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Abstract: Adaptability of hydrogels allows these structures to be used in a variety of
industries, including biomedicine, soft electronics, and sensors. In this study, 10
different naphthalimide derivatives were synthesized, of which two naphthalimide salts
with an excellent water solubility. These dyes could be used as high-efficiency
water-soluble photoinitiators when combined with water-soluble co-initiator, namely
arginine (L-Arg)/triethanolamine (TEA) as electron donors and an iodonium salt (lod)
used as an electron acceptor. Using a three-component photoinitiating system,
antibacterial hydrogels containing silver nanoparticles could be prepared upon
irradiation with a visible light source (LED@405nm). It thus enabled to respond to the
growing demand for radiation-curable waterborne products such as hydrogels. These
two compounds exhibited an excellent water solubility of at least 6% for dye 9 and up
to 10% for dye 8 in deionized water, thus exceeding the solubility of typically
photoinitiator Irgacure 2959 (12959) used in water-based systems 12- to 20- fold.
Real-time Fourier transform infrared (FTIR) spectroscopy proved that the
three-component photoinitiating system based on naphthalimide potassium salts
achieved more than 90% double bond conversions of the poly(ethylene glycol)
diacrylate (PEG-DA) under LED@405nm irradiation, comparable to that obtained with

conventional water-soluble photoinitiators. Using the proposed water-soluble



photoinitiators, 3D printing hydrogels could be prepared and introduction of silver
nitrate into the solution enabled the salt to be reduced in situ into silver nanoparticles
and to produce antibacterial hydrogels. Finally, Escherichia coli was selected to
investigate the effect of the antibacterial activity of hydrogels containing different

concentrations of AgNPs.

Keywords: Naphthalimide derivatives; visible light photoinitiation system;

water-solubility; antibacterial activity.

1. Introduction

3D printing (also known as additive manufacturing) is a concurrent design and
fabrication technique that combines materials, structures, and functions [1-2]. Due to
its benefits of high accuracy, high efficiency, structural complexity and functional
diversity, it has been successfully applied in industrial [3-4], medical [5-6], aviation
[7], and educational domains [8-9] in recent years. Hydrogel is a three-dimensional
(3D) network structure formed by cross-linking of hydrophilic polymer chains
embedded into a water-rich environment with extensively adjustable physical and
chemical properties, responding to the growing demand for radiation-curable
waterborne products [10-12]. Therefore, hydrogel systems with pre-designed structures
and functions can be prepared by 3D printing technology. Recent advances in the 3D
printing of hydrogels have focused on the construction of tough, self-healing,
cytocompatible hydrogel scaffolds with architectures that allow the generation of
complex tissues [13-14]. Among other rapid prototyping techniques that may be
utilized for 3D printed hydrogels, processing hydrogels with SLA-based 3D printing
typically involves oligomers/reactive monomers and photoinitiators  (PIs).
Furthermore, moderate processing conditions such as the avoidance of heat, organic
solvents, and ultraviolet (UV) exposure are essential for the manufacture of hydrogels
embedded with living cells [15-16]. However, it is still challenging to develop
effective water-soluble Pls that can overcome the aforementioned constraints.

Among the limited selection of commercially available water-soluble Pls,
2-hydroxy-4'-(2-hydroxyethyl)-2-methylpropiophenone (Irgacure 2959) is the most
commonly used aqueous photoinitiator. Due to the limited solubility of this compound
in water (~ 0.47 wt %), continuous stirring or moderate heating was required to fully

dissolve them [17]. Noticeably, this photoinitiator has a low ability to initiate the



polymerization of hydrogels when exposed to light sources at wavelengths longer than
385 nm [18-19]. In addition, biocompatible riboflavin (Vitamin B2) has also been
reported as a water-soluble Pl [20]. However, it can only be utilized in expensive
two-photon polymerization printers with extremely tiny build sizes [21]. Furthermore,
it also required a co-initiator (e.g. triethanolamine), nitrogen purge (particularly
sensitive to oxygen), and high power input (>244 mW) [22-24]. Several studies have
also shown that the riboflavin-triethanolamine mixture exhibited a lower
photosensitivity than that achieved from the commercially available water-soluble Pl

(e.g. 12959) [21]. Another highly efficient commercial water-soluble photoinitiator,

TPO-Li, exhibits a significantly improved water solubility compared to that of 12959.

In addition, the polymerization is very fast and double bond conversions of over 97%
are achievable. photopelymerization—efficiency—of mere—than—95%—However, this
molecule_is entymainly sensitive to UV light, whichis-neteondueiveto-the printing-of
hydrogels-that-involvingliving—cells-which is a severe limitation for the printing of
hydrogels involving living cells [25]. Therefore, there is an unmet need for highly

efficient water-compatible Pls with high absorbance in the visible range to enable fast
3D printing of hydrogels.

