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The paper reports a series of three new PEGylated phenothiazine derivatives which keep the potential of valuable building blocks for preparing eco-materials addressed to a large realm of ﬁelds, from bio-medicine to
opto-electronics. They were synthetized by connecting the hydrophilic poly(ethylene glycol) to the hydrophobic
phenothiazine via an ether, ester, or amide linking group. The successful synthesis of the targeted polymers and
their purity were demonstrated by NMR and FTIR spectroscopy methods. Their capacity to self-assembly in
water was studied by DLS and UV–vis techniques and the particularities of the formed aggregates were investigated by ﬂuorescence spectroscopy, SEM, AFM, POM and UV light microscopy. The biocompatibility was
assessed on normal human dermal ﬁbroblasts and human cervical cancer cells. The synthetized compounds
showed the formation of luminescent aggregates and proved excellent biocompatibility on normal cells. In
addition, a concentration dependent cytotoxicity against HeLa cancer cells was noticed for the PEGylated
phenothiazine containing an ester unit.

1. Introduction
Phenothiazine is a valuable building block for the synthesis of a
wide range of compounds useful in various domains, from optoelectronics [1] to medicine [2]. The high potential for such diverse applications is supported by its chemical structure and the ability to promote
supramolecular assembly. Phenothiazine is a fused tricyclic system,
with two heteroatoms on the median axe of the central ring. This results
in a bent shape, known as „butterﬂy geometry”, which impacts the
supramolecular self-assembling of the compounds containing it, usually
involving large inter-molecular distances. The two heteroatoms ensure
a strong electron-donor character, which is exploited in the synthesis of
donor-acceptor systems with extended electron delocalization and good
charge mobility, property required for the active substrate in the organic solar cells, ﬁeld eﬀect transistors (OFETs) and light emitting
diodes (OLEDs). The large intermolecular distances facilitate the luminescence in solid state, property required by the OLED materials, as
they hinder the luminescence quenching by excimer formation [3].
In medicine, phenothiazine demonstrated a versatile biological activity, being used in the synthesis of many classes of drugs, such as
bactericides, fungicides, antitumor, antiviral, anti-inﬂammatory, antimalarial, antiﬁlarial, trypanocidal, anticonvulsant, analgesic and immunosuppressive agents [4]. For cancer therapy, the phenothiazine⁎

based derivatives already proved selective eﬃciency towards several
cancer lines [2]. Due to their high bioactivity, they are promising as
multifunctional drugs in the palliative therapy of the cancer patients; its
analgesic and antipsychotic activity can overcome the side eﬀects of
chemotherapy, such as nausea or vomiting [5].
The main drawback of the phenothiazine derivatives is their low
solubility in environmental friendly solvents or water bio-dispersant
[6]. This limits their bioavailability in bio-applications and the ability
to be manufactured as solid materials for optoelectronics. The use of
highly polar solvents generates high amounts of residual toxic pollutants, which are hazardous for environment and threatening for the
health [7]. This issue was partially addressed by grafting hydrophobic
chains at the phenothiazine nitrogen or bulky units on the phenothiazine core [8]. For instance, improved water solubility was attained
using diethanolamine [9] or quaternary ammonium salts [10] as
grafting groups. Few recent studies reported excellent water solubility
by grafting ethylene oxide units at the nitrogen atom of phenothiazine
[11,12] or inserting poly(ethylene glycol) in the main backbone [13],
but no linkage of the poly(ethylene glycol) as lateral chain of phenothiazine was reported so far. The experience of our group in the
phenothiazine domain made us aware of the challenges raised by the
phenothiazine insolubility for real world applications [14–20]. To
overcome this issue we designed a material consisting of the
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100 mL ethanol at 60 °C under magnetic stirring, kept for 30 min to
appear the crystals, and then ﬁltered again, when colourless crystals
were obtained. η = 66%; mp 101–103 °C. 1H NMR (400 MHz,
DMSO‑d6, ppm) δ = 7.17–7.12 (m, 4H, H1, H2, H8, H9), 6.97–6.93 (t,
2H, H3, H7), 6.69; 6.67 (d, 2H, H4, H6), 4.67 (s, 2H, H11), 4.26–4.21
(q, 2H, H13), 1.28–1.24 (t, 3H, H14); 13C NMR (100 MHz, DMSO‑d6,
ppm) δ = 169.98 (C12), 144.21 (C1a,9b), 127.40 (C1, 9), 127.07
(C2,8), 123.42 (C4a, 6b), 123.05 (C4, 6), 114.62 (C3, 7), 61.68 (C13),
51.09 (C11), 14.31 (C14); FT-IR (KBr, cm−1): 3008 (νCH aromatic),
2931 (νCH aliphatic), 1727 (νC=O), 1589, 1566 (νC=C), 1216 (νC-OC), 857, 749, 710 (δC-H).
2-(10H-phenothiazin-10-yl) acetic acid (PAcOH) was prepared by a
saponiﬁcation reaction of the phenothiazine ester, following a reported
procedure [32].

