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Herein, a series of vitamin E-based TPGS-poly(2-(dimethylamino)ethyl methacrylate)-b-poly(3-vinyl benzalde-
hyde) block copolymer micelles were synthesized via reversible addition—fragmentation chain-transfer poly-
merization (RAFT). p-a-tocopheryl poly(ethylene glycol) 1000 succinate (TPGS) is a good candidate to overcome
the big problem of multidrug resistance in cancer therapy because TPGS can inhibit permeability of glycoprotein
(P-gp) resulting in restored sensitivity to chemotherapeutics. Doxorubicin (DOX) was loaded within the micelles,
as an anticancer model drug, via hydrolytic amide linkage in the hydrophobic block. The DOX-loaded micelles
demonstrated high potential as anticancer drug delivery systems through the release of the drug under acidic
conditions, varying from pH 7.4 to 5.0. Three different micelles compositions were investigated with various
ratios of hydrophilic and hydrophobic blocks (1:1, 4:3, and 4:1). The DOX-conjugated polymer with the shortest
hydrophobic segment (4:1), TPGS-poly(2-(dimethylamino)ethyl methacrylate);ss-b-poly(3-vinyl benzalde-
hyde)o;, demonstrated excellent in vitro cytotoxicity with pH-responsive characteristics in comparison to free
DOX. Although the higher degree of polymerization of the hydrophobic block promoted the drug loading effi-
ciency of the micelles these compositions demonstrated lower cytotoxicity to the A549 cell line of human lung
adenocarcinoma. It was concluded that the prepared pH-responsive micelles based on TPGS are promising drug
carriers for anticancer drug delivery systems and could be considered to provide multi-drug resistance cancer
treatments after further in vitro biological studies.

1. Introduction efficacy [8-12].

Polymeric nanomaterials have been extensively used for cancer

Cancer is a leading cause of mortality worldwide [1]. Chemotherapy,
radiotherapy, and surgery are the conventional approaches used
frequently for the treatment of cancer [2]. Although chemotherapy is a
powerful tool, the drug therapies are associated with poor bioavail-
ability, high systemic toxicity, as well as the emergence of intrinsic
multidrug resistance (MDR) [3]. MDR is still one of the main obstacles
limiting successful cancer chemotherapy [4,5]. One of the best strategies
to combat MDR is the use of nanomaterials that deliver the anticancer
drugs efficiently to the target tumor tissue via increasing internalization
and reducing permeability glycoprotein, P-gp-mediated drug efflux from
cells [6,7]. As a consequence, drug delivery systems based on micelles,
liposomes, dendrimers, bottlebrush polymers, magnetic nanoparticles,
etc. are considered as good candidates to improve drug targeting and
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treatment [13]. Many kinds of polymeric nanomaterials have been
developed to improve the efficacy of cancer therapeutics, such as
polymer-DNA complexes (polyplexes), polymer-drug conjugates, and
polymer micelles bearing hydrophobic drugs [14-17]. Among them,
polymeric micelles provide a very small size range, which is critical for
passive targeting to solid tumors compared to other types of polymeric
drug carriers [18]. Polymeric micelles can be formed via several ap-
proaches, however, the method based on the block copolymer
self-assembly is the most common. Block copolymers are usually
amphiphilic macromolecules that have distinct hydrophobic and hy-
drophilic segments [19,20]. Despite their advantages, they have some
disadvantages such as high hydrophobicity, long degradation time,
long-term incompatibility with blood cells, and a tendency for
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Fig. 1. Preparation of TPGS-based chain transfer agent (TPGS-CTA) (A). Sequence steps for the preparation of TPGS-PDMAEMA,,-b-PVBA,, block copolymer (B).
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Fig. 2. FTIR spectra of TPGS-based chain transfer agent (TPGS-CTA), TPGS-
PDMAEMA, and TPGS-PDMAEMA-b-PVBA block copolymer in the wave-
number ranges of 500-4000 cm .

elimination by the reticuloendothelial system. Poly(ethylene glycol)
(PEG) is a hydrophilic polymer that is a good candidate to enhance the
hydrophilicity of the prepared polymeric carrier [21]. Furthermore, it

allows a reduction in the process of phagocytosis and opsonization of
efficacy via improving the circulation time of plasma proteins in the
blood [3,16]. p-a-tocopheryl poly(ethylene glycol);ooo succinate (TPGS)
is a derivative of PEG attached to natural vitamin E via a covalent bond.
Interestingly, TPGS not only has the same characteristics as PEG but is
also used as an agent to overcome MDR by inhibiting P-gp, resulting in
restored sensitivity to chemotherapeutics [22,23]. The U.S. Food and
Drug Administration (FDA) has approved TPGS as a safe pharmaceutical
adjuvant used in drug formulation [24].