Recently, we have reported on six naphthalimide derivatives used as efficient
visible-light-sensitive photoinitiators in the combination of lod and amine for free
radical polymerization of acrylates and cationic polymerization of EPOX. However,
only one naphthalimide sodium salt exhibited good water solubility, which can be used
as a highly efficient water-soluble photoinitiator for the preparation of hydrogels. This
encouraging result prompted us to explore further the possibility to prepare novel
water-soluble naphthalimide derivatives with various substituents. [26] In this study,
we designed and synthesized a series of naphthalimide derivatives modified with
different functional groups, of which only two naphthalimide potassium salts (dyes 8
and 9) exhibited excellent water solubility. These two compounds were combined with
aqueous co-initiators to form two- and three-component photoinitiating systems (PIS),
and their photopolymerization efficiencies were investigated by real-time Fourier
transform infrared spectroscopy upon irradiation with a LED@405 nm. After that, the
involved redox mechanisms were investigated by combining several experiments such
as photolysis and fluorescence quenching. The best PIS was chosen to initiate the
photopolymerization of poly(ethylene glycol) diacrylate (PEG-DA) aqueous

monomers while reducing the silver ions dispersed in the formulations into silver



nanoparticles. Due to the aqueous monomers used in this experiment, we evaluated the
swelling properties of the produced hydrogels via rapid 3D printing using a low-cost
SLA-based 3D printer without any organic solvents through two routes. Finally,
Escherichia coli was selected to explore the effect of the antibacterial activity of

PEG-hydrogels containing different concentrations of AgNPs.

Naphthalimide Derivatives

dye 1 dye 2 dye 3 dye 4
(o] (o} o o
v s =) o OO
/—/ o [} — [ [
o) [0}
dye 5 dye 6 OEt dye 7 o
o o N
O o 0 5
A W, )
o9 \ ~
S wl) O
o o
o, o o)
dye8 o°K® dye9 dye 10 o°Ok®
o o o o
W, W, @,
N N N
e ) cans <y
0 —/ [ 0
Additives ‘ Monomer
PE,” HO :
I J\H [0} \L : [0}
. OH :
><©/ O% T I T N B Lo e
H . | n
NH, H : (o)

OH
riethanolami Poly (ethylene glycol) diacrylate
Speedcure 938 (Iod) L-Arigine (L-Arg) Tr lc“;:.:?i‘;mmc (PEG-DA)

Scheme 1. Chemical structures of the naphthalimide derivatives used as Pl, additives of
Speedcure 938 (lod), L-Arginine (L-Arg), Triethanolamine (TEA), and the functional

benchmark monomer (PEG-DA) used in this work.

2. Materials and Methods
2.1. Chemical Compounds

The functional benchmark monomer used in this work, namely, poly(ethylene
glycol) diacrylate (PEG-DA: SR 610) was purchased from Sartomer-Europe
(Colombes). The water-soluble co-initiator triethanolamine and L-Arginine (TEA/
L-Arg, used as an electron donor), as well as bis-(4-tert-butylphenyl)iodonium

hexafluorophosphate (lod, used as an electron acceptor) were all purchased from



Sigma-Aldrich (Saint-Quentin-Fallavier). Their molecular structures are shown in
Scheme 1. The solvent (i.e. Dimethyl sulfoxide) was also purchased from
Sigma-Aldrich and was of analytical grade. Naphthalimide derivatives were prepared
as described in Supporting Information and their chemical structures are also shown in
Scheme 1 (dyes 1-10). It has to be noticed that compounds 1, 2, 3, 4 and 10 were
previously reported in the literature [27-31]. Compound 5 was synthesized in one step,
by condensation of 6-(propylthio)-1H,3H-benzo[de]isochromene-1,3-dione (dye 1)
with 4-aminophenylacetic acid, furnishing
2-(4-(1,3-dioxo-6-(propylthio)-1H-benzo[de]isoquinolin-2(3H)-yl)phenyl)acetic acid
(dye 5) in72% yield. By use of an ag. KOH solution, the anion of dye 5 could be
prepared in 66% yield (dye 9). Dyes8 and 6 were prepared from the same intermediate
i.e. 4-((6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)methyl)cyclohexane-1-
carboxylic acid. By use of aqueous conditions, dye 8 could be obtained in 78% yield.
Conversely, dye 6 was prepared in 84% yield by esterification of the corresponding
acid. Finally, dye 7 and dye 10 were also obtained by esterification with ethanol using a
catalytic amount of concentrated sulfuric acid. The two dyes i.e. dyes 7 and 10 were

obtained in 91 and 66% yield respectively (See Scheme 2).
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Scheme 2. Synthetic routes to dyes 5-10.

2.2. Water solubility of proposed naphthalimide derivatives.
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The previous researches of our group have shown that some naphthalimide
derivatives can be dissolved in water [31]. Therefore, in this work, 10 different
naphthalimide derivatives were synthesized and used as visible light-sensitive
photoinitiators. Water solubility of the ten dyes was investigated in deionized water and

the best candidates were selected for the following studies.