hydrophobic phenothiazine heterocycle and hydrophilic units. To reach
this aim we selected the poly(ethylene glycol) (PEG), a water soluble,
biocompatible polymer approved by US-FDA, which is frequently used
for bio-applications, especially for gene therapy [21,22], tissue engineering [23] and drug formulations [24–27]. Its successful use for
bio-applications is further supported by other properties, such as nontoxicity, biologic inertness, resistance to protein adsorption, while it is
easy eliminated either by renal or hepatic pathways [28].
Having in mind this state of the art, we designed and synthetized
new PEGylated phenothiazine compounds by connecting the two units
(i.e. phenothiazine and PEG) via an ether, ester, or amide linking group.
The design took into consideration the valuable properties of the units,
which keep the promise to yield valuable building blocks for bio-applications and ecological opto-electronic materials as well. Amide or
ester linking units were selected aiming to achieve well-ordered supramolecular assemblies [29,30] and to confer ability of molecular
recognition of the biomolecules of human body [31]. The puriﬁcation
method of the targeted compounds was optimized to provide pure
samples with high yield.
2. Experimental
2.1. Materials
Phenothiazine 98%, ethyl bromoacetate 98%, sodium hydride 95%,
metoxy poly(ethylene glycol) (550 Da, polymerization degree:11–13),
p-toluenesulfonyl chloride 98%, pyridine 99.8%, trimethylamine (TEA)
99%, N-hydroxysuccinimide (NHS) 98%, N-(3-dimethylaminopropyl)N′-ethylcarbodiimide hydrochloride (EDC.HCl) 98% were purchased
from Aldrich; sodium hydroxide 97% and methoxy poly(ethylene
glycol) amine (750 Da, polymerization degree:16–18) were from Fluka
and 4-(dimethylamino)-pyridine was from Merck. All the reagents and
solvents were used as received.

In a round bottom ﬂask were introduced 2 g PAcOEt (1 eq), 1.75 mL
sodium hydroxide 40% (3.5 eq) and 20 mL methanol, under vigorous
stirring, at 60 °C. After 4 h, the reaction mixture was cooled down to
room temperature, and then 30 mL of HCl 0.5 M was added to decrease
pH to 5–4, when a white precipitate was obtained. The crude product
was ﬁltered and dried 24 h under vacuum to give a grey powder.
η = 91; mp = 189–190 °C. 1H NMR (400 MHz, DMSO‑d6, ppm)
δ = 13.1 (s, 1H, H13), 7.18–7.10 (m, 4H, H1, H2, H8, H9), 6.96–6.92
(t, 2H, H3, H7), 6.71; 6.70 (d, 2H, H4, H6), 4.56 (s, 2H, H11); 13C NMR
(100 MHz, DMSO‑d6, ppm) δ = 170.85 (C12), 143.83 (C1a, 9b), 127.53
(C1, 9), 126.58 (C2,8), 122.73 (C4, 6), 121.40 (C4a, 6b), 114.98 (C3,
7), 49.70 (C11); FT-IR (KBr, cm−1): 3340 (νO-H), 3095-3066 (νCH
aromatic), 2962-2935 (νCH aliphatic), 1760, 1701 (νC=O), 1593, 1571
(νC=C), 1465 (δCH2), 1442, 1425(δO-H), 1226, 1211 (νC-N).
2,5-Dioxopyrrolidin-1-yl 2-(10H-phenothiazin-10-yl)acetate (PAcOS)
was prepared by a phenothiazine activated ester synthesis [32].

2.2. Synthesis
2-(10H-phenothiazin-10-yl) ethyl acetate (PAcOEt) was synthetized
by N-alkylation of phenothiazine.

The synthesis was realized following a slightly modiﬁed literature
protocol [32,33]. In a Schlenk tube placed on an ice bath, were introduced 0.8 g NaH (1.5 eq), 2.8 g K2CO3 (1 eq) and 30 mL DMF, under
nitrogen atmosphere and magnetic stirring. After 10 min, when the
mixture reached 0 °C, a solution of 4 g phenothiazine (1 eq) in 10 mL
DMF was added and the obtained reaction mixture was maintained
under vigorous stirring for 30 min. Then 4.6 mL of ethyl bromoacetate
(2 eq) was slowly dropwise during 10 min, and the obtained solution
was allowed to reach room temperature and kept under vigorous
magnetic stirring. After 23 h, the reaction mixture was precipitated in
water, and the crude product was ﬁltered and puriﬁed by recrystallization from ethanol, when 7.3 g product was dissolved in

In a plate bottom ﬂask, 1 g of PAcOH (1 eq) was dissolved in 17 mL
dichloromethane under magnetic stirring, and then mixed with 0.9 g of
2
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stirring, 0.1 g of PAcOH (1 eq), 3 mL DCM, 0.012 g DMAP (0.25 eq) and
0.428 g metoxy poly(ethylene glycol) (2 eq). After 15 min, 0.1 g of N,
N′-dicyclohexylcarbodiimide (DCC) (1.25 eq) was added, and the reaction mixture was maintained for 20 min at 0 °C, and then for 24 h at
room temperature. The reaction progress has been monitored by TLC.
When the reaction was over, the mixture was ﬁltered, dried under vacuum, re-dissolved in DCM, ﬁltered, and then washed with 100 mL HCl
0.5 M. The organic phase was extracted 3 times with DCM and concentrated by rotary evaporation. The crude product was further puriﬁed
by column chromatography (DCM/methanol, 10/1, v/v) when an orange viscous liquid was obtained. η = 43%; 1H NMR (400 MHz, CDCl3,
ppm) δ = 7.10–7.07 (m, 4H, H1, H2, H8, H9), 6.92–6.89 (t, 2H, H3,
H7), 6.62–6.60 (d, 2H, H4, H6), 4.55 (s, 2H, H11), 4.42–4.40 (t, 2H,
H13), 3.74–3.71 (t, 2H, H14), 3.65–3.60 (m, 30H, H15, H16), 3.37 (s,
3H, H17); 13C NMR (100 MHz, CDCl3, ppm) δ = 169.83(C12), 144.05
(C1a, 9b), 127.00 (C1, 9), 127.00 (C2, 8), 123.00 (C4a, 6b), 123.07 (C3,
7), 114.59 (C4, 6), 70.5 (C14–16), 64.39 (C13), 59.00 (C17), 50.83
(C11); FT-IR (KBr, cm−1): 3097-3063 (νCH aromatic), 2904 (νCH3),
2875 (νCH2), 1742 (νC=O), 1592-1560 (νC=Car), 1467 (δCH2) 1193
(νC-O-C), 1109 (νC-O-C).
Synthesis of 2-methoxy poly(ethylene glycol) 4-methylbenzenesulfonate
(Ts-PEG) by poly(ethylene glycol) tosylation [35].