Recently, several polymeric micelles based on TPGS were reported
for enhancing the solubility, permeability, and stability of the formu-
lated drugs [25-28]. In this research, a series of block copolymers were
synthesized via reversible addition-fragmentation chain-transfer (RAFT)
polymerization using a TPGS-based chain transfer agent (synthesized for
the first time in this study) for the delivery of DOX as a model hydro-
phobic anticancer drug. DOX was conjugated to the micelles through
imine covalent bonds which demonstrated a controlled DOX release via
acidic hydrolysis under cancerous conditions. Both healthy and
cancerous cells lines were treated with bare micelles and
DOX-conjugated micelles, and it was observed that the bare micelles
showed no significant toxic effect on human normal fibroblast (BJ cell
line), while DOX-conjugated micelles showed high cytotoxic effects on
human lung adenocarcinoma cells (A549 cell line). Although the MDR
effect of TPGS was not investigated in this study, based on the previous
reports, it was anticipated such types of micelles could be not only good
candidates as drug delivery systems but also to overcome the MDR ef-
fect, evade the reticuloendothelial system (RES), and prolong the
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Fig. 3. H NMR spectra of TPGS-PDMAEMA,, in CDCl3 (A) and TPGS-PDMAEMA,,-b-PVBA,, in DMSO-d¢ (B).

micelle circulation time in the blood.
2. Experimental section
2.1. Materials

p-a-tocopherol poly(ethylene glycol) 1000 succinate (TPGS, Bio-
Xtra), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPADB), 4-
(dimethylamino)pyridine ~ (DMAP, >99.0%), N,N’-dicyclohex-
ylcarbodiimide (DCC, 99%), 2,2'-azobis(2-methylpropionitrile) (AIBN,
98%), phosphate-buffered saline tablet (PBS), 3-vinyl benzaldehyde
(VBA, 97%) were purchased from Sigma Aldrich and used as received.
Doxorubicin hydrochloride (DOX.HCI, 95%) was purchased from ABCR
Gute Chemie. 2-(Dimethylamino)ethyl methacrylate (DMAEMA, 98%)

received from Sigma Aldrich, was purified by distillation under reduced
pressure. All solvents including, dichloromethane (DCM), methanol,
diethyl ether, n-hexane, N,N-dimethylformamide (DMF) were pur-
chased from Pure POCH and used without further purifications. Cell
culture media (EMEM and F-12K) and cell lines (BJ and A549) were
purchased from ATCC-LGC Standards. Fetal bovine serum (FBS) was
bought from Pan-Biotech. Other cell culture reagents (penicillin, strep-
tomycin, phosphate buffered saline, trypsin-EDTA solution) were
received from Sigma-Aldrich Chemicals.

2.2. Instrumentation

The average molecular weights of synthesized polymers and their
dispersities (P) were determined using a gel permeation
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Table 1
GPC and 'H NMR characterization of TPGS-PDMAEMA,,-b-PVBA,,.
Sample Copolymer Monvr'  M,° p°
composition (DP) *
PDMAEMA PVBA
TPGS - - 1,513 1,900 1.17
TPGS-PDMAEMA 5 125 - 21,400 21,200 1.18
TPGS-PDMAEMA »5-b- 125 30 25,300 25,400 1.11
PVBA3o
TPGS-PDMAEMA 55-b- 125 91 33,400 29,500 1.10
PVBAg;
TPGS-PDMAEMA 55-b- 125 117 36,900 32,200 1.15
PVBA;17

@ Molecular weight and degree of polymerization based on monomer con-
version calculated from 'H NMR spectroscopy results.

> M, and P determined by GPC using linear PMMA and PS standards in DMF,
respectively.

chromatography (GPC) instrument, (Wyatt, Dernbach, Germany)
equipped with two Perfect Separation Solutions (PSS) columns and one
guard column (GRAM Linear (10 pm, M, between 800 and 1,000,000
Da)), differential refractometer (RI) and light scattering (LS) detectors.
DMF containing 50 mmol LiBr was used as eluent at a flow rate of 1 mL/
min. Polystyrene (M, between 682 and 2,520,000 Da) and poly(methyl
methacrylate) standards (M, between 602 and 2,200,000 Da) were
applied. The chemical structure of the synthesized compounds and
monomer conversion during the polymerization was determined by
proton Nuclear Magnetic Resonance (*H NMR). The 'H NMR spectra
were recorded on a Bruker Avance DPX 250 MHz instrument using
CDCl; and DMSO-ds as the solvents. The average hydrodynamic di-
ameters of the micelles were determined based on dynamic light scat-
tering (DLS) measurements, that were performed on the Zetasizer Nano
7590 analyzer. The concentration of polymer samples in methanol was
2 mg/mL, at 20 °C. The critical micelle concentration (CMC) was
determined at room temperature using a Thermo Scientific Evolution
220 UV-Vis spectrophotometer with 1 nm resolution in the range of
200-400 nm. Pyrene was applied as a fluorescence probe. UV-Vis
spectra were recorded at a constant pyrene concentration and varied
polymer concentration. Graphs of intensity ratio from pyrene spectra
(I333/Is18) as a function of concentration logarithm (log(c)) were
plotted, then the CMC value was calculated from the cross-over point.
The same instrument was used for the analysis of DOX concentration,
loaded and released from micelles at room temperature. The chemical
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structure of synthesized copolymers was analyzed by Fourier transform
infrared spectroscopy (FTIR) using an FTIR Nicolet 6700 spectropho-
tometer and OMNIC 3.2 software (Thermo Scientific Products: Riviera
Beach, FL, USA). The measurements were conducted in the mid-infrared
region of 4000-650 cm ™' with 64 scans. An ATR accessory equipped
with a single reflection diamond ATR crystal on ZnSe plate was used for
all the analyses. TEM microscope Tecnai G2 Spirit Twin 12 (FEL Brno,
Czech Republic) equipped with a cryo-attachment (Gatan, CA, USA) was
employed for direct visualization of the nanoparticles using two inde-
pendent sample preparation techniques: fast drying (followed by stan-
dard TEM imaging) and fast freezing (followed by cryogenic TEM or
cryo-TEM). The fast-dried samples for the standard TEM were pre-
pared by dropping 2 pL of sample solution onto a standard carbon coated
copper TEM grid and leaving the droplet to evaporate for 1 min at
ambient temperature. Then the excess of the solvent was removed by
touching the bottom of the grid with a small stripe of filter paper. The
dried sample was left to equilibrate at ambient temperature for >1 h,
prior to being inserted in the TEM microscope and observed at the
accelerating voltage of 120 kV. The samples for the cryo-TEM were
prepared and observed as follows: 3 pL of the sample solution were
dropped onto an electron microscopy grid covered with a holey carbon
supporting film (Electron Microscopy Science), which was hydro-
philized just before the experiment by means of glow discharge
(Expanded Plasma Cleaner, Harrick Plasma, USA). The excess of the
solution was removed by blotting (Whatman no. 1 filter paper) for 1 s
and the grid was plunged into liquid ethane held at —181 °C. The frozen
sample was immediately inserted in the cryo-holder, transferred into the
TEM microscope and observed at —173 °C using bright field imaging at
the accelerating voltage of 120 kV.