2.3. Photopolymerization Experiments

Initiating ability of the one/two/three-component systems (dyes alone, dyes/lod,
dyes/TEA or L-Arg, dyes/lod/TEA or L-Arg) comprising the selected water-soluble
dyes was examined for an aqueous monomer (50% PEG-DA/50% water) and studied
by real-time Fourier transform infrared spectroscopy (RT-FTIR, JASCO FTIR 4100,
Lisses, France). Co-initiators TEA and L-Arg are hydrophilic substances that dissolve
readily in an agqueous monomer, with the water solubility of TEA being greater than
that of L-Arg. However, the iodonium salt also cannot dissolve in water, but the
presence of PEG-DA allows it to be well-dispersed in an aqueous monomer. A visible
light LED@405nm whose intensity is about 110 mW/cm? was used to initiate the
polymerization of photosensitive formulations between two polypropylene (PP) films
with a thickness of 0.1 mm or into molds (between two polypropylene films) with a
thickness of 2 mm to reduce O inhibition. The monitored peak is located around 1600

cm’® (thickness of about ~ 0.1 mm) or 6160 cm™* (thickness ~ 2 mm) [32].

2.4 Involved mechanism research
2.4.1 UV-Vis absorption properties of the selected dyes and their photolysis process
and fluorescence quenching process with lod and amine

A JASCO V730 spectrophotometer was used to study the UV-vis absorption
properties of the proposed water-soluble dyes. Analyses were carried out in the water
with a concentration of 5x10° wt%. As the iodonium salt is insoluble in water,
photolysis of the dyes with lod/amine and the dyes alone in DMSO was carried out
using the JASCO V730 spectrophotometer, keeping the concentration of the
water-soluble dyes at 5x10° wt%, while for the co-initiators (e.g. lod and amine),
concentrations were at about 1.5 wt% [33].

In addition, fluorescence spectra of the selected dyes were determined using a
JASCO FP-6200 Spectro fluorimeter at a concentration of 5x10° wt% in water.

Fluorescence quenching of the dyes with lod or amine was carried out in DMSO at a



concentration of about 5x10° wi% and 1.5 wi%, respectively. The excitation

wavelength was around 300~350 nm.

2.4.2 Electron spin resonance (ESR) spin trapping experiments (ESR-ST) and the free
energy changes of dyes with lod/amine

Radicals generated by the interactions between the proposed water-soluble dyes
with lod or amine under sunlight irradiation were trapped by PBN (0.25 wt%) in N2
saturated DMSO solutions and then monitored using an X-band spectrometer (Bruker
EMX-plus) at room temperature. Finally, the obtained ESR spectra were simulated and
analyzed using WINSIM software [34].

Remarkably, the free energy changes (e.g. AGs1' or AGs:15°8) were calculated to
detect the electron transfer reactions between the dyes and the additives (lod/amine)
and to support the experimentally observed photopolymerization processes. Redox
potentials (Eox and Ered) of the proposed dyes were determined by cyclic voltammetry
in DMSO, and E*, corresponding to the excited state energy level of the dyes, as

determined by the intersection of their normalized UV-visible and fluorescence spectra.

2.5 Dynamic time sweep rheology and Tensile strength of the manufactured hydrogel.

Photopolymerization processes of all formulations were further examined by
dynamic time-scan rheology. Specifically, 40 uL of photosensitive resin was dropped
on a glass slide and then measured at a constant frequency of 0.1 Hz at 25 °C using a
Haake-Mars rotational rheometer with LED@405nm.

Tensile strength of the fabricated hydrogels (width ~4 mm, length ~50 mm, height
~2.5 mm) was measured using an Instron dynamometer at a displacement rate of 10
mm/min at room temperature until rupture. From the subsequent stress/strain curves,
the final tensile strength and modulus of elasticity could be calculated. At least, three

measurements were made for each specimen and the average value is reported [35].

2.6 Preparation of silver nanoparticles (AgNPs)

2.6.1 Preparation of AgNPs in DMF/ water using the proposed water-soluble PIS
DMPF/water solutions containing 0.5 wt% three components PIS (dye/lod/EDB)

and 4 wt% silver nitrate were irradiated with visible light and their absorption spectra

were measured at different times using a JASCO V730 spectrophotometer to confirm

whether silver nanoparticles were producted under visible light irradiation [36].



2.6.2 Preparation of AgNPs in hydrogels

Hydrogels containing AgNPs were prepared by adding different proportions of
AgNOs (1 wt%, 2 wt%, 4 wt%, and 8 wt%) in an aqueous monomer (50 wt%
PEG-DA/50 wt% water), in which the dyes/lod/amine (0.1 wt%/1.5 wt%1.5
wt%)-based three-component PISs were completely dissolved. The resulting solutions
were stirred at room temperature for 1 h to ensure that the salt was well distributed in
the photosensitive formulations. Real-time FTIR spectroscopy was then used to track
the monomer conversion, which not only allowed to examine the impact of the
presence of the silver cations on the initiation ability of the proposed water-soluble PIS,
but also allowed hydrogels containing different ratios of uniformly distributed silver

nanoparticles to be prepared.

2.7 Applications in 3D and 4D.
2.7.1 Laser writing experiments to prepare hydrogels

Photosensitive formulations were prepared in aqueous monomer (50 wt%
PEG-DA/50 wt% water), in which the proposed dye/lod/amine-based PIS and/without
metal salt (AgNOs) were well distributed. Then, all direct laser writing experiments
were successfully performed under air at room temperature using a SLA-based 3D
printer with a laser diode at 405 nm (Thorlabs). Finally, topography and precision of the
obtained 3D patterns were analyzed using a numerical optical microscope (DSX-HRSU

from Olympus Corporation).