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC.HCl) (1.2 eq).
After 15 min, when the mixture became a clear solution, 0.55 g Nhydroxysuccinimide (NHS) (1.2 eq) was added, and the reaction mixture was maintained 24 h under stirring at room temperature. Further,
the solution was dried with MgSO4, ﬁltered, and the solvent was removed under reduced pressure. The solid compound was recrystallized
from methanol to give slight pink crystals. η = 65%; mp = 167–169 °C;
1
H NMR (400 MHz, DMSO‑d6, ppm) δ = 7.21–7.17 (t, 4H, H1, H2, H8,
H9), 7.02–6.98 (t, 2H, H3, H7), 6.82; 6.80 (d, 2H, H4, H6), 5.26 (s, 2H,
H11), 2.87 (s, 4H, H15, H16); 13C NMR (100 MHz, CDCl3, ppm)
δ = 168.8 (C14, 17), 165.69 (C12), 143.36 (C1a, 9b), 127.69 (C1, 9),
127.11 (C2, 8), 123.63 (C4a, 6b), 123.54 (C3, 7), 114.8 (C4, 6), 48.78
(C11), 25.63 (C15, 16); FT-IR (KBr, cm−1): 3060 (νCH aromatic), 29932943 (νCH aliphatic), 1817 (νC=O succinimide), 1773-1730 (νC=O
ester), 1590-1568 (νC=C), 1204 (νC-O ester).
N-(methoxy poly(ethylene glycol))-2-(10H-phenothiazin-10-yl) acetamide (PPN) was prepared by the amidation reaction of the activated
ester [33].

In a Schlenk tube immersed into an ice bath, 0.5 g metoxy poly
(ethylene glycol) (1 eq) was dissolved in 1 mL DCM and allowed 5 min
to reach 0 °C. Then, 0.04 mL pyridine (Py) (2 eq) and 0.061 g 4-dimethylaminopyridine (DMAP) (2 eq) were added, and the mixture was
maintained under stirring for 30 min to obtain a non-protonated reaction intermediate. Further, a solution of 0.0712 g p-toluenesulfonyl
chloride (Ts) (1.5 eq) dissolved in 1 mL DCM was slowly dropwise
during 25 min, and the reaction mixture was allowed to reach room
temperature and maintained under vigorous stirring overnight. Finally,
the reaction mixture was dissolved in 150 mL DCM and washed with
100 mL HCl 0.5 N. The organic phase was extracted 5 times with 50 mL
DCM, and dried under vacuum to give a viscous slightly yellow liquid
which was further used without puriﬁcation. η = 92%; %; 1H NMR
(400 MHz, DMSO‑d6, ppm) δ = 7.22–7.13 (t and d superposed, 4H, H1,
H2, H8, H9), 7.06–7.04 (d, 2H, H4, H6), 6.96–6.92 (t, 2H, H3, H7),
4.06–4.03 (t, 2H, H11), 3.76–3.73 (t, 2H, H12), 3.47–3.42 (m, 48H,
H13, H14), 3.24 (t, 3H, H15); 13C NMR (100 MHz, CDCl3, ppm)
δ = 144.8(C6), 132.75 (C3), 129.83 (C1, 5), 127.96 (C2, 4),
70.54–71.90 (C10, 11), 69.25 (C8), 68.64 (C9), 59.01 (C12), 21.63
(C7); FT-IR (KBr, cm−1): 3065 (νCH aromatic), 2875 (νCH aliphatic),
1727 (νC=O), 1693, 1596 (νC=C), 1465 (δCH2 methylene), 1350
(νS=O sulfone), 1108 (νC-O-C).
Synthesis of 10-(methoxy poly(ethylene glycol))-10H-phenothiazine
(PP) by N-alkylation of phenothiazine [12].

In a 30 mL ﬂask, 0.5 g of PAcOS (1 eq) was dissolved in 10 mL
acetonitrile under magnetic stirring, at room temperature. Then, 1.06 g
methoxy poly (ethylene glycol) amine (PEG-NH2) (1 eq) and 0.2 mL
triethylamine (TEA) (2.2 eq) was added. The reaction mixture was
magnetically stirred for 24 h, at the room temperature. The reaction
progress has been monitored by TLC. When the reaction was over, the
mixture was dried under reduced pressure and the crude product was
puriﬁed by column chromatography (eluent: DCM/methanol in 10/1,
v/v) to give a slightly orange viscous liquid which transformed into a
wax when stored into freezer. η = 51; 1H NMR (400 MHz, DMSO‑d6,
ppm) δ = 8.29–8.26 (t, 1H, H13), 7.14–7.08 (m, 4H, H1, H2, H8, H9),
6.94–6.90 (t, 2H, H3, H7), 6.72–6.70 (d, 2H, H4, H6), 4.42 (s, 2H,
H11), 3.52–3.51 (m, 76H, H13, H14), 3.24 (s, 3H, H15); 13C NMR
(100 MHz, CDCl3, ppm) δ = 168.37(C12), 144.36 (C1a, 9b), 127.66
(C1, 9), 127.43 (C2, 8), 124.73 (C4a, 6b), 123.55 (C3, 7), 115.07 (C4,
6), 70.56 (C15,16), 69.60 (C14), 59.03(C17), 52.22 (C11), 39.11 (C13);
FT-IR (KBr, cm−1): 3325 (νNH), 3060 (νCH aromatic), 2919-2880 (νCH
aliphatic), 1690 (νC=O), 1460 (δCH2 methylene), 1250 (δC-N), 1106
(νC-O-C).
Methoxy poly(ethylene glycol) 2-(10H-phenothiazin-10-yl) acetate
(PPO) was synthetized by an esteriﬁcation reaction [34].

