 (1H, ArH), 6.36 (2H, ArH), 6.24 (2H,
175  ArH), 3.53 (2H, -CH;-), 3.15-3.25 (4H, -CH,-), 2.36 (2H, -CH,-), 1.91 (6H, -CHs),
176 1.34 (6H, -CHa).

177 Rh6GEda (0.28 g, 5.00 mmol) and triethylamine (0.63 g, 6.00 mmol) were
178  dissolved in CH,Cl, (80 mL), followed by the dropwise addition of the mixture of
179  methacryloyl chloride (0.52 g, 5.00 mmol) and CH,Cl, (30 mL) in the ice bath within

Published on 20 June 2018. Downloaded by Kaohsiung Medical University on 6/20/2018 11:31:36 AM.

180 1 h. The new mixture was reacted at 25.0 °C for 3 h. Then the reaction mixture was
181  washed with Na,HCOs aqueous solution for three times. The organic layer was dried
182  over anhydrous sodium sulfate and filtered, and the filtrate was subjected to rotary
183  evaporation to give the crude product which was recrystallized from acetonitrile and
184  dried in vacuo to give pale pink solid Rb6GEMa (1.83 g, 69.8 %). 'H NMR (CDCl;, §,
185  ppm, TMS; Fig. S1(d)): 8.02 (1H, ArH), 7.58 (2H, ArH), 7.32 (1H, ArH), 6.85-7.15
186  (3H, ArH), 6.50 (1H, ArH), 5.78 (1H, -C(CH3)=CHH), 5.35 (1H, -C(CH3)=CHH),
187  2.75-4.00 (8H, -CH»-), 2.01 (9H, -CHj3), 1.21 (6H, -CHj3)

188  2.2.3 Synthesis of Carboxyl-containing trithiocarbonates (BTPA) (Scheme 2(e))

189 BTPA was prepared by adding MPA (2.50 mL, 28.65 mmol) into aqueous KOH
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(1.84 mol/L, 31.25 mL) aqueous solution, then dropped CS; (3.65mL). After stirring
for 5 h, dropped benzyl bromide (4.95 g, 28.65 mmol), heating up to 80.0 °C for 12 h.
After reaction, on cooling to room temperature, an excess amount of hydrochloric
acid acidification was added into the reaction solution. With the addition of
chloroform (90.00 mL), separate organic phase washing with 10 % Na,CO3 aqueous
solution. Remove organic solvents. The yellow solid was recrystallized by CH,Cl, for
three times. Finally product of 3.20 g was obtained and yield was about 40.9 %. 'H
NMR (CDCl;, 8, ppm, TMS; Fig. S1 (e)): 7.33 (5H, ArH), 4.64 (2H, ArCH;.), 3.65
(2H, -C(=S)SCH,.), 2.88 (2H, -C(=S)SCH,CH,CO-).

2.2.4 Synthesis of PEO-based MacroRAFT agent (Scheme 2(f))

PEO-based macroRAFT agent was prepared the esterification reaction between
PEO;13-OH and BTPA in the presence of water removal agent DCC and catalyzer
DMAP. After PEO,;3-OH (5.00 g, 1.00 mmol) dissolved in anhydrous toluene (25.00
mL), the mixture was settled by azeotropic distillation at 50.0 °C under reduced
pressure (relative vacuum degree: -0.09851 MPa) to remove most of the solvent. Then
dry BTPA (0.55 g, 2.00 mmol) and CH,Cl, (50.00 mL) were added and the mixture
was placed in an ice-water bath keeping 0.0 °C. Then another mixture of DCC (0.42 g,
2.00 mmol), DMAP (25 mg, 0.20 mmol) dissolved in dry CH,Cl, (10.00 mL) was
added dropwise over 1 h. The reaction mixture was stirred at room temperature for 48
h. Insoluble salts were removed by filtration and the filtrates were concentrated on a
rotary evaporator and then precipitated into an excess of cold diethyl ether obtaining
powder at last. The powder settled with the dissolution-precipitation cycle mentioned
above for three times. After drying in a vacuum oven overnight at room temperature,
PEO3-based macroRAFT agent was obtained as a slightly yellowish powder (4.80 g,
yield: 62%). Gel Permeation Chromatography (GPC) analysis revealed an Mn of 6.1
kDa and an Mw/Mn of 1.06 (Fig. S2 (a)). 'H NMR (CDCls, 8, ppm, TMS; Fig. S1 (f)):
7.33 (5H, ArH), 4.60 (2H, ArCH,-), 4.27 (2H, -CH,OCOCH,-), 3.83-3.58 (2H,
-CH,CH,0-), 3.54 (3H, CH;0-), 3.38 (2H, -CH,OCOCH,CH,SC(=S)-), 2.82 (2H,
-CH,OCOCH,CH,SC-(=S)-).
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219  2.2.5 Synthesis of PEG3-b-P(NIPAM-co-BDMa)e (Scheme 2(g))