2.7.2 Swelling Experiments of the obtained hydrogels

Since the aqueous monomer contains 50% water, two approaches were used in this
work to study the swelling properties of the resulting hydrogels. The first approach
consisted in soaking the obtained hydrogels directly in deionized water at room
temperature for 24 hours and then measuring their wet weight (Wt) and volume (V1)
after reaching swelling equilibrium. Then, the swollen hydrogels were heated in an
oven at 40°C to remove the absorbed water, while their weight and volume were also
measured. Another method consists in first heating the obtained hydrogels in an oven at
40°C to remove their internal moisture and then perform the subsequent swelling test
according to the specific steps of the first method. The swelling ratio and volume

change value of the obtained hydrogels were determined by comparing their wet weight



(Wt) and volume (V1) values after reaching the swelling equilibrium with their initial
values [37].

2.8 Antibacterial activity of hydrogels with different content of AgNPs.

To demonstrate the effect of different contents of AgNPs in hydrogels on the
antibacterial activity, Escherichia coli was selected as a bacterial model in this work.
PEG-hydrogel without AgNPs was used as a reference to systematically investigate the
antibacterial activity of the obtained PEG-hydrogels with different content of AgNPs (1
wit%, 2 wt%, 4 wt%, 8 wit%). The bacterial strains were stored in 15% glycerol at -80
°C. The strains were cultured in LB medium (Lennox L: 1% bacto -tryptone, 0.5%
bacto-yeast extract, 1% NaCl, NaOH [3 x 1073M]) at 37 °C. Prior to contact with the
PEG-hydrogels, an overnight culture was established to start a new culture until
ODsgonm = 1 (approximately 10° bacteria/ mL). 100 pL is used to inoculate the new LB
agar dish. After overnight growth in contact with PEG-hydrogels, the antibacterial
activity was directly observed [38-39].

3. Results and Discussion
3.1 Water solubility of proposed naphthalimide-derivatives.

Since the previous work of our group has shown that some naphthalimide
-derivatives have good water solubility, in this work, 10 different naphthalimide
-derivatives were synthesized and used as photosensitive initiators. As can be seen in
Figure 1, dyes 1, 2, 4, 6, and 7 were completely insoluble in water. Conversely, dyes 3,
5, and 10 were slightly soluble in water and their aqueous solutions were pale yellow
and cloudy. Remarkably, dyes 8 and 9 were soluble in water as their solutions were
yellow, clear, and transparent.

To confirm the solubility of these two dyes in water, concentration of these dyes in
water was gradually increased. Figure S1 shows images of these two dyes in water at
different concentrations from 0 to 10 wt% (more specifically 0.1 wt%, 1 wt%, 3 wt%, 5
wt%, 6 wt%, 7 wt%, 8 wt%, and 10 wt%). Color of the aqueous solution of dye 8
gradually deepened from colorless to yellow, and the solution remained clear and
transparent until the concentration increased to 10%. For dye 9, the color of the aqueous
solution also became darker as the concentration increased. However, the aqueous
solution turned from clear to cloudy when the concentration increased from 6 to 7 wt%.

It indicated that the solubility of dye 8 is higher than 10%, while 6 wt% may be close to



the saturation concentration for dye 9 in water, which is larger than that of the
commercially available water-soluble photoinitiator (e.g. the solubility of 12959 is
about 0.47 wt% [17]).

Figure 1. Images of 10 different dyes based on naphthalimide-derivatives in water at a

concentration of 0.1 wt%.

3.2. Photopolymerization efficiency of the proposed water-soluble dyes based PIS

Photoinitiation ability of dyes 8 and 9 in combination with additives (lod,
TEA/L-Arg) as photoinitiating systems was investigated under visible light
LED@405nm irradiation in laminate. Polymerization profiles of the aqueous monomer
PEG-DA (50 wt% PEG-DA/50 wt% water) are depicted in Figure 2, deep curing
cannot be observed in the formulations containing only dyes 8 or 9. After the addition
of co-initiators or additives, initiation ability of the dye-based two-component PIS
(Dye-lod, Dye-TEA, and Dye-L-Arg) was improved so that a deep-curing could now
occur at a thickness of about 2 mm. While for thin films of about 0.1 mm, except for
dye 8 with the TEA/L-Arg based formulation, all other resins could also be
polymerized to form hydrogels.

To further improve the efficiency of the free radical photopolymerization of
waterborne monomer PEG-DA, a co-initiator lod and an additive TEA/L-Arg were
added and combined with the water-soluble dyes to form a three-component
photoinitiating system (dye-lod-TEA/dye-lod-L-Arg). Although lod is insoluble in
water, they were fully dispersed in the resins in the presence of PEG-DA. As shown in
Figure 2, dye 9-lod-TEA based three-component PIS achieved the best polymerization
efficiency including higher final acrylate functional conversion (about 97% for thick



films and 71% for thin films) and higher polymerization rate (the slope of the
polymerization curves). In addition, all of them can be deeply cured within 100 s of
light exposure.
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Figure 2. Photopolymerization kinetics (conversion of acrylate function vs. time) of
the aqueous monomer PEG-DA (50 wt% PEG-DA/50 wt% water) initiated by dyes 8/9
based  one/two/three-component  photoinitiating  systems  (dyes, dye-lod,
dye-TEA/L-Arg, dye-lod-TEA/L-Arg) in the laminate upon irradiation with a LED @
405 nm with a thickness of (A) 0.1 mm and (B) 2 mm. The irradiation starts at t = 10 s.

