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Abstract. Amphiphilic copolymers containing 2-hydroxyethyl methacrylate (HEMA) and methyl methacrylate (MMA)
units were synthesized by controlled atom transfer radical polymerization (ATRP) applying bromoester modified retinol
(RETBr) as a novel initiator. Analogous series of copolymers with adjustable hydrophilic-hydrophobic balance was obtained
with the use of a standard initiator, i.e. ethyl a-bromoisobutyrate (EBriB). The self-assembling particles, prepared by the
solvent evaporation, were loaded with vitamin C (VitC) or ferulic acid (FA). The hydrophilic/hydrophobic ratio in the copoly-
mer was indicated as a crucial factor to regulate efficiencies of encapsulation processes in the range of 53—98%. In vitro re-
lease of bioactive substance was carried out in phosphate buffer solution (PBS) at pH 7.4 with the maximum amount of
VitC after 1h (27-62%) or FA within 2 h (71-97%). The polymeric systems with satisfactory encapsulation characteristics
and release profiles are attractive micellar carriers of antioxidants, which, due to their activities could be also delivered using

the popular approaches in cosmetology like masks, under-eye patches, or wraps.
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1. Introduction

Retinol (RET, also known as vitamin A), which is the
popular component of cosmetic products, belongs to
the group of fat-soluble hydrophobic vitamins indi-
cating good penetration into the epidermis and re-
covery effect, especially with regard to skin disor-
ders like wrinkles, acne and hyperpigmentation [1].
RET improves elasticity of the skin because it stim-
ulates collagen and glycosaminoglycans synthesis.
The anti-aging properties are the consequence of the
prevented oxidation stress and the delayed/inhibited
matrix degradation by blocking the enzymes which
decompose collagen [2]. In addition, RET eliminates
sun and hormonal skin discolorations by reducing
the size of melanocytes and the amount of melamine.
RET as terpene alcohol has already been applied as

*Corresponding author, e-mail: dorota.neugebauer@polsl.pl
© BME-PT

the initiator of the ring-opening polymerization (ROP)
of ethylene oxide [3] or lactide [4] resulting in well-
defined biohybrid polymers with potential applica-
tions as liquid crystalline materials, amphiphilies, or
conjugate systems targeted to stellate liver cells.
However, according to the literature the delivery of
RET is supported by encapsulation strategy, mostly
into chitozan [5-7], and polyester (polyadipates,
polycaprolactone) [8] nanoparticles. Moreover, spher-
ical inorganic particles containing RET have been
fabricated using silica in combination with surfac-
tants and hydroxypropyl cellulose [9], tetracthyl or-
thosilicate sol-gel systems [10], or polyphosphates
with calcium ions [11]. The alternative systems en-
trapping RET are represented by solid lipid nanopar-
ticles based on glyceryl behenate [12, 13].
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Similarly to RET, vitamin C (VitC also known as
ascorbic acid) is often used in cosmetics because of
its excellent rejuvenating effects. It also eliminates
discoloration caused by tanning and strengthens
blood vessels. VitC as a cofactor of proline and ly-
sine hydroxylase, the key enzymes that cross-link
and stabilize collagen fibers [ 14], stimulates the syn-
thesis of collagen as well as demonstrates antioxi-
dant properties [2, 15]. Moreover, vitamin A — vita-
min C complex causes an increase in skin elasticity
and reduces the signs of skin aging [2].

The low toxic ferulic acid (FA, 4-hydroxy-3-methoxy-
cinnamic acid), which can be absorbed to be easily
metabolized in the human body, is another ingredient
in cosmetics [16]. The main physiological functions
are related to antioxidant, antimicrobial, anti-throm-
bosis, anti-collagenase, and anti-cancer activities
[17]. FA protects against ultraviolet (UV) radiation
and reduces skin hyperpigmentation [18]. The intro-
duction of FA into chitosan-polycaprolactone core-
shell nanofibers has supported their efficacy in pro-
angiogenic and anti-inflammatory activities [19].
The complex of FA/cyclodextrin representing high
degree of photostability and high association con-
stant has found application in sunscreen delivery
systems [20].