220 The RAFT synthesis of BDMa-labeled DHBCs, PEGy;3-b-P(NIPAM-co-BDMa)g
221  was as follows: dry NIPAM (0.91 g, 8.00 mmol), BDMa (0.10g, 0.32 mmol),
222  PEO-based macroRAFT agent (0.42 g, 0.08 mmol), AIBN (2.00 mg, 12.00 umol), and
223  1,4-dioxane (1.40 g) were added in a reaction tube equipped with a magnetic stirring
224  bar. The tube was carefully degassed by three freeze-pump-thaw cycles and then
225  sealed under vacuum. Stirring for 1.5 h at 70 °C in an oil bath, the reaction tube was
226  quenched into liquid nitrogen. Then the reaction mixture was diluted with proper
227  1,4-dioxane and then precipitated into an excess of cool diethyl ether. The above
228  dissolution-precipitation cycle was repeated for three times.
229  PEGy3-b-P(NIPAM-co-BDMa)g, was obtained as yellowish powder with a yield of
230  63% (0.84 g). GPC analysis revealed an Mn of 13.2 kDa and an Mw/Mn of 1.14 (Fig.
231 S2 (b)). The degree of polymerization, DP, of P(NIPAM-co-BDMa) was determined
232 to be 60 by 'H NMR analysis (Fig. S1 (g)). Thus, the polymer was denoted as PEG 3
233  -b-P(NIPAM-co-BDMa)e. BDMa content in 0.05g/L P(NIPAM-co-BDMa) block was
234  determined to be 5.02umol/L by a spectrofluorometer by using BDMa as the
235  calibration standard in the presence of 4 equiv (1.0 equiv relative to the BDMa moiety)
236 of Al’" ions.

237  2.2.6 Synthesis of PEG3-b-P(NIPAM-co-Rh6GEMa)g; (Scheme 2(h))

Published on 20 June 2018. Downloaded by Kaohsiung Medical University on 6/20/2018 11:31:36 AM.

238 The RAFT synthesis of Rh6GEMa-labeled DHBCs,
239  PEG3-b-P(NIPAM-co-Rh6GEMa)s; was as follows: dry NIPAM (0.91 g, 8.00
240  mmol), Rh6GEMa (0.19 g, 0.32 mmol), PEO-based macroRAFT agent (0.42 g, 0.08
241  mmol), AIBN (2.00 mg, 12.00 pumol), and 1,4-dioxane (1.40 g) were added into a
242  reaction tube equipped with a magnetic stirring bar. The tube was carefully degassed
243 by three freeze-pump-thaw cycles and then sealed under vacuum. Stirring for 1.5 h at
244 70 °C in an oil bath, the reaction tube was quenched into liquid nitrogen. Then the
245  reaction mixture was diluted with proper 1,4-dioxane and then precipitated into an
246  excess of cool diethyl ether. The above dissolution-precipitation cycle was repeated

247  for three times. PEGi3-b-P(NIPAM-co-Rh6GEMa)s; was obtained as yellowish
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powder with a yield of 63 % (0.84 g). GPC analysis revealed an Mn of 13.1 kDa and
an Mw/Mn of 1.15 (Fig. S2 (c)). The degree of polymerization, DP, of
P(NIPAM-co-BDMa) was determined to be 67 by 'H NMR analysis (Fig. S1 (h)).
Thus, the polymer was denoted as PEGy;3 -b-P(NIPAM-co-Rh6GEMa)s;. Rh6GEMa
content in 0.05 g/L P(NIPAM-co-Rh6GEMa) block was determined to be 14.98
umol/L by a spectrofluorometer by using Rh6GEMa as the calibration standard in the
presence of 6 equiv (1.0 equiv relative to the Rh6GEMa moiety) of Fe*" ions.
2.2.7 Configuration of fluorescent sensor array and processing of data

0.05 g/L  multifunctional visual thermo-sensor was mixed by
PEG3-b-P(NIPAM-co-BDMa)sy and PEGy;3-b-P (NIPAM-co-R6GEMa)g; at 25 °C
with a buffer solution (10 mM HEPES, pH 7.4). First of all, take a 0.8 mL of the
solution as blank control. In addition, another 24 samples were placed in a 96-well
Perspex plate according to the Table 1 and added a certain amount of AI*" and Fe'* to
the final concentration as shown in the Table 1. These samples are used as templates
for full fluorescent color development and to constitute a visual sensor.