In a 10 mL ﬂask cooled at 0 °C, were sequentially introduced, under
3
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In a round bottom three necked ﬂask immersed into an ice bath,
0.065 g NaH (2.2 eq) was dissolved in 7 mL DMF, under nitrogen atmosphere and allowed to reach 0 °C (20 min). Then, a solution of
0.2565 g phenothiazine (1 eq) in 3 mL DMF was added through a
septum. After 20 min, when the mixture got an intense orange colour, a
solution of 0.95 g Ts-PEG (1 eq) in 3 mL DMF was slowly dropwise
during 30 min. After that, the reaction mixture was allowed to reach
room temperature and kept under vigorous magnetic stirring for 24 h.
The reaction progress was monitored by TLC. When the reaction was
ﬁnished, the mixture was washed with brine and ﬁltered to remove
precipitated impurities. The organic phase was extracted 3 times with
DCM, dried with MgSO4, ﬁltered, and then concentrated by rotary
evaporation. The crude product was puriﬁed by column chromatography (DCM:methanol 10:1, v/v) to give a deep red viscous liquid.
η = 37%; 1H NMR (400 MHz, DMSO‑d6, ppm) δ = 7.22–7.13 (t,d, 4H,
H1, H2, H8, H9), 7.06–7.04 (d, 2H, H4, H6), 6.97–6.93 (t, 2H, H3, H7),
4.07–4.04 (t, 2H, H11), 3.76–3.73 (t, 2H, H12), 3.50–3.42 (m, 48H,
H13, H14), 3.24 (t, 3H, H15); 13C NMR (100 MHz, DMSO‑d6, ppm)
δ = 145.02 (C1a,9b), 128.12 (C1, 9), 127.55 (C2,8), 123.76 (C4a, 6b),
123.07 (C4, 6), 116.15 (C3, 7), 70.24 (C13,14), 67.93 (C12),
58.51(C15), 47.52 (C11); FT-IR (KBr, cm−1): 3060 (νCH aromatic),
2870 (νCH aliphatic), 1593, 1570 (νC=C), 1460 (δCH2), 1292 (νC-N),
1110 (νC-O-C), 755 (δC-H).

spectra.
Hydrodynamic diameter and distribution of the particles was measured using Delsa Nano C, Beckman Coulter equipment on water solutions, with concentration from 10 mM up to 10−1 mM, using 1 cm glass
cells, at room temperature (25 °C). The scattering light was measured at
the ﬁxed angle of 165o, pinhole 50 μm, refractive index 1.3328 (water),
viscosity (cP) 0.8878, dielectric constant 77.3. The measurements were
done on fresh solutions and after an ageing period of one weak and
eight weeks, in order to assess the particle stability.
SEM images were acquired with a Scanning Electron Microscope
SEM EDAX – Quanta 200) at lower accelerated electron energy of 20
Kev, on PP sample embedded into a solid matrix (see the preparation of
the aggregates).
Atomic force microscopy was performed on a Solver PRO-M, NTMDT, Russia instrument, in semi contact mode. Nova v.1443 software
was used for recording and analysing the AFM topographic and phase
contrast images. The samples were prepared by casting the solutions of
diﬀerent concentrations on glass lamella.
To investigate the ordered nature of the particles, the samples were
observed with an Olympus BH-2 polarized light microscope on the PP
sample embedded into a solid matrix (see preparation of the aggregates).
Optical micrographs under UV light were obtained with a Nikon
Eclipse TE2000-U microscope equipped with a ﬂuorescence illuminator
with a 450–490 nm (pyronine) band – pass excitation ﬁlter. The samples were prepared by casting solutions on a glass lamella and fast
drying under an UV lamp.

2.3. Aggregate formation
Stock solutions were prepared by dissolving 0.2 mol of compounds
in 2 mL ultrapure water to give 100 mM solutions. Serial dilutions were
then realized by slowly dropping 1 mL of solution of superior concentration in 9 mL water, under vigorous magnetic stirring, for 10 min
(e.g. 1 mL solution 100 mM was dissolved in 9 mL ultrapure water to
give a solution of 10 mM, and so on). For ageing investigation, the
solutions were stored at 25 °C, and magnetically stirred for 10 min
before measurements.
For AFM and microscopy under UV light, the solutions of 1 mM of
the compounds were casted on glass lamella and fast dried under an UV
lamp.
For POM and SEM measurements, the PP compound was embedded
in solid polyvinyl boric acid (PVAB) matrix by microemulsion method,
when a PP solution in water was dispersed in a 7% PVAB water solution
to obtain three diﬀerent concentrations [36]. Thus 100 μL of 100 mM
PP solution was dispersed in 900 μL PVAB solution to obtain 10 mM PP
in PVAB; 100 μL of 10 mM PP solution was dispersed in 900 μL PVAB
solutions to obtain 1 mM PP in PVAB; and 100 μL of 1 mM PP solution
was dispersed in 900 μL PVAB 1 to obtain 10−1 mM PP in PVAB. 300 μL
of each concentration were poured on glass lamella and dried in an
oven under reduced pressure at 50 °C.