Herein, we report the synthesis of two series of am-
phiphilic copolymers based on 2-hydroxyethyl
methacrylate (HEMA). It is well known that linear,
graft, and cross-linked polymers [21, 22] or peptide/
polymer conjugates [23] based on HEMA are attrac-
tive biomaterials for contact lenses, gene and drug
delivery [24]. The biocompatible HEMA/MMA
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copolymers [25-28] have been extended by poly-
methacrylate segment with PEG grafts [29], grafted
from the surface of TiO, nanoparticles [30], or mod-
ified to Fe;O4 containing nanocomposite pH-respon-
sive systems for anticancer drug delivery [31]. In our
work, a new bioinitiator, that is retinol, modified
with bromoester group was synthesized and applied
in the atom transfer radical polymerization (ATRP)
of methacrylate comonomers to achieve retinol end-
capped P(HEMA-co-MMA )s with different content
of hydroxy-functionalized units (Figure 1). For com-
parison, analogous copolymers were prepared by
classical ATRP a-bromoester initiator. These poly-
mers were subjected to micellization, and encapsu-
lation of the antioxidants applied in cosmetology
(VitC or FA). Because of that the release process was
investigated in neutral environment to imitate the
skin conditions. An additional advantage of the car-
riers based on the obtained amphiphilic polymers
corresponds to retinol end-capped group, which is
safe for humans.

2. Experimental section

2.1. Materials

Methyl methacrylate (MMA, Alfa Aesar, 99%),
2-hydroxyethyl methacrylate (HEMA, Aldrich, 97%)
and anisole (Alfa Aesar, 99%) were dried over mo-
lecular sieves and stored in a freezer under nitrogen.
Cooper(I) bromide (CuBr, Fluka, 98%) were puri-
fied by stirring in glacial acetic acid followed by fil-
tration and washing with ethanol and diethyl ether.
After that the solids were dried under vacuum.
4,4-Dinonyl-2,2-dipyridyl (dNdpy, Aldrich, 97%),
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Figure 1. Synthesis of amphiphilic copolymers of MMA/HEMA with RETBr bioinitiator and preparation of nanoparticles

for the potential skin care applications.
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triethylamine (TEA, Aldrich, 99%), pyridine (Aldrich,
99%), 2-bromoisobutyryl bromide (BriBuBr, Aldrich,
98%), ethyl a-bromoisobutyrate (EBriB, Aldrich,
98%), all-trans-retinol (RET, Acros, 95%), L(+)-ascor-
bic acid (VitC, Chempure, 99%, Poland), ferulic acid
(FA, Acros, 99%), 0.1 M sodium phosphate buffer
solution (PBS; pH = 7.4, Aldrich) were used as re-
ceived. All other chemicals were applied without pu-
rification.

2.2. Methods
2.2.1. Synthesis of retinol-2-bromoisobutyrate
(RETBr)
A 0.2 g (0.698 mmol) of RET was solved into a
100 ml round-bottom flask with 10 ml of chloroform
yielding yellow solution. Then TEA (0.101 ml,
0.728 mmol) was added dropwise to the solution.
The reactor was cooled to 0°C in an ice/water bath
and BriBuBr (0.09 ml, 0.728 mmol) was dropped.
The reaction mixture was stirred for 48 h at room
temperature. After that it was transferred into a sep-
arator with chloroform and extracted consecutively
with H,O (3x100 ml) and saturated NaCl solution
(3%100 ml). The organic phase was dried over anhy-
drous MgSQy, filtered off and removed by rotary
evaporation. The product, oily brown liquid, was
dried under vacuum to constant mass. Yield: 93%.
"H NMR (600 MHz, DMSO, ppm): 6.50-6.60 (2H,
2* =CH-), 6.25-3.35 (1H, =CH-), 6.10-6.20 (2H,
2* =CH-), 5.60-5.65 (1H, =CH-), 4.09-4.12 (2H,
—0-CHy-), 1.98-2.02 (2H, —CH,— ring), 2.00 (6H,
—(CHj3),Br), 1.90-1.92 (3H, —CHj ring), 1.75-1.80
(3H, —CHj; aliphat.), 1.65-1.70 (3H, —CH3 aliphat.),
1.52-1.60 (2H, —CH,—ring), 1.40-1.48 (2H, —CH,—
ring), 0.95-1.02 (6H, 2* —CHj; ring). ESI-MS (m/z):
calculated for C4H350,Br 434.9; found for [M+H]"
435.1, [M+Na]" 457.2.