Table 1 The arrangement of mixed metal ions with AP’ and Fe*”

Concentration of AI'* (M)

5 10 15 20 25 30

15 13 14 15 16 17 18

Concentration of Fe*"(uM)

20 19 20 21 22 23 24

Data acquistion and processing are carried out by the smartphone/fluorescent
sensor array ensemble designed by our research group. The 96-well Perspex tablet is
transferred to the box, and the smartphone is always fixed at the top. With this
equipment, ambient lighting condition and imaging distance/angle were kept constant

when capturing the images of the sensor arrangement. The “before” image consisted

10
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of a shot taken with the 13 mega pixel (MP) smartphone camera capturing the color of
the individual mixed micelles aqueous solution; the “after” image consisted of a
camera shot directed towards the combination of the mixed micelles and hybrid ions.
Using our laboratory designed app on the smartphone, a color difference map was
obtained by subtracting the “before” image from the “after” image (red minus red,
green minus green, blue minus blue). To prevent subtraction artifacts caused by
acquisitions near the spot edge, only the spot center was included in the calculation.
All experiments were run in quintuplicate for each of the 24 analytes and the blank
control. Next, the ARGB (Red, Green, Blue) data were processed by PCA and linear
regression analysis.

Likewise, the images and data of the 12 analytes in the validation test were also

obtained.

11
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Scheme 2. Schematic illustration for the synthesis of the thermoresponsive PEGy;

-b-P(NIPAM-co-BDMa)g) and PEGy13 -b-P(NIPAM-co-R6GEMa);.

2.3 Characterization

Nuclear Magnetic Resonance (H NMR) Spectroscopy. All '"H NMR spectra were

recorded on a German BRUKERAC-P400 type nuclear magnetic resonance

(resonance frequency of 400 MHz for 'H) operated in the Fourier transform mode.

CDCl;, CD;0D and DMSO-dg were used as the solvents.

Gel Permeation Chromatography (GPC). Molecular weights and molecular

weight distributions were determined by gel permeation chromatography (GPC)

equipped with a LC20 high performance liquid chromatography pump and a

RID-20

differential refractive index detector (Japan Shimadzu Company). It used an American

HR4 Styragel columns at an oven temperature of 35 °C. The eluent was THF at a flow

12
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295 rate of 1.0 mL/min. A series of low-polydispersity poly-styrene standards were
296  employed for calibration.

297 Laser Light Scattering (LLS). Dynamic and static LLS measurements were
298 conducted on a commercial spectrometer (ALV/DLS/SLS-5022F) equipped with a
299  multitau digital time correlator (ALV5000) and a cylindrical 22 mW UNIPHASE
300 He-Ne laser (Ag = 632 nm) as the light source.

301 Fluorescence Measurements. Fluorescence signals were measured on a Cary
302  Eclipse luminescence spectrometer (Varian, USA) equipped with a xenon flash lamp
303 and a computer. The temperature of the water-jacketed cell holder was controlled by a
304 programmable circulation bath. The slit widths were set at 5 nm for excitation and 2.5
305 or 5 nm for emission.

306 Use Huawei Imagination 6S as a camera, image analysis using self-developed
307 mobile phone image processing software.

308 3. Results and discussion

309 The structures of two thermosensitive double hydrophilic block copolymers
310  (PEGy3-b-P(NIPAM-co-BDMa)sy and PEG;3-b-P(NIPAM-co-Rh6 GEMa)s;) which
311 were synthesized by RAFT were characterized by 'H NMR and GPC. The structural
312  parameters of these two copolymers were shown in Table 2. The content of BDMa

313 and Rh6GEMa n (PEG/3-b-P(NIPAM-co-BDMa)g and

Published on 20 June 2018. Downloaded by Kaohsiung Medical University on 6/20/2018 11:31:36 AM.