2.3. Preparation of block copolymer micelles

2.3.1. Synthesis of TPGS-based chain transfer agent (TPGS-CTA)

DCC (0.78 g, 3.80 mmol) was dissolved in DCM (10 mL) in a round
bottom flask, then TPGS (5.00 g, 3.31 mmol) and the solution of CPADB
(0.92 g, 3.31 mmol in 20 mL DCM) were added to the flask. The reaction
mixture was cooled to 0 °C in an ice bath and a solution of DMAP (0.44 g,
3.64 mmol in 10 mL DCM) was added dropwise. The reaction was
allowed to progress under argon atmosphere in a dark environment at
room temperature for 24 h. Then, the solvent was evaporated and ob-
tained crude product was dissolved in methanol. The resulting solution
was precipitated twice in diethyl ether and once in n-hexane. The
product was stored under an argon atmosphere in the fridge. The
calculated yield of the reaction was 87%, based on 'H NMR spectra.

2.3.2. Preparation of TPGS-poly(2-(dimethylamino)ethyl methacrylate),
TPGS-PDMAEMA,-CTA, by RAFT polymerization

DMAEMA (10.00 mL, 29.67 mmol), TPGS-CTA (0.42 g, 0.119 mmol),
AIBN (0.0039 g, 0.012 mmol), and anisole (17.00 mL) were added to a
50 mL Schlenk flask and the resulting solution was degassed by argon for
45 min prior to the flask being immersed in an oil bath at 70 °C for 4 h.
The obtained polymer was re-dissolved in THF and reprecipitated in
cold n-hexane three times. The final product was dried under vacuum
conditions at 25 °C and 40 mbar pressure for 24 h. The obtained TPGS-
PDMAEMA,, was kept under an argon atmosphere in the fridge.

2.3.3. Preparation of TPGS-poly(2-(dimethylamino)ethyl methacrylate)-b-
poly(3-vinyl benzaldehyde), (TPGS-PDMAEMA,,-b-PVBA,)), by RAFT
polymerization

VBA (1.49 g, 6.422 mmol), TPGS-PDMAEMA (0.6125 g, 0.032
mmol), AIBN (0.9 mg, 0.003 mmol) and DMF (4.00 mL) were added to a
50 mL Schlenk flask. The solution was degassed by argon for 45 min and
then the flask was immersed in an oil bath at 80 °C for different reaction
times (4, 6, and 12 h) to obtain the diblock-copolymers. The obtained
polymers were diluted with methanol and purified by dialysis in meth-
anol (Regenerated Cellulose Dialysis Membrane ZelluTransRoth MWCO
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Fig. 5. Fluorescence excitation spectra of pyrene (7.5 x 107 mol/L) in TPGS-PDMAEMA,25-b-PVBA3, (A), TPGS-PDMAEMA, 25-b-PVBAo; (B), and TPGS-
PDMAEMA; 55-b-PVBA;;7 (C) polymer solutions (5.0 x 10~* + 1.0 mg/mL in PBS solution) at room temperature (Upper graphs). Plots of intensity ratio obtained
based on pyrene spectra (I333/I318) in PBS solution versus copolymer concentrations; TPGS-PDMAEMA 55-b-PVBA3, (A), TPGS-PDMAEMA 55-b-PVBAy; (B), and

TPGS-PDMAEMA 55-b-PVBA;17 (C) at room temperature (Lower graphs).

3.5 kDa). The final products were dried in a vacuum oven at 25 °C, and
40 mbar for 24 h. The obtained block-copolymers were kept under an
argon atmosphere in the fridge.

2.4. Critical micelle concentration (CMC)

The CMCs of the polymers was determined by UV-Vis spectropho-
tometry in PBS solution using pyrene as a fluorescence probe [29]. In
brief, aliquots of pyrene in acetone (5 pL) were added to polymer so-
lutions with varied concentrations (5.0 x 107% = 1.0 mg/mL in PBS),
next acetone was allowed to evaporate, and samples were left to equil-
ibrate. Final pyrene concentration in the samples was 7.5 x 1078 mol/L.
The CMC was estimated from pyrene fluorescence spectra as the cross
point by extrapolating the intensity ratio I33g/I333 as a function of the
concentration logarithm (log(c)).