Final Function Conversions of Waterborne Monomers
(50%PEG-DA-50%Water)
Dye 8 Dye 9
Thin Thick Thin Thick

Dye - - - -
Dye-lod 37 92 15 96
Dye-TEA - 89 23 87
Dye-L-Arg - 64 67 86
Dye-lod-TEA 67 98 67 97
Dye-lod-L-Arg 83 94 71 97
lod-TEA 45 96 45 96

“-” means no deep-curing can be observed

Table 1. Summary of the final function conversions of agueous monomers (50 wt%
PEG-DA/50 wt% water) at LED @ 405 nm initiated by dyes 8/9 based
one/two/three-component photoinitiating systems (dyes, dye-lod, dye-TEA/L-Arg,



dye-lod-TEA/L-Arg) in laminate upon irradiation with a LED @ 405 nm having a

thickness of about 0.1 and 2 mm.

3.3. Investigation of the mechanism involved.

Absorption property of the selected water-soluble dyes 8 and 9 was investigated

relatively broad absorption range, from around 270-550 nm, which guarantees a good

overlap with the emission spectrum of the LED@405 nm used in this work. In addition
to the maximum absorption peak apeared around 300 nm, dye 8 also has two absorption
shoulders about 375 nm and 425 nm, respectively; while dye 9 showed three absorption
peaks around 400 nm, 325 nm and 275 nm, respectively. Furthermore, the extinction

coefficients of these two dyes around 405 nm were summary in Table S1, e.g. 9150

-1 -1 -1 -1
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Figure 3. UV-Vis absorption spectra of dyes 8 and 9 (5x107 wt%) in water

Since lod is not soluble in water, photolysis of these two dyes was carried out
with lod/TEA in DMSO solvent. As shown in Figure S2, absorption intensity of the

characteristic peaks of the dye 8 based one-/two-/three-component photoinitiating



systems (dye 8, dye 8-lod, dye 8-TEA, dye 8-lod-TEA) at 350 nm dropped with light
irradiation, while the absorption intensity of the other peak near 450 nm increased
steadily. This indicated that some new products were generated during the photolysis
process. Moreover, although the combination of dye 8 with lod and TEA reached the
highest dye consumption during the whole photolysis process, the consumption value
was still low (only about 26%).

Interestingly, there was no significant photolysis activity for dye 9 in the
presence of lod, and only the absorption intensity at 340 nm was reduced upon light
irradiation at LED@405nm (see Figure 4). However, substantial changes were
observed in the absorption spectra of dye 9 alone or dye 9 with lod and amine, and
their photolysis (irradiation time 10 min) was faster than that of dye 8 (irradiation
time =60 min), due to its greater molar extinction coefficient at 405 nm (see Table
S1). Furthermore, throughout the photolysis process, the absorption intensity of two
characteristic absorption peaks around 280 nm and 400 nm decreased with light
irradiation, except for a new absorption peak at 340 nm, where the absorption
intensity gradually increased.

Furthermore, -the obvious photolysis process of the two characteristic absorption
peaks at around 280 nm and 400 nm could be clearly observed after the addition of
amine to a solution of dye 9. In addition, two new absorption peaks appeared at 340
and 500 nm, and their absorption intensity gradually increased with continuous
irradiation, accompanied by a red-shift phenomenon. Figure S3 shows that the
consumption of dye 9 reached by the three-component PIS (dye 9/lod/amine) was
slightly higher than that of the two-component PIS based on dye 9/amine
combinations, which are both close to 80% and much higher than the values achieved
with dye 9 alone (e.g. consumption of about 50%). Except for dye 9 and lod, the
consumption of the other three groups is significantly higher than that achieved by
each group of dye 8, which is compatible with their photoinitiation ability shown in
Figure 2.
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Figure 4. Photolysis of dye 9 based one/two/three-component systems (dye 9, dye
9-lod, dye 9-TEA, dye 9-lod-TEA) in DMSO under LED@405nm.

Fluorescence quenching of dye 9 was also performed in DMSO to demonstrate

the feasibility of the interactions between dye 9 and lod/amine. Emission peak of dye

9 appeared at 500 nm, and its intensity steadily dropped after the addition of

lod/amine. Remarkably, the fluorescence quenching process between dye 9 and

lod/amine was depicted as non-linear curvature (shown in Figure 5), which seems

more probable that the two quenching mechanisms static and dynamic quenching

contributed simultaneously [40]. These results demonstrated that both lod and amine

could be utilized as excellent quenchers for dye 9.
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Figure 5. Fluorescence spectrum of the fluorescence quenching process between
(A)(B) dye 9 with lod and (C)(D) dye 9 with amine

To further understand the interactions existing between dye and lod/amine, the
free energy changes of the electron transfer processes (AGiod /AGeps) described in
Scheme 3 were also examined. First, energy of the first excited singlet state (Es1) was
estimated by crossing the standardized absorption spectra with the fluorescence
spectra obtained in DMSO (see Table 3 and Figure S4). Oxidation and reduction
potentials of dye 9 in DMSO were then evaluated using cyclic voltammetry. As
shown in Figure S5, their oxidation and reduction peaks were quite minor due to the
influence of the solvent. Finally, according to the above parameters, the free energy
changes of the electron transfer reactions between the dye and the lod/amine are all
negative, indicating that the electron transfer process between the dye and the two
additives lod/amine may occur, proving the practicality of the involved mechanisms

outlined in Scheme 3.