2.2.2. Synthesis of P(IMMA-co-HEMA) with
EBriB as initiator (example for IV)

dNpby (108.75 mg, 0.266 mmol), MMA (4.27 ml,
39.92 mmol), HEMA (1.62 ml, 13.31 mmol) and
anisole (0.6 ml, 10 vol% of monomer) were placed
in a Schlenk flask and then degassed by two freeze-
pump-thaw cycles. Then EBriB (19.74 pul,
0.133 mmol) was added and degassed again. After
that CuBr (19.09 mg, 0.133 mmol) was added. The
reaction flask was immersed in an oil bath at 60 °C.
The polymerization was stopped by exposure to air.
Then the mixture was dissolved in acetone and
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passed through neutral alumina column to remove
copper catalyst. The solution was concentrated by
rotary evaporation. The polymer was precipitated by
dropwise addition of a concentrated solution into di-
ethyl ether. The product was isolated by decantation
and dried under vacuum to constant mass.

2.2.3. Synthesis of P(MMA-co-HEMA) with

RETBTr as initiator (example for VIII)
RETBr (35.70 mg, 0.082 mmol), dNdpy (67.18 mg,
0.164 mmol), MMA (2.64 mL, 24.66 mmol), HEMA
(1.00 ml, 8.22 mmol), anisole (0.36 ml, 10 vol% of
monomer) were placed in a Schlenk flask and then
degassed by three freeze-pump-thaw cycles. After that
CuBr (11.79 mg, 0.082 mmol) was added. The reac-
tion flask was immersed in an oil bath at 60 °C. The
polymerization was stopped by exposure to air. Due
to incomplete solubility of RET-based polymers in
acetone the mixture was diluted in methanol and the
copper catalyst was efficiently removed by cationite
(Dowex). The solution was concentrated by rotary
evaporation. The polymer was precipitated by drop-
wise addition of a concentrated solution into diethyl
ether. The product was isolated by decantation and
dried under vacuum to constant mass.

2.2.4. Micellization

Nanoparticles were prepared via solvent evaporation
method. The amphiphilic copolymer (30 mg) was dis-
solved in methanol (15 ml). Then deionized water
(200 vol% of methanol) was added dropwise under
gentle stirring. The reaction was continued overnight
to let micelles form. After that, the vial with sample
was opened to evaporate organic solvent and then
placed in an ultrasonic bath to dissolve the precipi-
tation. The sample was centrifuged, and next the
aqueous fraction was collected and lyophilized.

2.2.5. Encapsulation of active compound into
polymeric nanoparticles

The substance-loaded nanoparticles were prepared
according to the same methods as the substance-free
ones. Amphiphilic copolymer and FA or VitC were
dissolved in MeOH with the weight ratio of poly-
mer:drug = 1:1 and deionized water was added drop-
wise (200 vol% of the solvent). Further procedures
were similar to those for the ‘empty’ micelles. A so-
lution of loaded particles in MeOH (0.008 mg/ml)
was prepared to determine the amount of entrapped
substances by UV-Vis spectroscopy measuring
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absorbance at L =310 nm for FA and A =267 nm for
VitC. Drug loading content (DLC) was calculated
using Equation (1):

DLC = Weight of drug loaded into micelle
~ Weight of total polymer and loaded drug

-100%
)

2.2.6. Critical micelle concentration (CMC)
measurements
The critical point of polymer aggregation was meas-
ured by fluorescence spectrophotometry using
pyrene as fluorescence probe. Excitation spectra of
pyrene (A =390 nm) were recorded at constant con-
centration of pyrene (3.0-10~* mol/l) and polymer
concentrations in the range of 5-107*-1.0 mg/ml. The
intensity ratio (/336¢/332) from pyrene excitation spec-
trum vs. logC (where C is concentration in mg/ml)
was plotted, where the cross-over point was estimat-
ed as the CMC value.

2.2.7. Bioactive substance release studies
FA-loaded micelles or VitC-loaded micelles were
dissolved in PBS (pH = 7.4; 1.0 mg/ml). The solu-
tion was introduced into a dialysis cellulose mem-
brane bag (MWCO 3.5 kDa), which was placed into
glass vial with 43 ml of PBS and stirred at 37°C in
a water bath. Dialysis was carried out for one week.
1.0 ml of the buffer solution sample was taken from
the release medium, at appropriate time intervals, to
determine the concentration of released drug by UV-
Vis spectroscopy.