314 PEG3-b-P(NIPAM-co-Rh6GEMa)s; were calculated to be ~2.21 mol% and ~5.86
315  mol%, respectively. There results were in good agreement with their structures

316  showed in Scheme 2.

317
318 Table 2 Summary of structural parameters of diblock copolymers synthesized in this work
DPyur”
Samples M, (kDa) PDI’
PEG block PNIPAM block

PEG/;3-based MacroRAFT agent 113 / 6.1 1.06
PEG;3-b-P(NIPAM-co-BDMa) 113 60 132 1.14
PEG;3-b-P(NIPAM-co-Rh6 GEMa)s; 113 67 13.1 1.15

319  * Determined by ' H NMR characterization in CDCl; . ® Obtained from GPC analysis using as
13


http://dx.doi.org/10.1039/c8nj01917g

Published on 20 June 2018. Downloaded by Kaohsiung Medical University on 6/20/2018 11:31:36 AM.

320
321

322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345

New Journal of Chemistry

Page 14 of 27

View Article Online
DOI: 10.1039/C8NJ01917G

eluent at a flow rate of 1.0 mL/min.

3.1 Fluorescence spectral characteristics

The photo-physical complexation studies of multifunctional visual thermo-sensor
with a series of different metal such as K*, Na', Li’, Ca*", Sr2+, Ba®", C02+, Fe?', Ni2+,
Mn?", Mg2+, Cd*, cu®’, Zn*", Fe**, Cr*", A" in their unimer state (10 mM HEPES
aqueous solution, pH 7.4) at 25 °C were performed using the fluorescence
spectroscopic technique. As shown in Fig. 1, the multifunctional visual thermo-sensor
itself no fluorescence emission, but the strong fluorescent emission were observed at
553 nm (Aex=520 nm) and 448 nm (=380 nm) upon addition of Fe** (6 equiv) and
AP’ (4 equiv) to the solution of the multifunctional visual thermo-sensor. Furthermore,
the addition of Fe** of the solution shows yellow fluorescence and the addition of AI*"
of the solution is blue fluorescence, respectively, which were visible to the naked eye.
On the one hand, the primitive BDMa of PEG;;3-b-P(NIPAM-co-BDMa)g can react
with A’ to produce blue fluorescence. The bonding mode may be that BDMa is
chelated with AI’* through interactions with the oxygen atom of C = O, imine
nitrogen, and oxygen of phenolic hydroxyl group to forms a rigid system **>'. On the
other hand, the spironolactam moiety of the rhodamine group of
PEG13-b-P(NIPAM-co-Rh6 GEMa)g; is used as a signal switch, that is, when Fe’" ions
are added, the amide group of the ethylenediamine moiety and the cyclic amide of the
spironolactam ring moiety can be coordinated for Fe’* binding, resulting in an
appearance of visible yellow fluorescence ***. In contrast, other common metal ions
(K", Na', Li", Ca*, Sr*, Ba*", Co™", Fe*', Ni*', Mn*", Mg*", Cd*, Cu*’, Zn*", Cr’")
did not result in a significant fluorescence change of the multifunctional visual
thermo-sensor. The results indicated that the multifunctional visual thermo-sensor can
be used for selective detection of AI’" and Fe'* through difference fluorescence

response sign.

14
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347 Fig. 1. (A) Optical photographs recorded under UV light (365 nm) after the addition of (K', Na",
348 Li", Ca*, Sr*", Ba™", Co™, Fe*", Ni*", Mn>", Mg”", Cd*", Cu*", AI*", Cr’", Zn*", F&’, 6 equiv of
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349 [Rh6GEMa]), respectively for the mixed micelles, (B) Variation of relative fluorescence intensity

350 after the addition of 6 equiv metal ions (A=520 nm), (C) Variation of relative fluorescence
351 intensity after the addition of 4 equiv metal ions. (A=380 nm) (the mixed micelles composed of
352 0.05 g/L PEGy3-b-P(NIPAM-co-BDMa)4p, [BDMa]=5.02 uM and 0.05 g/L

353 PEG3-b-P(NIPAM-co-Rh6GEMa)s7, [Rh6GEMa]=14.98 uM; 25 °C, pH 7.4; slit widths: Ex. 5
354 nm, Em. 5 nm)

355 3.2 Fluorescence titration experiments

356 In order to verify the sensitivity of the multifunctional visual thermo-sensor,

Published on 20 June 2018. Downloaded by Kaohsiung Medical University on 6/20/2018 11:31:36 AM.