Dye 8 Dye9

Esi (eV) 3.31 2.72
Eox (eV) - 0.10
Erea (eV) -0.43 -0.51
AGsy 'd - -1.92
AGs1 TEA -1.88 -1.22

Table 3. Parameters of dye 8 and 9 in DMSO: singlet excited state energy (Esi);
reduction potential (Ereq) and oxidation potential (Eox) measured by Cyclic

Voltammetry experiments as well as free energy changes of the electron transfer

processes.
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Scheme 3. The involved mechanisms for the proposed water-soluble PIS.

In ESR-spin trapping research in DMSO solutions containing dye 9-lod or dye
9-amine protected by N2, N-phenyl-tert-butyl nitrone (PBN) was used as a spin trap
agent. Since DMSO is a more polar solvent, both an and an values were increased
compared to those obtained in tert-butylbenzene [41]. As illustrated in Figure 6,
PBN/aminoalkyl radical adducts were detected in the dye 9-TEA system, which
exhibited ultrafine nitrogen and hydrogen coupling constants of 15.0 G and 2.8 G.
Regarding the dye 9-lod formulation, according to experimental results published



elsewhere [42], the hyperfine coupling constant determined by simulated spectra

(Figure 6C and D) revealed the formation of phenyl radical (an = 14.8 G and a4 = 2.6

G).
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Figure 6. ESR spectra of (A) dye 9-TEA with irradiation time = 0 min (black), 5 min

under sunlight; (B) dye 9-TEA system with irradiation time = 5 min (black) and
simulated (red) spectra; (C) dye 9-lod system with irradiation time = 0 min (black)
and 5 min (red); (D) dye 9-lod system with irradiation time = 5 min (black) and

simulated (red) spectra.

3.4 Preparation of silver nanoparticles (AgNPs)

In this study, the proposed water-soluble dyes and additives (lod/amine) were
irradiated at LED@405 nm to generate a series of radicals and cations via a series of
redox reactions (as shown in Scheme 3), mainly initiating the polymerization of
PEG-DA monomers, as well as contributing to the in-situ reduction of AgNOs to
AgNPs. As shown in Figure 7(A), absorbance of the characteristic peak of silver
nanoparticles at 420 nm [43] in DMF solution increased with the sustained light

irradiation, indicating that the proposed photoinitiating system (i.e. dye 9/lod/TEA)



could reduce Ag* to AgNPs [41]. During the irradiation process, color of the solution
changed from light yellow to dark yellow, and a coating of silver nanoparticles was
visible on one side of the cuvette after 100 min of light irradiation (see Figure 7(B)).
Nothing was observed by TEM before the light exposure, while after 100 min of light
irradiation, the generated silver nanoparticles were uniformly distributed in the DMF
solution in the form of round spheres with a size of about 7 nm, accompanied by a
small number of nanoparticles aggregated in the form of larger spheres with a size of
about 20 nm (see Figure S6(A)). Due to the polarity of the water and the effect of
sunlight, a large number of particles with a size of about 10-20 nm can be observed in
the aqueous solution prior to exposure to LED@405nm, (see Figure 7(C) and S6(B));
however, after irradiated for 30 min, the color of the solution deepened, and the
particles increased and agglomerated in irregular shapes (see Figure 7(C) and S6(C)).

Furthermore, we used RT-FTIR to investigate the influence of the presence of
different concentrations of silver ions on the photopolymerization efficiency of
PEG-DA aqueous monomer. Figure 7(D) shows that the inclusion of a tiny amount of

silver ions (=< 1%) had no significant effect on the polymerization of PEG hydrogels,

which may be deep-cured within 100 s with a final acrylate functional conversion of
about 99%. When the concentration of silver ions was raised to 8%, polymerization
efficiency of PEGDA monomers decreased noticeably, and the final functional
conversions dropped to 55%, owing to the competition between the polymerization of
PEGDA monomers and the reduction of Ag+ to AgNPs. Furthermore, the solution
darkened with increasing silver ion concentration, impeding the light penetration. The
upper surface of the produced PEG hydrogel was covered with silver nanoparticles,
whereas the silver nanoparticles on the bottom surface were less and aggregated into