2.5. Preparation of TPGS-PDMAEMA -b-PVBA,-conjugated DOX
micelles

TPGS-PDMAEMA,,-b-PVBA,, block copolymer (150 mg), DOX.HCI
(150 mg) and TEA (150 pL) were dissolved in 20 mL DMSO (20 mL) in a
round bottom flask. The reaction was carried out under argon atmo-
sphere and in a dark environment at room temperature for 72 h. The
obtained dark red solution was dialyzed (MWCO 3.5 kDa) against
phosphate-buffered saline (PBS, pH ~ 7.4) for 24 h to remove unreacted
DOX. The dried polymer was obtained after lyophilization. To calculate
the amount of drug in TPGS-PDMAEMA,-b-PVBA;-DOX (DOX-Micelle)

10 mg of the block copolymer was dissolved into the 5 mL of PBS so-

lution and stirred for 2 h. Then, the absorbance of the solution was

measured by a UV-Vis spectrophotometer. The drug content in the block

copolymer was calculated according to the following formula [30].
mass of DOX in the DOX — Micelle

Drug Loading Efficiency(%) = 55 of DOX — Micelle x 100

2.6. Invitro acid-triggered drugs release

A drug release study was performed for the synthesized pH-
responsive micelles at two pH values, 5.0 (cancerous endosomal con-
dition) and 7.4 (physiological condition). In order to accomplish this, 45
mg of TPGS-PDMAEMA,,-b-PVBA,-DOX was dissolved in 20 mL PBS
solution with the mentioned pH values, then the solutions were poured
into dialysis bags (MWCO 3.5 kDa) and the dialysis bags were immersed
into 130 mL PBS solution with the same pH values. In order to evaluate
the DOX release, 2 mL PBS solution was taken out at predetermined time
intervals, and the absorbance was analyzed at 480 nm by UV-Vis
spectrophotometer. The release study was performed in duplicate, and
the average value was reported, according to the following equation.

_ Amount of DOX release

Drug release(%) =
rug release(% ) = ot of DOX on the DOX — Micelle

x 100

2.7. Invitro cytotoxicity assay

Cytotoxicity tests were conducted using the human lung
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Fig. 6. (A) Determination of the hydrodynamic diameter of block copolymers micelles TPGS-PDMAEMA,-b-PVBA,, at the concentration of 2 mg/mL in methanol by
DLS. (B) The stability of TPGS-PDMAEMA; 55-b-PVBA;;7 in an aqueous solution at two different temperatures (25 and 37 °C).

adenocarcinoma cell line (A549, ATCC®, CCL-185TM) and a normal
human skin fibroblast cell line (BJ, ATCC®, CRL-2522TM). The cells
were cultured at 37 °C, in a humidified atmosphere, with 5% CO3, 95%
air, in the recommended ATCC culture medium (EMEM and F-12K for
BJ cells and A549 cells, respectively). The culture media were supple-
mented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and
100 pg/mL streptomycin. The cells were seeded in 96-multiwell plates at
a concentration of 1 x 10* cells/well, with a volume of 100 pL of the
culture medium in each well. The plates were incubated for 24 h and
then the culture media were replaced with 100 pL of different concen-
trations of the micelles solutions, or free DOX prepared in culture media
containing 2% FBS. Stock solutions of the compounds and reference
drug (DOX) were prepared in the phosphate buffered saline (PBS). Free
DOX was tested at following concentrations: 200, 100, 50, 25, 12.5,
6.25, 3.125, 1.562, 0.781, and 0.390 pg/mL. All blank micelles and
DOX-conjugated micelles were tested using the following concentra-
tions: 2000, 1000, 500, 250, 125, 62.5, 31.25, 15.62, 7.81, and 3.90 pg/

mL. The values of loaded DOX concentrations in DOX-conjugated mi-
celles were not the same due to the different drug loading efficiency.
Cells maintained in fresh culture medium with 2% FBS served as a
negative control of cytotoxicity (cell viability considered as 100%).

BJ and A549 cells were exposed to the investigated compounds for
24 h, then their viability was assessed by colorimetric MTT assay ac-
cording to the procedure described previously [31]. Three independent
experiments (n = 3) were carried out in quadruplicate. The ICs( values,
which indicate the concentration of the tested compound able to reduce
cell viability by 50%, were calculated using GraphPad Prism 5, Version
5.03 Software. Based on the obtained ICsy values for both normal BJ
cells and cancer A549 cells, the in vitro selectivity/safety index (SI) was
calculated based on the formula: SI = ICso normal cells/ICsg cancer cells.
Anticancer agents may be considered to be safe if their SI value is higher
than 1.
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Fig. 7. Cryo-TEM and TEM micrographs of TPGS-PDMAEMA »5-b-PVBAs, (A), TPGS-PDMAEMA 25-b-PVBAg; (B), and TPGS-PDMAEMA 55-b-PVBA1, (C) micelles.

Table 2
TPGS-PDMAEMA-b-PVBA based micelles characterization.
Sample DOX content (%) CMC Diameter Diameter
v m [pg/a [nm], PDI”  [nm], PDI®
mL]
NMR

TPGS- - - 18.4 5141, 85+ 3,
PDMAEMA 55-b- 0.125 0.252
PVBA3,

TPGS- - - 94.9 136 + 3, 301 + 18,
PDMAEMA 55-b- 0.227 0.199
PVBAy;

TPGS- - - 124.8 246 + 10, 379 + 36,
PDMAEMA »5-b- 0.214 0.255
PVBA117

TPGS- 9.1 9.4 - - 381 + 30,
(PDMAEMA 1 55-b- 0.228
PVBA;30)-DOX

TPGS- 32.3 33.9 - - 445 + 35,
(PDMAEMA 5-b- 0.259
PVBAg,;)-DOX

TPGS- 41.1 43.3 - - 466 + 40,
(PDMAEMA 55-b- 0.278

PVBA;;7)-DOX

@ Determined by UV-Vis in PBS solution at 25 °C.
b Determined by DLS in methanol at 25 °C.
¢ Determined by DLS in water at 37 °C.