2.5. Cell cultures
NHDF cells (normal human dermal ﬁbroblasts cells from PromoCell)
and HeLa cells (human cervical cancer cells from CLS-Cell-LinesServices-GmbH, Germany) were cultivated in tissue culture ﬂasks with
alpha-MEM medium (Lonza) supplemented with 10% fetal bovine
serum (FBS, Sigma Aldrich) and 1% Penicillin-StreptomycinAmphotericin B mixture (10 K/10 K/25 μg in 100 mL, Lonza). Medium
was changed with a fresh one each 3 days. Once cells reached conﬂuency, they were detached with 1× TrypLE™ Express Enzyme
(Gibco), washed with phosphate buﬀered saline (PBS, Invitrogen),
centrifuged at 200× for 3 min and sub-cultured into 96-well plates.
2.6. In vitro cytotoxicity study
Cytotoxicity of the studied compounds was measured using the
CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega),
a metabolic assay (MTS) which measures the mitochondrial reductase
activity in cells. The cytotoxicity was evaluated in water solutions, in a
range of concentrations starting from 10 mM to 10−6 mM. Medium was
used in the control wells. HeLa cells were seeded at a density of 1 × 104
cells per well and NHDF cells were seeded at a density of 5 × 103 in
100 μL culture medium (alpha-MEM medium supplemented with 10%
v/v fetal bovine serum (FBS) and 1% v/v Penicillin-StreptomycinAmphotericin B mixture (10 K/10 K/25 μg) in 96 well cell culture
plates. After 24 h, the medium in each well was replaced with 100 μL
mixture containing fresh medium and the studied solution. After 45 h,
20 μL of CellTiter 96® Aqueous One Solution reagent were added to
each well, and the plates were incubated for another 3 h before reading
the result. Absorbance at 490 nm was recorded with a plate reader
(iMark, Bio-Rad). Cell viability was calculated and expressed as percentage relative to the viability of untreated cells ± SEM (standard
error of the mean), n = 5.

2.4. Equipment and methods
Infrared spectra were recorded on a FTIR Bruker Vertex 70
Spectrometer, in the transmission mode, using KBr pellets, at room
temperature, with a resolution of 2 cm−1 and accumulation of 32 scans.
The spectra were processed using Origin8 software.
NMR spectra were obtained on a Bruker Avance DRX 400 MHz
spectrometer equipped with a 5 mm QNP direct detection probe and zgradients, at room temperature, with an accumulation of 64 scans. The
chemical shifts were reported as δ values (ppm) relative to the residual
peak of the solvent.
UV–Vis absorption and photoluminescence spectra were recorded
on a Carl Zeiss Jena SPECORD M42 spectrophotometer and a
PerkinElmer LS 55 spectrophotometer, respectively, in water solutions,
from 10 mM up to 10−6 mM, using 1 cm quartz cells. The energy band
gap (Eg) was estimated from the equation: Eg = h × c/λmax = 1240.8/
λmax, where h is the Planck constant, c is the light velocity, and λmax is
the wavelength of the absorption maximum, in the optical absorption

2.7. Statistical analysis
Two way ANOVA using Tukey's multiple comparisons test was
performed in GraphPad Prism7 for Windows (GraphPad Software, San
4
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Scheme 1. Synthesis of the PEGylated derivatives.

Diego, CA) to determine the diﬀerences between groups. The diﬀerences are statistically signiﬁcant when P < 0.05.

PP
3. Results and discussions

PPN

T%

3.1. Synthesis
A series of three PEGylated phenothiazine derivatives were synthetized by grafting PEG chains to the nitrogen atom of phenothiazine,
via three diﬀerent connecting units. The connection of PEG to phenothiazine by an ether unit was realized by N-alkylation reaction with a
prior synthetized tosylate PEG derivative (coded PP). The PEGylated
phenothiazine including an amide unit (coded PPN) was prepared by a
reaction' chain via a phenothiazine activated ester intermediate, while
the PEGylated phenothiazine containing an ester unit (coded PPO) was
prepared by an esteriﬁcation reaction of the phenothiazine acetic acid
intermediate. Their synthesis was represented in the Scheme 1.
The successful synthesis of the targeted PP, PPO and PPN compounds was conﬁrmed by FTIR and NMR spectroscopies. FTIR spectra
displayed characteristic vibrations of the phenothiazine ring and PEG
chains for the three compounds, and speciﬁc vibrations bands of amide
and ester linking groups for PPN and PPO, respectively (Fig. 1). Thus,
the amide C=O stretch was noted at 1690 cm−1, while the ester C=O
stretch occurred at 1742 cm−1 [15,33].
In the 1H NMR spectra was noted the disappearance of the chemical
shift characteristic for the proton linked to the nitrogen atom of phenothiazine, and the presence of the chemical shifts of the aromatic and

1690

PPO
1742
3500

3000

2500

2000

Wavenumber (cm-1)

1500

1000

500

Fig. 1. FTIR spectra of the PEGylated phenothiazine derivatives.

aliphatic protons in the right ratio of the integrals. In the case of PPN
derivative, the chemical shift of the amide proton occurred at
8.39–8.26 ppm (Figs. 2, S1) [33]. Moreover, 13C NMR spectra evidenced the chemical shift of all carbon atoms (Fig. S1). All these
spectral data indubitable conﬁrmed the right structure of the PP, PPO
and PPN compounds and their high purity.
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Fig. 2. 1H NMR spectra of the PEGylated derivatives.