clusters due to the influence of light penetration (see Figure S6 (D-E)).
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Figure 7. (A) In-situ photochemical preparation of AgNPs with 0.1 wt% dye8-1.5 wt%
TEA-1.5 wt% lod (0.1 wit%) and AgNOs (4 wt%) in DMF followed by UV-Vis
absorption spectroscopy in air atmosphere; (B) The color changes of DMF containing
0.1 wt% dye8-1.5 wt% TEA-1.5 wt% lod (0.1 wt%) and AgNO3 (4 wt%) after 100
mins light irradiation; (C) The color changes of water containing 0.1 wt% dye8-1.5 wt%
TEA-1.5 wt% lod (0.1 wt%) and AgNOs (4 wt%) after 30 mins light irradiation; (D)
Photopolymerization kinetics of dye 9 with the additive (1.5 wt% TEA/L-Arg and 1.5
wt% lod) and different concentration of AgNO3s in the monomer of PEG-SR 610 (50
wit%)-water(50 wt%) upon LED@405 nm irradiation. (thickness is about 2 mm) and
the irradiation starts fromt=10s.

3.5. Mechanical properties of obtained hydrogels.

Photoinitiation ability of the water-soluble dyes-based PIS was further explored
by measuring the change in storage (G') modulus during the formation of hydrogels via
photopolymerization using a Haake-Mars rotational photo rheometer with time-scan
experiments, the irradiation starts at t =20s and the results are presented in Figure 8(A).

In comparison to the commercially available water-soluble UV photoinitiator 12959,



the water-soluble photoinitiating system not only exhibited higher water solubility but
also was appropriate for visible light and demonstrated better photopolymerization
efficiency (slope of the curve, the larger the slope the higher the polymerization
efficiency). Within 100 s, all three-component PIS based on dyes 8 and 9 were able to
complete the phase transition and reached the maximum storage modulus (G'). PIS
based on dye 9 demonstrated a much higher polymerization efficiency than that of dye
8 based PIS. Effect of varying the silver ion concentrations on the polymerization
efficiency under visible light was further investigated. Addition of 1wt%, 2 wt%, and 4
wit% silver ions had no effect on the ultimate storage modulus (G') of the fabricated
hydrogels; however, the polymerization efficiency of the photosensitive formulations
reduced dramatically with increasing silver ion concentration.

Furthermore, as shown in Figure 8(B), the PEG hydrogels produced with 12959
reached a 10% elongation strain, equivalent to tensile fracture energy of roughly 0.9
MPa. Under visible light irradiation, the elongation and the corresponding fracture
potential of the PEG hydrogels prepared with the PIS based on water-soluble dyes were
lower than those prepared with 12959, with the exception of the dye 9-lod- TEA based
P1S, which the elongation of the hydrogels prepared reached 13%. FTIR results showed
that there was no significant difference in the photopolymerization efficiency of the
water-soluble PIS consisting of L-Arg or TEA as amines paired with lod and dye.
However, TEA was eventually chosen as the electron donor (amine) due to its better
stability and water solubility than L-arg. Subsequently, the tensile properties of
dye-lod-TEA and dye-lod-L-Arg-initiated hydrogels were studied, and the results
demonstrated that the hydrogels prepared from dye-lod-TEA displayed longer
elongation strain and higher fracture potentials, proving that TEA is more suitable to be
used as an electron donor. Furthermore, the stretching properties of the dye 9-based
hydrogels were much better than those of dye-8, which corresponded to the superior
photoinitiation ability of the dye-9-based PIS. More crucially, with the addition of
silver ions, the dye-lod-TEA based PIS initiated free-radical photopolymerization and
also reduced the silver cations to silver nanoparticles. These two processes competed
with each other, resulting in a considerable drop in the polymerization efficiency of the
photosensitized formulations and a steady weakening of the tensile properties of the

produced hydrogels with increasing silver ion concentration.
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Figure 8. (A) The storage (G’) modulus of hydrogels during the
photopolymerization process initiated with 0.5 wt% 12959 and dyes-based
three-component PIS with/without AgNOs; (B) Tensile property of hydrogels obtained
with 0.5 wt% 12959 and dyes-based three-component PIS with/without AgNOa.

3.6 Applications in 3D and 4D printing.

Since dyes 8 and 9 /lod/TEA-based PISs displayed excellent
photopolymerization efficiencies under visible light irradiation, laser write experiments
were directly carried out to fabricate the PEG-hydrogels. The sensitive formulations
were effectively written to generate stable 3D hydrogels, as illustrated in Figure 9. In
comparison to the dye 8/lod/amine-based PIS, the dye 9/lod/amine-based formulation
needed a reduced irradiation time (~ 1 min) to achieve a 3D pattern with a thickness of
roughly 2.3 mm. In addition, incorporation of AgNOs to the formulation required a
longer irradiation time (~ 5 min) to obtain 3D patterns whose thickness decreased into
1.9 mm (see Figure 9(C-D)), demonstrating that the presence of AgNOs significantly
reduced the polymerization efficiency of PEGDA, which was in full agreement with the

results obtained for free radical polymerization.
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Figure 9. 3D morphologies of the 3D patterns obtained through the direct laser write

experiment initiated with proposed water-soluble dyes-based PIS in PEG-DA aqueous
monomer characterized by numerical optical microscope: (A) initiated by dye
8-lod-TEA,; (B) initiated by dye 9-lod-TEA; (C) initiated by dye 8-lod-TEA with 4
wt% AgNOs; (D) initiated by dye 9-lod-TEA with 4 wt% AgNOs,