2.3. Characterization

"H NMR spectra were recorded with UNITY/INOVA
(Varian) spectrometer operating at 300 MHz using
DMSO as a solvent and tetramethylosilane (TMS)
as an internal standard. The monomer conversion
was determined by gas chromatography (GC, Agi-
lent Technologies 6850 Network GC System). The
measurements were carried out in acetone as the sol-
vent. The signals at different retention times were
corresponded to MMA (2.3 min), HEMA (8.5 min)
and anisole (4.9 min). Mass spectrometry (MS, Xevo
G2 QTof, Waters Corporation) was used to confirm
the molecular masses and regularity of the structure
of the functionalized retinol. Molecular weights and
dispersity indices were determined by gel perme-
ation chromatography (GPC) equipped with an 1100
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Agilent isocratic pump, autosampler, degasser, ther-
mostatic box for columns and differential refrac-
tometer MDS RI Detector. The measurements were
carried out in THF as the solvent at 30 °C with flow
rate of 0.8 ml/min. The GPC calculations of molec-
ular weights were based on calibration using linear
PS standards (580-300000 g/mol). Differential scan-
ning calorimetry (DSC) was used to determine the
glass transition temperatures of copolymers. Meas-
urements were carried out on a Mettler Toledo
DSC822e. Fourier transform infrared spectroscopy
(FT-IR) analysis was conducted with Perkin-Elmer
Spectrum Two 1000 FT-IR Infrared Spectrometer
using attenuated total reflection (ATR). The particle
sizes were measured at 25 °C using dynamic light
scattering (DLS, Zetasizer Nano-S90, Malvern Tech-
nologies). The measurements were carried out in
PBS (pH =7.4). Before measurement some samples
(1.0 or 0.5 mg/ml) were filtered through syringe fil-
ters (pore size 0.45 pm). The critical point of polymer
aggregation was measured by fluorescence spectro-
photometry (FL, Hitachi F-2500). Obtained micelles
were tested for the release of active substances. The
samples taken during the release process were ana-
lyzed by ultraviolet — visible spectroscopy (UV-Vis,
Thermo Fisher Scientific Evolution 300) to deter-
mine the DLE and the amount of released substance
over time. The measurements are carried out in
poly(methyl methacrylate) cuvettes.

3. Results and discussion
3.1. Synthesis of amphiphilic copolymers of
MMA/HEMA
Two series of polymers were synthesized by ATRP
using as the initiator bromoester-functionalized retinol
(RETBr) or standard ATRP initiator EBriB with
CuBr/dNbpy catalyst system in anisole at 60 °C. The
comonomer pair (HEMA/MMA) with different ini-
tial proportions (25/75, 50/50, 75/25) was applied to
control the hydrophilicity of polymers with statistical
distribution of both types of units. For comparison ho-
mopolymers (PHEMA) were also prepared. The use
of RETBr caused a formation of polymers with
lower DP’s at significantly extended reaction time
than in case of the common EBriB. In both series the
lowest monomer conversions and the longest reac-
tion time were provided by systems with the highest
content of the hydrophobic fraction (IV, VIII). The
detailed data of characteristics for the obtained poly-
mers are summarized in Table 1 and Table 2.
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Table 1. Data for synthesis of HEMA/MMA copolymers by ATRP with EBriB initiator.

IH NMR GC GPC
No My/M, Time Conversion Conversion DP
" | HEMA/MMA | [min] [%] [%] n Mo g, | Me
[g/mol] [g/mol]
HEMA HEMA MMA HEMA MMA
I 100/0 10 42 42 - 168 - 22000 nd
1I 75125 15 53 47 44 141 44 23000 1.29 3400
11T 50/50 20 47 45 45 90 90 20900 1.53 21000
v 25/75 240 42 32 38 32 114 15900 1.35 19000
[M, + M>]o/[EBriB]o/[CuBr]0/[dNdpy]o = 400/1/1/2; anisole 10 vol % of mon., 60°C;
nd: not determined due to polymer insolubility in THF
Table 2. Data for synthesis of HEMA/MMA copolymers by ATRP with RETBr bioinitiator.
"H NMR GC GPC
No My/M, Time Conversion Conversion DP
* | HEMA/MMA | [min] [%] (%] n Mo g, | Mo
[g/mol] [g/mol]
HEMA HEMA MMA HEMA MMA
\% 100/0 45 22 25 — 100 - 13600 nd
A% | 75/25 20 33 26 39 78 39 14500 1.46 4900
VII 50/50 60 34 35 41 70 82 17700 1.30 5700
VIII 25/75 220 22 19 21 19 63 9200 1.44 14500