[17,40]. The absorption edge laid at 370 nm. For all three studied
compounds (PP, PPO, PPN), the solutions of 10−1, 10−2 and 10−3 mM
preserved the PTZ absorption proﬁle, but the absorption band of lower
energy (279 nm) was bathochromic shifted about 25 nm, to
303–306 nm, phenomenon characteristic to the occurrence of submicrometric particles [19,41]. This indicated the segregation of the
phenothiazine units via intermolecular forces which favoured the
electron delocalization along the phenothiazine, and consequently the
decrease of HOMO-LUMO band gap (Table 1). Besides the bathochromic shift, a decrease of the adsorption width of the half maximum
(FWHM) could be observed for the compounds solutions too (Table 1).
This adsorption behaviour is characteristic to a head-to-tail arrangement of a J-type coupling, in concordance with the segregation of the
phenothiazine heteroaromatic rings into the central part forming a
hydrophobic core and PEG at the edge [42,43]. For the most concentrated solutions, 10 and 1 mM, a new absorption band in the visible
domain appeared (512, 562 nm, respectively), indicating a possible
more extent conjugation of the phenothiazine core. This should be
correlated with the excimer formation under the pressure of the high
concentration which favours the formation of aggregates of high density [44]. In such a way, the high density of PEG units wrapping the
phenothiazine ones conﬁnes the phenothiazine hydrophobic core. For
the most diluted samples (10−4 - 10−6 mM) the absorption proﬁle
displayed only a broad band of low intensity. It can be appreciated that
for concentrations lower than 10−4 mM, no stable aggregates were wet
formed. A graphical representation of the absorbance versus concentration indicated two linear sections with diﬀerent slopes with the
intercept corresponding to the critical aggregation concentration
around 8 × 10−4 mM: 7.06 × 10−4, 8.7 × 10−4 and 9.47 × 10−4 mM
for PPN, PP and PPO respectively (Fig. S4) [45]. However, the PPO
compound with ester connection, showed bathochromic shifted UV–vis
absorption bands of low intensity even for concentrations lower than
10−4 mM (Fig. S3). A distinct behaviour of PPO compared to the other
compounds was also observed for the photophysical parameters: the
lowest energy band-gap (4.05 compared to 4.08 and 4.09), the lowest
FWHM (52 compared to 66.4 and 67) and the most hypsochromic
shifted absorption edge (369 compared to 410 and 392 nm). Considering also the DLS data, the distinct behaviour of PPO can be correlated with its ability to self-assemble into smaller J-type aggregates at
lower concentrations [42,43].
Further, the luminescence behaviour of the samples was

3.2. Water solubility and hydrolytic stability
The three PEGylated derivatives were viscous liquids, completely
soluble in water and common organic solvents, such as methanol,
ethanol, acetone, THF, DMF, for concentrations lower than 100 mM.
Their water solutions were macroscopic clear over 5 days of observation. On day 5, a slight turbidity was noticed for the water solution of
PPO (100 mM), correlated with the self-ordering of the molecules in
supramolecular architectures.
The aim of the paper was the synthesis of phenothiazine derivatives
intended for further use as building blocks for bio-materials. In this
sense, an important aspect is their hydrolytic stability, being known
that ester linking group may have a reversibility degree in aqueous
environment [37]. To investigate it, the samples were dissolved in
deuterium oxide and their 1H NMR spectra were recorded at diﬀerent
moments over 7 days (Fig. S2). No diﬀerences were discriminated between them, the chemical shifts and their integrals were maintained at
the same values and no additional chemical shifts appeared. This was a
good indicator that no degradation products appeared, and the samples
were hydrolytically stable.
3.3. Photophysical investigation
The samples formed coloured macroscopically clear solutions with
strong luminescence under an UV lamp, when dissolved in any solvent.
The luminescence colour and intensity varied with the sample structure
and solvent polarity (Fig. 4). As PEG is well known as a non-ionic
amphiphilic agent who favours the self-assembling, this optical behaviour was assigned to the formation of aggregates by a hydrophobic
phenothiazine –hydrophilic PEG segregation [19]. Being known that
photophysical behaviour is sensitive to the formation of aggregates
[19,38,39], the ability of the synthetized compounds to self-assemble
was investigated by UV–vis and photoluminescence spectroscopy, on
solutions prepared by serial dilution in water, from 10 to 10−6 mM. For
an accurate interpretation of the data, the spectra were recorded on the
pristine phenothiazine (PTZ) solution as well.
A comparative analysis of the UV–vis spectra revealed common
features indicating similar aggregation behaviour, as follows (Figs. 3,
S3). Pristine phenothiazine solution showed a sharp absorption band
with maximum at 250 nm and a broader band of lower intensity around
279 nm, characteristic to the π-π* and n-π* electronic transitions
6
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Fig. 3. Representative absorption spectra of the water solutions of the a) compounds (10−2 mM) and b) PPN (10−2 - 10−6 mM). The concentrations were given in the
legend along the codes. The inset represents the magniﬁcation of the spectral domain from 200 to 400 nm.

investigated by exciting the solutions with light of wavelength corresponding to the absorption maxima (Figs. 4, S5). The emission spectra
presented a similar pattern for the three compounds, with an emission
band in the blue region. The most intense blue emission was recorded
when the solutions of 10−1 mM were excited with light wavelength
corresponding to the absorption of the conjugated system tuned by the
aggregates formation (around 305 nm) (Fig. S5). The intensity drastically diminished when the concentration decreased, about 7 times
lower for the 10−2 mM, and to insigniﬁcant values for the others
(Figs. 4b, S5). The most intense luminescence was recorded for the PP
samples (Figs. 4a, S5). The lower intensity of the most concentrated
samples (10, 1 mM) was correlated with the luminescence quenching