Since the water content of the monomer used was about 50 wt%, the swelling
properties of the obtained four kinds of PEG-hydrogels were investigated using two
methods: direct immersion in water until swelling equilibrium was reached as well as
dehydration to remove the internal water before immersion in water. The swelling ratio
of each group of hydrogels was calculated by comparing their initial wet weight to the
wet weight after attaining the swelling equilibrium, and the result was shown in Figure
10. PEG hydrogels initiated by dye 8-based PIS exhibited an improved hydrophilicity
during swelling in water after dehydration, with the swelling ratio increasing from 35%
achieved from the direct swelling process to 55%. However, the immediately swollen
process of PEG hydrogel prepared by the dye 9 based PIS displayed greater
hydrophilicity, with a swelling ratio of about 70%, which is much higher than that of
post-dehydration swelling (~57%). Furthermore, introduction of AgNPs into PEG
hydrogels also reduced their hydrophilicity (e.g. the swelling ratio of PEG hydrogels



prepared by dye 9/lod/amine decreased from 70% to 35%). Figure 11 and Table S2
clearly show that the morphology and the volume of the PEG-hydrogel also changed
significantly during these two swelling processes.
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Figure 10. Swelling ratio of PEG hydrogels and AgNPs contained PEG hydrogels
initiated with water-soluble dyes 8 and 9 based PIS obtained by two swelling routes.
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Figure 11. Photos of PEG hydrogels and AgNPs contained PEG hydrogels during the
swelling process: route 1 - initial morphology, morphology at swelling equilibrium
and morphology after dehydration; route 2 - initial morphology, morphology after

dehydration, and morphology at swelling equilibrium

3.7 Antibacterial activity of hydrogels with different content of AgNPs.

Numerous studies have demonstrated that AgNPs have broad antibacterial
activities and represent a new generation of antibacterial agents [44-46]. Therefore, in
this work, Escherichia coli was selected to study the antibacterial effect of the
prepared AgNPs-containing PEG hydrogels. Initially, the culture of E. coli was
carried out in solid LB-agar, pure PEG hydrogel was used as the control group, and
hydrogels with different contents were used as the experimental group. A halo of
growth inhibition was clearly observed only around the hydrogels of the experimental
group (see Figure 12(A)). Second, in order to determine the effect of different
contents of AgNPs-PEG hydrogels on the antibacterial effect, we calculated the area
of the antibacterial ring of each group, as shown in Figure 12(B), with the increase of
AgNPs content, its antibacterial activity also increased. Considering the
polymerization efficiency of the hydrogels with different contents of silver
nanoparticles and the mechanical properties of the prepared hydrogels,
AgNPs-containing PEG-hydrogels prepared with 4% AgNOs were finally selected as

the best combination for the preparation of antibacterial material.
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Figure 12. (A) Pictures of Escherichia coli in presence of PEG, AgNPs contained PEG
pellet during the overnight culture at 37°C; (B) the areas of halo of growth inhibition
appeared around different content of AgNPs contained PEG pellet. (PEG
hydrogel-control; 1% AgNPs contained PEG hydrogel -sample 1; 2% AgNPs



contained PEG hydrogel - sample 2; 4% AgNPs contained PEG hydrogel - sample 3;
8% AgNPs contained PEG hydrogel - sample 4).

4. Conclusions

In this research, a series of new naphthalimide derivatives that can be used for the
3D printing of hydrogels was prepared to address the challenge of developing highly
efficient water-soluble Pls in the UV-visible region. The prepared two naphthalimide
potassium salts (dyes 8 and 9) not only showed water solubility far beyond that of the
commercially available PI (12959), but also achieved extremely high polymerization
efficiency when used in combination with a co-initiator (lod/amine) under visible light
irradiation. We fabricated hydrogel scaffolds with high resolution using an SLA-based
3D printer, and they exhibited better mechanical properties than the hydrogels prepared
from the photoinitiator 12959. The advantage of the proposed dyes-based aqueous PIS
is the high photoinitiation efficiency for aqueous monomer PEG-DA while reducing
Ag* to AgNPs to prepare the antibacterial hydrogels, where the optimal antibacterial
concentration of silver nitrate used was 4 wt%. In conclusion, our developed aqueous
Pls showed better performance than the existing commercial aqueous PI 12959, thus

offering various new possibilities for a wide range of applications.

Supplementary Materials: The following Supporting Information is available online.
Figure S1. The photos of different concentrations of dyes 8 and 9 in water. Figure S2.
The photolysis of dye 8 based one/two/three-component photoinitiating systems.
Figure S3. The consumption of dyes 8 and 9 during the photolysis process. Figure S4.
The normalized absorption and emission spectrums of dyes 8 and 9 in water. Figure S5.
The Cyclic Voltammetry of dyes 8 and 9 was determined in DMSO. Figure S6. The
TEM and SEM of AgNPs generated in DMF, in water, and within PEG-hydrogels.
Table S1. The volume changes during the swelling process. The synthesis of different

11 kinds of naphthalimide derivatives.
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