M, + M>]o/[EBriB]o/[CuBr]0/[dNdpy]o = 400/1/1/2; anisole 10 vol % of mon., 60°C;
[ py

nd: not determined due to polymer insolubility in THF

The relatively low dispersity indices (1.29-1.53)
confirmed narrow molecular weight distributions as
the effects of the well-controlled polymerization
processes. In most of the obtained copolymers the
GPC traces were monomodal and symmetrical (Fig-
ure 2). The structures of the polymers were confirmed
by 'H NMR analysis (Figure 3). The conversion of
HEMA was determined from 'H NMR spectrum
using protons in methylene groups (-COO—-CH,—) by

integration of signals corresponding to the monomer
(4.1 ppm, Cp,)) and polymer (3.8-4.0 ppm, C,). Be-
cause the signals crucial for calculation of MMA
conversion (—O—CHj3;, D) were overlapped with
HEMA signals (-CH,—OH, B), it was completed by
GC analysis, which let to evaluate both monomer
conversions and degree of polymerization (DP,).
The values of HEMA conversions obtained by the
NMR and GC analyses indicated agreement with

111 (50/50)

Il (75/25)

IV (25/75)

VIl (25/75)

VI (75/25)

VII (50/50)

Elution volume [ml]

b)

9
Elution volume [ml]

Figure 2. GPC traces for copolymers EBriBFHEMA/MMA (a) and RETBi/HEMA/MMA (b).

810



Odrobinska and Neugebauer — eXPRESS Polymer Letters Vol.13, No.9 (2019) 806-817

F. E, G, E.
+ — -
e
o} o
\ D, Cn

F & G  /E
p P P
o o)
o o]
D\ gc

b P

B, B

D P

G OH A Cm i Em+(F+G)p

m B\ (D+C), A
Vil Fo .’ (F+G), A B, 1 L E,
S ]} A A J
Vi | J
e B M oA hJJ A [
vi 1 I I
- n_J A A , 7|
v
75 70 65 60 55 55 45 40 35 30 25 20 15 1.0 05
& [ppm]

Figure 3. 'H NMR spectra of the samples taken from the reaction mixture for RETBr initiated copolymerization of
HEMA/MMA: 25/75 (VIII), 50/50 (VII), 75/25 (VI), 100/0 (V), where signals with indices m and p are related

to monomer and polymer, respectively.
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Figure 4. FT-IR spectra for copolymers RETBr/HEMA/
MMA: 100/0 (V), 75/25 (VI), 50/50 (VII), 25/75
(VIII).

1-10% of discrepancy as the method errors. Addi-
tionally, the monomer conversion measured by GC
was used to calculate M, which in comparison to
that determined by GPC disagreed in the case of
samples II and VI. These differences were caused
by the various natures of solvents in both analyses,
that is THF (GPC) vs acetone (GC).

The polymer structures were also confirmed by FT-IR
spectra (Figure 4). The presence of the hydroxyl
groups is evident by the broad band in region of
3000-3600—cm™" corresponding to v(o_p) stretching
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Figure 5. Glass transition temperature for copolymers with
various content of HEMA/MMA.

in HEMA units. The peak at 1150 cm™" corresponds
to the stretching vibration of C—O and the second
peak at 1730 cm™! to the stretching vibration of C=0
groups from ester groups.

DSC analysis of the obtained polymers indicated one
glass transition temperature (7,) in a narrow range
of 84-101°C (Figure 5). Although comparing both
series, T,’s of the retinol based polymers were slight-
ly higher than for EBriB/HEMA/MMA analogs,
whereas in each series the tendency of slight de-
crease in temperature with reducing number of HEMA
units can be observed with exception of copolymer
VIII (HEMA/MMA = 25/75) characterized by T,
similar to that of the homopolymer PHEMA.