Table 1
Absorption parameters of the studied compounds in water (10−2 mM).
Code

PTZ

PP

PPN

PPO

λmax (nm)
Eg (eV)
FWHM (nm)
λedge (nm)
Stocks shift (nm)

279
4.48
87.2
403
–

304
4.08
66.4
410
144

303
4.09
67
392
140

306
4.05
52
369
137

λmax: absorption maximum; Eg: the optical band-gap calculated for absorption
maximum; FWHM: the full-width-at-half-maxima; λedge adsorption edge.
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Fig. 4. Representative emission spectra of the water solutions of the a) compounds (10−1 mM) and b) PP of diﬀerent concentrations, when excited with light around
305 nm. Images of the water solutions under c) daily light and d) UV-lamp, from left to right: PPO, PPN, PP.
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formation of stable aggregates over time, while the less strong H-bonds
developed among the ester groups contributed for the formation of
aggregates of lower dimension at lower concentrations in the case of
PPO compound [29,30,50].
The aggregation tendency was further conﬁrmed by AFM and SEM
microscopy (Figs. 6a, b, c, S7). Despite some size alterations driven by
the preparation of the solid samples, i.e. dehydration and coalescence
processes with antagonistic eﬀect on the diameter, AFM and SEM
images revealed aggregates of spherical shapes (Figs. 6a, b, c, S7). UV
light microscopy provided images of the round shapes emitting blue
light when excited in the blue region, conﬁrming the correct attribution
of the luminescence to the aggregate formation (Fig. 6d, e, f). The
images acquired under polarized light displayed birefringent droplets
conﬁrming the hydrophobic/hydrophilic self-assembling as the main
driving force of the aggregate formation (Fig. 6g, h, i). All these data
allow concluding that the PEGylated phenothiazines have the ability to
self-assemble in submicrometric aggregates, property which can be
explored for the preparation of drug delivery systems for release of
poorly water soluble compounds [51,52].

due to the stronger intermolecular forces, while in the case of the
samples of lower concentration (˂10−3 mM) was correlated with the
low amount of ﬂuorophore units [19]. It should be remarked that PPO,
compared to PP and PPN, displayed emission bands even for concentrations of 10−3 and 10−4 mM. This correlated well with the ability
of PPO to form aggregates of lower dimensions compared to PP and
PPN, leading to a higher number of ﬂuorophores (see Section 3.4. Investigation of the self-assembling behaviour). Unexpected, when excited with light of higher energy (λ ≅ 250 nm), the blue emission intensity decreased, and an inversion on the scale of the emission
intensity was noted for 10−2 mM and 10−1 mM solutions, i.e. the
emission intensity of the 10−2 mM solutions was higher than 10−1 mM
ones (Fig. S5). This was correlated with the strength of the intermolecular forces – luminescence quenching relationship [46]. Exciting
with light corresponding to the wavelength of UV lamp (365 nm), the
luminescence intensity signiﬁcantly decreased in accordance with the
too low energy compared to the molecule’ band gap (Fig. S5). In this
case, the most intense emission was given by the most concentrated
samples (10 and 1 mM), in agreement with a better ﬁtting with the
lower band gap triggered by the stronger intermolecular forces. For
these two concentrations, an emission of yellow light was also observed
when excited with light of even lower energy, corresponding to their
absorption at 512–562 nm (Fig. S5).
The alteration of the emission intensity when the concentration
changed suggests a close correlation with the parameters deﬁning the
aggregates (such as diameter and polydispersity), the possible connection being the strength of the intermolecular forces developed among
the phenothiazine heterocycles under the pressure of self-assembling.
Considering that the synthetized molecules have no ﬂuorophore units,
the luminescence was attributed to an aggregation induced emission
phenomenon, triggered by the self-assembling of the hydrophobic-hydrophilic PEGylated phenothiazines [47,48]. Interesting for further bioapplications is the possibility to selectively tune the luminescence, by
triggers as solution concentration and the energy of the exciting light.

3.5. In vitro biocompatibility
The new compounds were designed having in mind their use as
building blocks for bio-applications. To this end, their biocompatibility
was investigated in vitro on normal human dermal ﬁbroblasts (NHDF) as
model for normal cells. Bearing in mind the antitumor promoting eﬀect
of some phenothiazine based compounds, the activity on human cervical cancer cells (HeLa) as model tumor cells, was examined too. The
measurements were done on eight solution samples of diﬀerent concentrations, from 10 to 10−6 mM, for each compound, in order to establish the concentration - biocompatibility relationship (Fig. 7). All
samples showed NHDF viability higher than 80% for concentrations
lower than 10−1 mM. Higher cell viability could be remarked for the
concentration range 10−5–10−1 mM, the most probably associated
with the aggregate formation. The lower concentration compared to the
critical aggregation concentration can be attributed with the increased
rate of self-assembling in the medium of higher ionic strength [53,54].
It can be envisaged that coverage of the phenothiazine with biocompatible PEG into aggregates, is an eﬀective method to improve the
phenothiazine biocompatibility [55]. Among the PEGylated phenothiazines, a better cell viability was recorded for PPN. This can be
correlated with the highest stability of its aggregates. It is also possible
as the presence of the amide linking group, a chemical component of
proteins in cells, to bring a plus for the biocompatibility improvement
[31,50].
An interesting behaviour was noted when the compounds were in
contact with HeLa cells. For concentrations in the range 10−510−2 mM, the cell viability was higher than 90%, with no obvious
cytotoxic eﬀect. Nevertheless, for the concentration of 10−1 mM, the
presence of the ester linkage inﬂicted a dramatic cytotoxicity, the HeLa
cell viability diminishing at 34% compared to 58% for PP and 90% for
PPN. This result was conﬁrmed when the tests were repeated three
times, at diﬀerent moments. It is worthy to remark that the utmost
antitumor behaviour was recorded for the smallest aggregates revealed
by DLS, i.e. PPO gave aggregates with average hydrodynamic diameter
of 63 nm at 10−1 mM. It should be noted that PP, which showed less
strong antitumor activity at 10−1 mM, revealed by DLS aggregates of
higher dimension, i.e. 248 nm. Another important aspect is related to
the aggregate stability. PPN which displayed the most stable aggregates
didn't showed obvious cytotoxicity against HeLa cells. It is possible that
the small dimension combined with the less stability of the PPO aggregates to play an important role in the delivery of the PPO molecules
to the undiﬀerentiated tumor cells [56]. This hypothesis is supported by
literature data which indicate that an optimal size of the nanoparticles
for anticancer activity lays around 50 nm, value close to that of 63 nm
recorded by DLS for PPO 10−1 mM [57]. Moreover, a literature survey