357 the fluorescence titration experiments were carried out and the results are shown in
358 Fig.2. From the results it can be seen that the corresponding fluorescence intensity
359 gradually increase with the increase of the concentration of target metal ions. The
360 emission intensity of the multifunctional visual thermo-sensor gradually increased
361  with the increase of Fe* concentration at 553 nm (Aex=520 nm). When 6 equiv Fe**
362 ions were added, the fluorescence intensity was saturated and no further increased.
363  Similarly, with the addition of 4 equiv AI’" ions, the fluorescence intensity of the
364  multifunctional visual thermo-sensor at 448 nm (A=380 nm) was observed to
365 increase and reached saturation. In addition, there is a good linear relationship
366  between fluorescence intensity and target metal ion concentration within a certain

367  concentration range. The corresponding lower detection limits were also calculated by
15
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368 the formula of (LOD=30/slope, o is the standard deviation of 15 blank samples) to be
369 30.30 nM (Fe’™) and 5.95 nM (Al). Comparing these values with other literature
370 (see Table 3), the results show that the multifunctional visualized
371  temperature-sensitive sensor can detect trivalent metal ions (Fe’™ or AI’") at the

372 nanomolar level.
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2 ) ™
‘@ %400 |-
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k= - =300 |
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373
374 Fig. 2. (A) Changes of the emission intensity with the addition of Fe** (0-8 equiv of [Rh6GEMa])
375 at 553 nm (Ax=520 nm) within 5 h and (B) Changes of the emission intensity with the addition of
376 of A’ (0-5 equiv of [BDMa]) at 448 nm (A,=380 nm). (the mixed micelles composed of 0.05 g/L

377 PEG53-b-P(NIPAM-co-BDMa)g, [BDMa]=5.02 uM and 0.05 g/L

378 PEG3-b-P(NIPAM-co-Rh6 GEMa)s7, [Rh6GEMa]=14.98 uM; 25 °C, pH 7.4; slit widths: Ex. 5

379 nm, Em. 5 nm)

380

381 Table 3 Comparison of detection limits and reaction times between current chemical sensors and

382 existing trivalent metal ion chemical sensors

Detected metal ions Detection Limit Reaction Time References
Fe | AP 430, 3.90 umol/L dependent on c.arbonate 21
concentration

Fe", Al 45,10 umol/L \ 2
Fe'", Al 2.16, 3.14 umol/L \ »
Fe'", Al 0.2, 0.3 mmol/L \ .
Fe'", Al 30, 50 nmol/L \ %
Fe'", Al 12, 86 nmol/L 20min, 3min ¥
Fe'", Al 30.30, 5.95 nmol/L 150s this work

383
384

385

3.3 Effect of the reaction time
The time-dependent effect of the multifunctional visual thermo-sensor on the

Fe’" and AI’" is shown in Fig. 3. When 6 equiv of Fe’” ions were added, the

16
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fluorescence intensity of the multifunctional visual thermo-sensor increased in the
short term and reached the maximum at 150s, and then remained stable. In addition,
when 4 equiv of AP’" ions were added, the fluorescence intensity of the
multifunctional visual thermo-sensor reached the maximum and remained stable
within 80 s. These results indicated that the mixed micelles can effectively and rapidly
determine Fe’" and AI’". In conclusion, the optimal reaction time of the system is

150s (see Table 3).

L —e— Ex: 380 nm, 4 equiv AT
Ex: 520 nm, 6 equiv F&*

Intensity
5 8 8 8 8

8

1 1 L L 1 Il

1 1 1 1
0 20 40 60 8 100 120 140 160 180 200 220
Time (s)

o

Fig. 3 Time-dependent changes of fluorescence intensity of 4 equiv A" and 6 equiv Fe’,
respectively (the mixed micelles composed of 0.05 g/L PEG5-b-P(NIPAM-co-BDMa)g,
[BDMa]=5.02 pM and 0.05 g/L PEG;3-b-P(NIPAM-co-Rh6GEMa)s;, [Rh6GEMal=14.98 uM;
25°C, pH 7.4; slit widths: Ex. 5 nm, Em. 5 nm).