2.8. Statistical analysis

Cell culture results were presented as mean values + standard error
of the mean (SEM). The results were analyzed for statistical significance
(considered at p < 0.05) using an unpaired t-test (GraphPad Prism 8.0.0
Software). Each group of the tested compounds was compared to the

negative control.
3. Results and discussion
3.1. Preparation and characterization of TPGS-PDMAEMA,;-b-PVBA,

Fig. 1 shows the synthetic steps for the preparation of TPGS-
PDMAEMA,-b-PVBA,, block copolymer with hydrophilic and hydro-
phobic domains, respectively. In the first step, CPADB as a RAFT chain
transfer agent (CTA) was linked to TPGS through a coupling reaction to
yield TPGS-CTA. In this regard, the carboxylic functional group of
CPADB was activated with DCC (as a coupling agent)/DMAP and it was
then reacted with the hydroxyl functional group of TPGS (Fig. 1A). The
resulting TPGS-CTA was used as a macro-CTA for the RAFT polymeri-
zation step with AIBN as a radical source. In this study, DMAEMA was
chosen as the monomer for the polymerization of the first block that
would subsequently generate the hydrophilic thermo-responsive
domain. RAFT polymerization of DMAEMA was performed in anisole
at 70 °C to give TPGS-PDMAEMA (TPGS-CTA/AIBN/DMAEMA:1/0.1/
250). After purification and isolation by precipitation into excess n-
hexane, the chemical structure of the resulting TPGS-PDMAEMA was
confirmed by FTIR and 'H NMR spectroscopy. Then, the chain extension
polymerizations of VBA monomer were done to form the second block
with various degrees of polymerization that would provide the hydro-
phobic domains (Macro-CTA/AIBN/VBA:1/0.1/200). The final block
copolymer (TPGS-PDMAEMA,-b-PVBA,) included two blocks while
TPGS was attached to the hydrophilic part (Fig. 1B). In order to load
DOX on the polymeric chains, TPGS-PDMAEMA,,-b-PVBA,, was reacted
with DOX.HCI in the presence of TEA. The free amine functional group
of DOX reacted with the pendant aldehyde moieties via Schiff-base re-
action to generate the TPGS-PDMAEMA,-b-PVBA,-conjugated DOX
micelles after dialysis of the solution in PBS. The final DOX-micelles
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Fig. 9. In vitro controlled release profiles from TPGS-PDMAEMA-b-PVBA-conjugated DOX micelles in different pH media at 37 °C pH 7.4 and pH 5.0.

were successfully lyophilized and used for the next in vitro release and
cytotoxicity studies.

The chemical structures of the synthesized compounds were
confirmed by FTIR spectroscopy. The FTIR spectrum of the CPADB RAFT
agent showed the characteristic broad bands absorption, around 3000
cm ! due to the stretching vibration of carboxylic acid (-COOH). This
band is almost overlapped with C-H aliphatic absorption band (2850-
2950 cm™ ). The stretching vibrations of the carbonyl (C—=0) and cya-
nide (CN) groups were observed around 1745 cm ! and 2230 cm’l,
respectively. Furthermore, the characteristic bond of aromatic rings
(C=C) appeared at 1420 cm ™. The stretching vibrations of the C=S and
C-S were observed at 1090 and 770 cm’l, respectively (Fig. S1). TPGS
showed four characteristic peaks including alkoxy (C-O), carbonyl

(C=0), and aliphatic methylene (CHy) at 1100, 1715, and 2890 em ™!,
respectively. It also displayed a broad peak with low intensity at 3200
cm™! that can be attributed to the terminal hydroxyl (O-H) bonds
(Fig. S1). In the FTIR spectrum of pure TPGS-CTA, the strong absorption
of a carbonyl band at 1737 cm™! was observed, with slight shifting and
the stretching vibration bonds relating to the C=S and C-S were also
observed with low intensity which confirmed the formation of TPGS-
CTA. For the TPGS-PDMAEMA copolymer, the carbonyl (C=O)
stretching vibration band was shifted to 1715 cm™! which is different
from the TPGS-CTA spectrum. The C-H stretching vibration bands
appeared at the range of 2860-2940 cm ™! and the absorption bands at
1110 and 1250 cm ™! can be attributed to the C-O and C-N stretching,
respectively. Almost all the signals that corresponded to the TPGS-
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Table 3

Cytotoxicity of the tested micelles presented as ICsq values and selectivity index
(SI) determined using cancer (A549) and normal (BJ) cells (based on MTT assay
performed after 24 h of exposure to tested compounds).