Odrobinska and Neugebauer — eXPRESS Polymer Letters Vol. 13, No.9 (2019) 806-817

3.2. Micellization and bioactive substance
loading

The self-assembling behaviors of the copolymers
were investigated by determination of critical aggre-
gate concentration (CMC, Table 3). CMC values of
copolymers were measured by standard procedure
using emission spectra of pyrene to form the plot of
I336/1335 vs the logarithm of the copolymer concen-
tration (Figure 6). It has been noticed that CMC
value decreased with the increase in hydrophobic
fraction (I, III, I'V and VII, VIII) what is the general
relationship in the self-assembly process. Similar re-
sults have been reported for the studies on other lin-
ear amphiphilic copolymers, for example poly(e-
caprolacton)-b-poly(methacrylic acid) [32]. Com-
paring the samples with equimolar hydrophilic/hy-
drophobic content (II1, VII), aggregates were formed
at the same concentrations (0.014 mg/ml). Similar cor-
relation was observed for samples containing 25%
of hydrophilic fraction (IV and VIII) with signifi-
cantly lower CMC (0.0017 mg/ml) than the previous

l'33&"’ iS 32
o
[o2]
o

a) logC [mg/mli]

0.82

0.81

0.80 1

1336" 332

0.79 1

0.78

c) logC [mg/ml]

ones, but they provided second CMC point (Figure 6b,
6d). Double CMC behavior has been described ear-
lier for solution of double hydrophilic block copoly-
mer poly((2-dimethylamino)ethyl methacrylate)-b-
poly(acrylic acid) with surfactant addition [33] as
well as in the case of star-shape statistical copoly-
mers of MMA/methacrylic acid [34].

The hydrodynamic diameters (Dy,) of the particles
determined by DLS in water are presented in Table 3.
In the series of copolymers obtained with EBriB (I,
III, IV) higher hydrophobic fraction content caused
the increase in the particle sizes (212, 566, 963 nm,
respectively), what is reverse correlation to CMC de-
pendency on the polymer composition. The excep-
tion was a copolymer with a predominant hydro-
philic fraction (II), which showed a larger Dy, than it
was expected. In the case of RET-based copolymers
with similar chain lengths (V and VIII) the yielded
self-assemblies reached sizes of 180 nm, whereas al-
most twice longer chains of polymer VII were ag-
gregated to much bigger particles (500 nm). After

0.70

0.60

0.50

0.40

"336" "3 32

0.30

0.20 A

0.10

0.00
-3.5

b) logC [mg/ml]

0.95
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0.85 1

0.75 4

"336" 'll 32

0.65 4
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Figure 6. Plots of intensity /334//33; ratio as a function of the logarithm of copolymers concentration in aqueous solution:
with single CMC (a, ¢) and double CMC (b, d) characteristics.
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drug loading the size of aggregates formed by ho-
mopolymer V or sample VIII increased, while for
other samples the particles became smaller. This mis-
cellaneous behavior confirms strong influence of
chemical nature of encapsulated substance (FA vs
VitC) and starting unit in polymer chain (introduced
by various initiators, EBriB vs RETBr), which result
different interactions between the bioactive sub-
stance and the copolymer varied by hydrophobic/hy-
drophilic balance. A relationship between Dy, and the
amount of encapsulated substance was observed for
the sample with the smallest Dy after loading
(236 nm) the smallest DLC value (53%), whereas in
the case of large DLC values (87 and 98%) a signif-
icant increase in the hydrodynamic diameter was ob-
served between the empty and loaded micelles (171
vs. 834 nm, 212 vs. 990 nm respectively). In some
cases of loaded systems (I, II1, IV) the measurements
showed a few generation of particles with different
sizes in the sample, what may indicate the presence
of unimers, as well as formation of micelles, aggre-
gates, and even superaggregates (Figure 7).