3.4 Effect of the system temperature

It is well known that the low critical solution temperature (LCST) of the
thermally stable triblock copolymer can be easily adjusted to the desired value by
incorporating hydrophobicity or hydrophobic repeating units into a thermoresponsive
block such as Poly N-Isopropylacrylamide (PNIPAM)®. In the current work,
thermo-induced self-assembling and disassembly behavior of the multifunctional
visual thermo-sensor was investigated. Temperature-dependent optical transmittance
was employed at first to determine the LCST (Fig. 4 A). It could be found that the
phase transition behavior occurs when the temperature was higher than the LCST of
36.0 °C from the test. In addition, the result of dynamic laser light scattering (DLS)
(as shown in Fig. 4 B) also confirmed this point. The result of DLS showed that when

the temperature was 40.0 °C, the multifunctional visual thermo-sensor in aqueous

17


http://dx.doi.org/10.1039/c8nj01917g

Published on 20 June 2018. Downloaded by Kaohsiung Medical University on 6/20/2018 11:31:36 AM.

410
411
412

413
414
415
416

417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433

New Journal of Chemistry

Page 18 of 27

View Article Online
DOI: 10.1039/C8NJ01917G

solution could self-assemble into aggregates with P (NIPAM-co-BDMa) and P
(NIPAM-co-R6GEMa) as the nucleus. Its <Dh> was 166.5 nm, and the polydispersity

index of the particle size was 0.24.

100 - A 12+ B
—a—a—a—u- By
! X ol T=40°C
090 B 2 Z-Ave d= 166.5 nm
= |l \
= \ o8 PDI =0.24
w80 | \ S
2 \ >
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g | \ 24
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Fig. 4 (A) Temperature-dependence of optical transmittance recorded at a wave of 700 nm and (B)
Intensity average hydrodynamic diameter distributions of mixed micelles composed of 0.05g/L

PEG3-b-P(NIPAM-co-BDMa)g and 0.05g/L PEGy;3-b-P(NIPAM-co-Rh6GEMa)s;.

Based on the characteristics of temperature sensitivity, theoretically the
multifunctional visual thermo-sensor could self-assemble under the induction of
temperature to form mixed micelles in aqueous solution. The metal ion detection
element will be located within the hydrophobic nucleus, whereas the organic dye will
generally have a stronger fluorescence in a hydrophobic environment than in a
hydrophilic environment ***'. This will increase the quantum yield of the fluorescent
elements to achieve signal amplification. As shown in Fig. 5, the fluorescence
intensity at 552 nm (Ae=520 nm) in the presence of 6 equiv Fe’* was significantly
enhanced with the increase of temperature (20-45 °C); while the fluorescence
intensity at 448 nm (A,=380 nm) was also significantly enhanced with the increase of
temperature (20-45 °C) in the presence of 4 equiv AI’* as shown in Fig. 6. The
fluorescence intensity of Fe’" and AI’" was amplified by 2.43 and 2.59 times
respectively at 40 °C compared with 25 °C. In particular, the detection limit of the
multifunctional visual thermo-sensor for Fe*" increased from 30.30 to 23.84 nM, and
the detection limit of AI’" increased from 5.95 to 4.02 nM as the temperature
increased. It is worth mentioning that the fluorescence enhancement could be

observed only when the temperature is higher than the LCST (36 °C) of the mixed
18
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micelles, which is consistent with the critical micelle temperature obtained by the
experiment of light transmittance and temperature dependence. In summary, the
temperature-induced copolymer self-assembly can significantly improve the
sensitivity of the detection by embedding the metal ion detection element into the

thermosensitive block.
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Fig. 5 (A) and (B) Temperature-dependence fluorenscence spectra and change in fluorenscence
intensity at a wave of 552 nm (A=520 nm) after the addition of 6 equiv Fe'* (the mixed micelles
composed of 0.05 g/L PEGy3-b-P(NIPAM-co-BDMa)g, [BDMa]=5.02 pM and 0.05 g/L
PEG3-b-P(NIPAM-co-Rh6 GEMa)s;, [Rh6GEMa]=14.98 uM; pH 7.4; X,=520 nm, slit widths:
Ex. 5 nm, Em. 2.5 nm)
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Fig. 6 (A) and (B) Temperature-dependence fluorenscence spectra and change in fluorenscence
intensity at a wave of 448 nm (A.,=380 nm) after the addition of 4 equiv AI’" (the mixed micelles
composed of 0.05 g/L PEGy3-b-P(NIPAM-co-BDMa)g, [BDMa]=5.02 pM and 0.05 g/L
PEG53-b-P(NIPAM-co-Rh6 GEMa)s;, [Rh6GEMa]=14.98 uM; pH 7.4; A,=380 nm, slit widths:
Ex. 5 nm, Em. 2.5 nm)