Tested compound A549 cell line BJ cell line ICsg SI [ICso BJ/

ICso (ng/mL) + (pg/mL) + SEM  ICso A549]
SEM
TPGS-PDMAEMA;55-b-  36.0 + 1.1 21.6 + 1.3 0.6
PVBA3,
TPGS-PDMAEMA 55-b- 48.0 £ 1.1 419 + 1.0 0.9
PVBAy,;
TPGS-PDMAEMA,5-b-  124.7 + 1.2 78.6 + 1.1 0.6
PVBA;;
TPGS-PDMAEMA,5-b- 5.5+ 1.3 42.6.+ 1.2 7.7
PVBA3,-DOX
TPGS-PDMAEMA 55-b- 83+1.4 196.0 + 1.2 23.6
PVBAo;-DOX
TPGS-PDMAEMA55-b-  21.5 + 1.2 171.7 £ 1.4 8.0
PVBA;;,-DOX
Free DOX 79+ 1.3 36.6 + 1.2 4.6

PDMAEMA-b-PVBA block copolymer were overlapped with the TPGS-
PDMAEMA copolymer. Whereas, the stretching vibration bands of the
aldehyde (CHO) pending groups could be detected at 2690 and 1685
cm ! confirming the formation of PVBA in the second block [32].
Consequently, all FTIR results validated that the block copolymer was
successfully synthesized (Fig. 2).

The chemical structure of the synthesized (co)polymers was
confirmed by 'H NMR spectroscopy. Firstly, the resonance signals of
initial reagents (CPADB and TPGS) were characterized to find their main
chemical shifts. As seen in Fig. S2, the 'H NMR spectrum of the CPADB
RAFT agent showed characteristic resonance signals of protons related
to C-H aromatic groups at § = 7.4-7.8 ppm and carboxylic acid (-COOH)
at § = 12.30 ppm. The characteristic resonance signals of protons related
to methyl (-CH3) and methylene groups (-CH,—CH>-) also appeared at §
= 1.74 ppm and § = 2.34 ppm, respectively. The 'H NMR spectrum of
TPGS showed that the resonance signals of protons related to the ter-
minal hydroxyl group (-OH) and methylene groups (—~CH2CHy-)
appeared at § = 4.58 and 4.18 ppm, respectively. The characteristic
peaks of methylene groups and methyl group (-CH-, -CH,-, and —-CH3)
relating to the vitamin E section were observed at the chemical shift
range of § = 0.8-2.4 ppm (Fig. S3). After coupling CPADB and TPGS, it
was expected that the resonance signals of protons related to the ter-
minal hydroxyl group in TPGS (6 = 4.58 ppm) and carboxylic acid in
CPADB (5 = 12.30 ppm) should disappear, whereas, other resonance
signals of protons appeared at the same chemical shifts with only slight
shifting. As a consequence, the 'H NMR spectrum of pure TPGS-CTA
confirmed that it was successfully synthesized (Fig. S4). DMAEMA
monomer was polymerized by RAFT polymerization to yield TPGS-
PDMAEMA-CTA and the protons of the monomer and the protons of
the methyl and methylene groups were identified by 'H NMR spec-
troscopy. The resonance signals of protons appeared at § = 2.25 ppm for
methyl groups associated with amine (e), 6 = 1.70-2.10, 2.55, and 4.05
ppm for methylene (b, d, and ¢), and § = 0.80-1.20 ppm for methyl
groups (a). Additionally, the main signals attributed to the methylene
groups of ethylene glycol repeating units in TPGS and methyl and
methylene groups of vitamin E section were observed at § = 2.30 and
0.80-2.00 ppm, respectively (Fig. 3A). After chain extending the TPGS-
PDMAEMA-CTA (as a macro-RAFT agent) with VBA monomer to afford
TPGS-PDMAEMA-b-PVBA, signals of protons for methylene groups (g
and f) related to the PVBA were overlapped with the signals of TPGS-
PDMAEMA-CTA (in the broad range, 1.45-2.00 ppm). However, the
PVBA block showed new resonance signals of protons attributed to the
C-H aromatic and aldehyde (-CHO) which could be assigned at § =
6.60-7.70 and 9.77 ppm, respectively (Fig. 3B).

'H NMR spectroscopy was used for the calculation of monomer
conversion and determination of molecular weight (M, nyr) and degree
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of polymerization (DP) of the synthesized copolymer. Furthermore, the
GPC analysis was performed for the determination of number average
molecular weight (M,)), and dispersity (P). Firstly, TPGS was analyzed
with GPC to measure the average molecular weight and dispersity which
showed a unimodal and symmetric peak with M;, = 1,900 g/mol and low
dispersity (P = 1.17). The DP value for TPGS-PDMAEMA homopolymer
was calculated to be ~125. The GPC trace also demonstrated a well-
defined structure of the homopolymer with a number average molecu-
lar weight of M, = 21,200 g/mol which was very similar to the 'H NMR
molecular mass, M, yyr = 21,400 g/mol. As molecular weight was
changed significantly, the GPC peak shifted to lower elution time
(higher molecular weight) which confirmed the successful polymeriza-
tion of TPGS-PDMAEMA ;5 (Fig. 4). The resulting polymer was chain
extended with different lengths of PVBA blocks (DP ~ 30, 91, and 117).
The final copolymer molecular weight was calculated based on 'H NMR
and GPC and is also reported. Furthermore, the low dispersity values for
all samples revealed that all block copolymers were synthesized in a
controlled manner. All 'H NMR and GPC results are summarized in
Table 1.

3.2. Preparation and characterization of TPGS-PDMAEMA;-b-PVBA,
micelles

TPGS-PDMAEMA,,,-b-PVBA,, micelles and their corresponding DOX
conjugated micelles were prepared using the dialysis method. For
characterization of the micelles their size as well as CMC needed for
micelles formation were determined using DLS and TEM analyses. CMC
was measured to find an optimized concentration in which the micelles
are stable. The hydrodynamic size diameters of the micelles were
recorded by DLS techniques before and after conjugating DOX.
Furthermore, TEM analysis was performed to confirm the successful
synthesis of the micelles. All obtained results are discussed in detail in
the following section.