3.4. Investigation of the self-assembling behaviour
There are some peculiarities which characterize the aggregate formation: the shape and hydrodynamic diameter – which should be
proved by DLS, AFM, and SEM measurements, the hydrophobic-hydrophilic ordering – which should be proved by a birefringent appearance under polarized light, and light emission which should be
seen when exciting with UV light. To evidence them, dynamic light
scattering, atomic force microscopy, UV-light microscopy and polarized
light microscopy were recorded on water solutions (DLS) or solid
samples prepared by casting the water solutions on thin glass lamella
and fast drying under an UV lamp (AFM, UV-light microscopy), or by
dispersing into a solid polymer matrix (POM, SEM).
DLS certainly conﬁrmed the formation of submicrometric aggregates in water, with a major population with average hydrodynamic
diameter less than 322 nm, for concentrations comprised in the range
10–10−1 mM (Figs. 5a, S6). As a general rule, the diameter decreased as
the concentration decreased. Thus, for PP fresh samples, the diameter
decreased from 289 to 106 nm. Over time, the diameter progressively
increased, reaching values close to 800 nm in two months, in agreement
with a continuous aggregation of the aggregates. PPN revealed a less
accentuated variation of the hydrodynamic diameter, which decreased
from 264 to 176 nm for fresh samples, and showed insigniﬁcant variations over time (Fig. S6). This excellent stability can be correlated
with the presence of the amide linker which prompted strong H-bonds
and the higher length of the PEG chain leading to a higher surface
density, less susceptible to dissolution [29,49]. Interesting, in the case
of PPO, the diameter drastically decreased as the concentration decreased, from 322 to 63 nm. The aggregates were less stable, their
diameter reaching almost double size over 6 days. It appears that the
stronger H-bonds developed among the amide groups favoured the
8
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a)

b)

Fig. 5. DLS graphs of the a) studied compounds and b) PPN over two month ageing, in water solutions. The codes along with concentrations were given under the
graph).

a) PP

d)PP

g) PP

b) PPN

c) PPO

e) PPN

f) PPO

h) PPN

i) PPO

Fig. 6. Representative a, b, c) AFM, d, e, f) POM and g, h, i) UV light microscopy images of the studied compounds. POM magniﬁcation: 400×. AFM scale bar: 20 μm.

compared to their precursors while having excellent biocompatibility,
but the mechanism of their action is yet to be elucidated. Some protein
farnesyltransferase inhibitors demonstrated improved antitumor activity when their structure comprised a chemical stable ester unit, being
envisaged its possible involving in the growth inhibition of the tumor
cells [63]. Further browsing the literature, it should be stressed that
amide-to-ester mutations are possible and they can serve as triggers of

reveal that ester linkage seem to play an important role for antitumor
activity. We found that ester based prodrugs of camptothecin demonstrated superior antitumor activity compared to the pristine camptothecin, but not a clear structure-antitumor activity was evidenced
[58]. In the same line of thought, a large variety of esters of natural
originating acids, such as caﬀeic acid [59], α-lipoic acid [60], betulinic
acid [61], cinnamic acid [62] proved improved anticancer activity
9
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4. Conclusions

Appendix A. Supplementary data

A series of three new PEGylated phenothiazine derivatives were
successfully synthetized by grafting hydrophilic PEG to the nitrogen of
hydrophobic phenothiazine, via an ether, ester, or amide linking group.
They proved excellent solubility in common solvents and water biodispersant, hydrolytic stability, and self-assembling in water to form
submicrometric aggregates. The aggregates based a head-to-tail arrangement showed ageing stability correlated with the linking unit.
They induced light emission, which could be tuned by the concentration and the energy of the exciting light. In vivo biocompatibility tests
revealed high biocompatibility on normal human dermal ﬁbroblasts,
for concentrations up to 1 mM. The PEGylated phenothiazine containing ester units showed cytotoxicity against human cervical cancer
cells at the concentration of 10−1 mM. Both, biocompatibility and cytotoxicity, were correlated to the aggregate formation, their size and
stability. All these properties indicate the new synthetized compounds
as high performance candidates for image guided therapy and drug
delivery systems for release of poor water soluble components. Also,
they are valuable building blocks for developing anticancer drugs and
ecologic optoelectronic materials.
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