3.5 Fluorescence competitive experiments

19
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In order to verify the unique selectivity and high sensitivity of the
multifunctional visual thermo-sensor toward Fe’* and AI’* ions, the interference
experiments with other common metal ions were carried out and the results are shown
in Fig. 7. As shown in Fig. 7 A, the addition of interfering ions hardly changes the
fluorescence intensity of sensor-Fe*" complex at 553 nm (A,=520 nm). But in Fig. 7B,
the addition of other interfering ions (K", Na', Li", Ca*, sr*', Ba®', Co*", Fe*', Ni¥',
Mn*", Mg*", Cd*", Cu*’, Zn*", Fe’", Cr’") almost did not change the fluorescence
intensity of sensor-AI’" complex at 448 nm (=380 nm) except for Fe*", Cu*" and
Fe'. Fe**, Cu*" and Fe’* can quench part of the fluorescence (about 73%, 93% and
53%, respectively) in the mixed micellar solution. These features allow the mixed
micelles to qualitatively and quantitatively analyze the coexistence of Al’" and Fe*
ions. In addition, further accurate quantification of AI*" in the presence of Fe*", Cu**
and Fe’" ions shall rely on the removal of Fe**, Cu*" and Fe’* at first by the use of
strong chelating ligands such as EDTA (ethyl-diacetic acid tetraacetic acid) -activated

resin to remove interfering ions.

800 800
I Mixed probes+Fe* A Il Mixed probes+Al* B
700 Mixed probes+Fe>+M" 70 Mixed probes+A+M™
600 600
2 50 250
§ ol g w0
=1 -
= RS
= -
200 H 200
100 10
0 ¢ £ 5 o 2 Aps Ry e & 2 e 2¥ . D BT
K Na Li' C&* S¢*'Bd'Co Fé¢' NI Ma'Mg'Cd*'Cd zit AP Cf K' Na' Li’ Ca" Sr*'Bd' Co” Fe& Ni'Ma Mg 'Cd"Cd' znt” Fé' CF

Fig. 7 Effect of equal concentration of competitive metal ions on the interaction between mixed
micelles and (A) F e’ ion (15 pmol/L) and (B) Al jon (5 pmol/L) (the mixture micelles
composed of 0.05 g/ PEG;3-b-P(NIPAM-co-BDMa)gp, [BDMa]=5.02 uM and 0.05 g/L

PEG;3-b-P(NIPAM-co-Rh6 GEMa)s;, [Rh6GEMa]=14.98 uM; 25 °C, pH 7.4; (A) Aex=520 nm,

(B)=380 nm, slit widths: Ex. 5 nm, Em. 5 nm).

3.6 Moulds for qualitative and quantitative detection of metal ion mixtures
Since the multifunctional visual thermos-sensor can selectively identify AI**

(blue fluorescence) and Fe’* (yellow fluorescence), a visual detection method was

20
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477  constructed by mixing a certain amount of AI’" and Fe’* to produce different
478  fluorescent colors. Specially, based on the original diagram (Fig. 8A) obtained by
479  mixing the metal ions and the characteristic diagram (Fig. 8B) relied on the difference
480 of fluorescence RGB before and after the reaction, the predictive models were
481  established through PCA and regression analysis, which can realize the simultaneous
482  quantitative detection of mixed ions with A’ and Fe’" in aqueous solution. In
483  addition, the qualitative mechanism could be expanded with the refinement of the

484  mixed ion ratio.

A The concentration of AI3*/ uM B The concentration of AI3*/ uM
5 10 15 20 25 30

) 15 20 25 30

The concentration of Fe 3/ uM
The concentration of Fe 3/ uM

485

486 Fig. 8. Picture of original diagram (A) and RGB color difference (B) of different mixing ratio of
487 Fe’" and A’ under UV.

488 In this paper, SPSS (Statistical Product and Service Solutions) 20 software was

489  used for PCA, the value of the factor of the four models saved as variables (see Table

Published on 20 June 2018. Downloaded by Kaohsiung Medical University on 6/20/2018 11:31:36 AM.