The fluorescence emission spectra of pyrene were used to determine
the micellization potential of the TPGS-PDMAEMA,-b-PVBA,, in PBS
solution. Fig. 5A shows the fluorescence spectra of pyrene in polymer
solutions with different concentrations. The intensity ratio of I333 to I3
in the emission spectra of pyrene is rather sensitive to the polarity of the
external medium. During micelle formation, the pyrene molecules are
transferred from a hydrophilic microenvironment to a hydrophobic one,
leading to a significant decrease of I333/I31g. Fig. 5B illustrates the
change of I333/I315 as a function of the concentration at 25 °C in the PBS
solution of TPGS-PDMAEMA,,,-b-PVBA,,. It can be observed that I333/I313
ratios demonstrate a sudden decrease of I333/I31g values at around 18.4,
94.9, and 127.8 pg/mL, respectively. Pyrene molecules were present in
an aqueous environment at low concentrations due to the existence of
separated polymer chains. Because the polymer chains did not interact
with each other at a low concentration, no micelles were formed and as a
result, the value of I333/I313 was only measured with high intensity. On
the other hand, by increasing the polymer concentration, it started to
self-assemble into micelles, including pyrene molecules into the more
hydrophobic core of the micelles, and the ratio of I333/I318 decreased
dramatically. The CMC value can be estimated from the cross-over point,
and they are 18.4, 94.9, and 124.8 pug/mL for TPGS-PDMAEMA 35-b-
PVBA3y, TPGS-PDMAEMA;25-b-PVBAg;, and TPGS-PDMAEMA;o5-b-
PVBA;17, respectively. From a clinical standpoint, the relatively low
CMC means that the structure of the micelles can remain stable after
injection of micelles into a human body; even though they are diluted by
blood [33,34]. Cumulatively, the low-value CMC of TPGS-PDMAE-
MA125-b-PVBA117 suggests that it forms a stable micelle in an aqueous
solution, which is important for the robust encapsulation of drugs.

Dynamic light scattering (DLS) measurements were conducted, using
methanol and water as a solvents, in order to investigate the size of the
micelles in solution (Fig. 6A). As seen in the graph, the hydrodynamic
diameters of prepared TPGS-PDMAEMA,5-b-PVBA3,, TPGS-
PDMAEMA125-b-PVBA91, and TPGS-PDMAEMA]zs-b-PVBAl17 micelles
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were 85 + 3 nm, 301 + 18 nm, and 379 + 36 nm, respectively. The
micelles comprising-conjugated DOX were also analyzed by DLS and in
this case, the hydrodynamic diameters were around 381 + 30 nm, 445
+ 35 nm, and 466 + 40 nm, respectively, due to the presence of the
entrapped hydrophobic drug inside the formed micelles.

According to the recent literature, the suitable size for the accumu-
lation of particles in the tumor tissue via the Enhanced Permeability and
Retention (EPR) effect for cancer therapy is around 50-200 nm [35]. To
achieve a better EPR effect and accumulation of particles in the tumor
tissue, the aqueous stability of the prepared micelles should be also
evaluated. Therefore, the serum stability of prepared micelles was tested
at different temperatures. As an example, TPGS-PDMAE-
MA125-b-PVBA;17 was chosen for the stability evaluation by DLS at two
different temperatures: 25 °C (room temperature) and 37 °C (physio-
logical temperature) (Fig. 6B). In this regard, the prepared micelles were
incubated at the mentioned temperatures for a predetermined time and
then the hydrodynamic size was measured. The hydrodynamic size did
not change significantly after incubation of the micelle for one week.
Besides, micelles at higher temperatures have smaller sizes, because the
PDMAEMA block is a temperature-responsive polymer, which demon-
strates a low critical solution temperature (LCST) behavior. Therefore, it
can be concluded that the prepared micelles demonstrate acceptable
serum stability in the aqueous solution and show thermo-responsive
properties which can help for bursting drug release.

The micelles were also visualized by TEM (Fig. 7). Each sample was
prepared and observed in two independent ways: by fast freezing fol-
lowed by cryo-TEM (Fig. 7, upper row) and by fast drying followed by
standard TEM (Fig. 7, lower row). The cryo-TEM and standard TEM
results were in good agreement, which indicated reliability and repro-
ducibility of microscopic analyses. On the other hand, the average
particle diameters on TEM micrographs (ranging from ca 100-250 nm)
were slightly lower than the corresponding hydrodynamic diameters
from DLS (Fig. 6). This could be attributed to nanoparticle aggregation,
which increased the particle average size in DLS (and which was
observed also on TEM micrographs that are not shown for the sake of
brevity). In any case, the non-aggregated micelles displayed in Fig. 7
showed well-defined spherical shapes and their average size increased
with the length of the polymer chains; this was in perfect agreement
with DLS measurements.

3.3. Invitro drug loading and drug release

The drug loading conjugation efficiency was calculated based on 'H
NMR and UV-Vis spectroscopy (Table 2). The obtained results from both
methods were consistent and the amount of conjugated DOX in the
prepared micelles (TPGS-PDMAEMA 55-b-PVBA3,, TPGS-PDMAEMA o5-
b-PVBAg;, and TPGS-PDMAEMA 55-b-PVBA117) were found to be as high
as 9.1%, 32.3%, and 41.1% w/w (based on UV-Vis spectroscopy). The
values of drug loading efficiency for loaded drug micelles were com-
parable, or better, than those reported in the literature for prodrug mi-
celles, less than 10% w/w [36]. Because DOX was conjugated to the
hydrophobic side of the chains with aldehyde pending groups through
the Schiff-base reaction, by increasing the length (degree of polymeri-
zation) of the hydrophobic part, the content of loaded drug also
increased (Fig. 8A). All data obtained from drug loading are acceptable
for drug delivery systems, because high drug payload can be very
effective for delivery of DOX and hence can improve therapeutic efficacy
in the treatment of cancer. For the drug-releasing study, the
DOX-conjugated micelles were suspended in PBS solutions with pH
values of 7.4 and 5.0, i.e that corresponds to physiological and
cancerous tissue conditions, respectively. DOX was conjugated to the
polymer chains in the micelles via imine bonds which are liable under a
mild acidic condition (pH 5.0), whereas this bond is quite stable under
physiological conditions (pH 7.4). As a consequence, it was expected
that DOX should be released in a controlled way under acidic conditions
in comparison to the neutral condition. The proposed drug release
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mechanism of DOX-conjugated micelles was illustrated in Fig. 8B. The
DOX release profile revealed that all three DOX-conjugated micelles
showed low drug cumulative release of less than 18% at pH 7.4. While,
all formulations demonstrated a burst and controlled release of almost
more than 80% at pH 5.0 (Fig. 9). Another point that could be found out
from the release profile is increased DOX release for a system with a
longer length of the hydrophobic block (i.e. the chain in which DOX was
connected). Therefore, it was concluded the designed micelles behaved
as expected.

3.4. Cytotoxicity assay

BJ and A549 cell lines, which are human normal fibroblasts and
human lung adenocarcinoma cells respectively, were chosen for the in
vitro cytotoxicity test. The cells were treated with different formulations
and the cytotoxic effects were assessed by MTT assay. As seen in Table 3,
blank micelles (TPGS-PDMAEMA,-b-PVBA,) did not show cytotoxic
effects on both cell lines at concentrations ranging from 3.9 to 15.6 pg/
mL. Low concentrations of the blank micelles (up to 15.6 pg/mL)
maintained cell viability at relatively high level (80-95%) compared to
the control group. However, by increasing the concentration of bare
micelles, the cell viability values decreased, which may be related to the
sedimentation of micelles on the cells attached to the bottom of the
wells, causing hypoxia effect (deficiency in the amount of oxygen
reaching the cells) and mechanical disruption of the cell monolayer,
resulting in cell death.

To evaluate the efficacy of the DOX after loading into the micelles,
the MTT assay was also performed with free DOX and DOX-conjugated
micelles (TPGS-PDMAEMA,,-b-PVBA,-DOX) on both normal and cancer
cell lines. The test showed a dose-dependent reduction in the cell
viability for all tested samples. In comparison with free DOX with ICsq
determined for cancer cells equal to 7.9 pug/mL, two compositions of
prepared DOX-conjugated micelles (TPGS-PDMAEMA]5-b-PVBA30-
DOX and TPGS-PDMAEMA 55-b-PVBAg;-DOX) also showed cytotoxicity
effects with ICsp of 5.5 and 8.3 pg/mlL, respectively. This indicates
slightly higher cytotoxicity towards cancer cells for the DOX-conjugated
micelles compared to free DOX. Whereas the third composition showed
the highest value of ICsp (21.5 pg/mL) among all tested compounds.
Importantly, TPGS-PDMAEMA 35-b-PVBA3(-DOX and TPGS-
PDMAEMA125-b-PVBA9;-DOX also demonstrated noticeably higher SI
values (7.7 and 23.6, respectively) compared to the free DOX (4.6),
proving their higher selectivity and thus safety. Therefore, the results
revealed that two compositions may be considered as good candidates
for drug delivery. All ICsq data and SI were calculated and reported in
Table 3.

4. Conclusion

In this study, biocompatible and stimuli-responsive vitamin E-based
micelles were developed for the delivery of DOX as a chemotherapeutic
agent on the A549 cell line (human lung adenocarcinoma). The designed
block copolymers, TPGS-poly(2-(dimethylamino)ethyl methacrylate)-b-
poly(3-vinyl benzaldehyde), were synthesized by RAFT polymerization.
The prepared block copolymers and subsequent micelles were charac-
terized and analyzed by FTIR, 'H NMR, GPC, DLS, and TEM. The ob-
tained micelles showed high stability as well as drug loading, and
encapsulation capacities, which were in the range from 9 to 43%,
depending on the copolymer composition. Additionally, in vitro cyto-
toxicity studies exhibited that blank micelles have no significant cyto-
toxic effects on humans BJ normal cell line. However, DOX-conjugated
micelles showed higher cytotoxicity towards the A549 cancer cell line
compared to free DOX. Moreover, DOX-conjugated micelles revealed
noticeably higher selectivity index compared to the free DOX, proving
their higher safety in clinical applications (7.7 and 23.6, for TPGS-
PDMAEMA25-b-PVBA3)-DOX and TPGS-PDMAEMA55-b-PVBAg;-DOX,
respectively). Because of the presence of vitamin E TPGS on the surface
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of prepared micelles, cumulatively, the designed micelles could be
considered as good candidates for drug delivery systems, especially for
multi-drug resistance cancer therapy.
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