490  Sl1). In the table, only the first principal component of the models is greater than 1
491  (2.885, 2.938, 2.970, 2.897, respectively). The variance contribution rate is 96.175%,
492  97.936%, 99.202% and 96.551% respectively (When the cumulative contribution rate
493  of the principal component reaches 85%, the valid information can be retained),
494  which indicates that the first principal component contains all the information of three
495  indexes, and is most mainly affected by the ratio of AI’" and Fe*". From the scree plot
496  (see Fig. S3), it can be seen that the second eigenvalue of the four models is about
497  zero, that is, the trend of change has begun to flatten. Thus, only one principal
498 component is appropriate for the four models, and then the load is calculated for the
499 first principal component (see Table S2).

500 Finally, the multiple linear regression analysis and the reduction of variables are
21
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used to obtain the models of Quantitative Structure-Pharmacokinetics Relationship
(QSPR) as shown in Table 4. The degree of influence of the three independent
variables on the dependent variable is compared according to the coefficients in Table
4. The sign of the coefficient indicates the direction of influence, and the larger the

absolute value of the coefficient, the greater the effect.

Table 4 Parametric equations of model 1-4

Rows QSPR Moulds
1 1=0.0478 AR+0.0209AG+0.0151AB-2.9077
2 1=0.0302AR+0.0183AG+0.0089AB-3.1937
3 [=-0.0456AR+0.0263AG+0.0289AB+0.9891
4 1=-0.0157AR-0.0203AG+0.0071AB+4.3843

3.7 Verification test of predictive models

The relationships between the predicted scales and the actual value content
calculated from the models are listed in Fig. 9. The actual values represented the exact
contents of A’ and Fe’™ mixed ions, and the predicted values were the predicted
contents of AP’ and Fe’" mixed ions calculated from the principal component
regression models. The results showed that the slopes of all images were close to 1,
and four quantitative models had high R? values (0.9966-0.9998). This indicated that
the principal component regression models constructed by the experimental color
difference data had a good accuracy for predicting the contents of AI’" and Fe’" mixed
ions. RMSE (Root Mean Square Error) is a good way to reflect the accuracy of the
measurement, the smaller the RMSE values, the higher the accuracy of measurement.
The RMSE values of the four principal component regression quantitative models in
Fig. 9 are between 0.0167 and 0.0714, the RMSE values obtained are lower,
indicating that the models established in this experiment are more accurate. Therefore,
the four principal component regression quantitative models established in this
experiment can be used to predict the ion contents of A’ and Fe’* mixed ions

accurately.
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525
526 Fig. 9. The relationship between the predicted mixed metal ion ratio and the actual ratio for these
527 four models, (A) Model 1, (B) Model 2, (C) Model 3, (D) Model 4

528 4. Conclusion

529 This paper prepared a novel multifunctional visual thermo-sensor based on two

530 amphiphilic block polymers |, that were PEG;3-b-P(NIPAM-co-BDMa)g,

Published on 20 June 2018. Downloaded by Kaohsiung Medical University on 6/20/2018 11:31:36 AM.

531  PEGy3-b-P(NIPAM-co-Rh6GEMa)s;, which were labeled with AP" and Fe’'
532  recognition elements BDMa and Rh6GEMa in thermosensitive block, respectively.
533  The synthetic mixed micelles can be used as a multifunctional visual thermo-sensor to
534  AI’", Fe'" and temperature. The detection sensitivity to AI’" and Fe’" ions can be
535 considerably enhanced at elevated temperatures via the formation of hydrophobic
536  domains within thermo-induced micellar aggregates of DHBCs. As the temperature
537  increased from 25.0 °C to 40.0 °C, the detection limit of 0.05 g/L mixed micelles for
538 the analysis of AI’" ions reduced from ~5.95 nM to ~4.02 nM, and Fe’* ions reduced
539  from ~30.30 nM to ~23.84 nM, respectively. Furthermore, the mixed micelles were
540  successfully coupled with PCA analysis method to build predictive models to achieve

541  rapid quantitative detection of mixed metal ions with Al’* and Fe’". In addition, the
23
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predictive models were verified by given concentration of A" and Fe’" and the

accuracy is very high. The multifunctional visual thermo-sensor in the current study

can offer a series of potential features such as improved water solubility, enhanced

detection sensitivity, excellent biocompatibility and quantitative simultaneous

detection of A’ and Fe’"
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