Generally the polymeric micelles are widely studied
as the drug delivery systems, mostly for anti-cancer
and anti-inflammatory therapy [34—41]. Satisfactory
results have encouraged us to investigate the poly-
meric micelles also for encapsulation of cosmetic
substances that improve the skin functions and ap-
pearance. The studies on the self-assembling poly-
mers in the presence of active substance (FA or VitC)

Empty micelles ﬁ

35

30 A

25 4
g 20 +
=
B
=
[}
E 15 1

Loaded micelles

10 A

5 -

o - : A ,

0.1 1 10 100 1000 10000

a) Size, D, [nm]

were performed in ratio 1:1. The encapsulation effi-
ciency was verified by drug loading content (DLC,
Table 3). The copolymers with the high content of
the hydrophilic fraction (=50%) exhibited the opti-
mal polymer-substance interactions with FA yielding
almost complete loading (94-98%), which was in
contrary to homopolymer V encapsulating 53% of
VitC. The copolymers with the predominated hy-
drophobic fractions (IV, VIII) demonstrated lower
DLC (58-66% of FA and 87% of VitC), which means
this hydrophilic/hydrophobic balance was exceeded
to provide the maximal loading efficiency. Although
the influence of the loaded substance nature was ev-
ident for systems VII and VIII (FA vs VitC) showing
opposite tendency of efficiency loading depending
on the polymer composition (DLCvyic < DLCga at
50/50 and DLCvic > DLCya at 25/75 of HEMA/
MMA), what confirmed higher polarity of FA and
its better interactions with more hydrophilic systems
than it was detected for VitC. The presence of RET
in the copolymer with 50% content of the hydropho-
bic fraction did not affect the FA encapsulation (96%
for IIT and 94% for VII), whereas at larger content
of the hydrophobic fraction the retinol based system
encapsulated slightly less FA than its counterpart ob-
tained with the standard initiator (IV 66% vs VIII
58%). The loading results let us to conclude that the
ratio of HEMA/MMA in the copolymer is the crucial
factor to design the encapsulated systems with opti-
mized amount of the cosmetic substance.

25

Vil
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Empty micelles
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Figure 7. Size distribution plots by intensity for empty and loaded micelles (IV — FA, VIII — VitC) in PBS at 25°C.
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Table 3. Data of micellization and FA or VitC encapsulation.

No.

My/M,
HEMA/MMA

cMC
[mg/ml]

Micelle, Dy?
[nm]

empty

loaded

Encapsulated
substance

DLC
(o]

1

100/0

0.0289

212

ndf®

FA

97.8

I

75125

0.0402

690

407

FA

97.8

I

50/50

0.0137

566

358¢

FA

96.3

v

25/75

0.0017/0.0058

963

1.5¢

FA

65.6

\%

100/0

nd

185

236

VitC

53.1

Vil

50/50

0.0138

500

250

VitC

78.2

nd

FA

94.4

VIII

25/75

0.0017/0.0057

171

834

VitC

86.8

nd FA 57.7

I-1V based on EBriB, V-VIII based on RETBr;
“intensity distribution;

non dominated fraction: 30% — 12 nm, 39% — 991 nm, 26% — 4618 nm;

€56%, 41% — 2.0 nm, 3% — 5560 nm;
462%, 18% —30.5 nm, 20% — 2403 nm;
nd: not determined

3.3. Bioactive substance release

The release experiments were carried out in PBS at
pH 7.4 for VitC or FA loaded systems, which demon-
strated various amounts and release rates of bioac-
tive substance in dependency on the hydrophilic/hy-
drophobic balance. The largest amounts of bioactive
substances were released from micelles based on
copolymers containing 50 or 25% of hydrophilic
fraction, that is 93-97% of FA (III-1V and VII-
VIII) without any specific effect of RET units on FA
release profile (Figure 8a, 8c, Figure 9). However,
the influence of loaded bioactive substance FA vs
VitC was detected for copolymers VII-VIII, which
were less efficient for release of VitC evaluated in
48-62% (Figure 8b, Figure 9). In the case of systems
with dominantly hydrophilic fractions, including ho-
mopolymers, the released amount of FA was slightly
lower (71-87% for I-1I), whereas system V (char-
acterized by the smallest DLC ~ 53%), demonstrated
the lowest ability to release VitC with the yield of
27%. Comparing the release time for maximum
amount, the systems with VitC needed 1 hour, while
FA release was extended to 2 hours. Such a short re-
lease time is beneficial from the point of view of ap-
plying the tested systems in cosmetic products used
in the form of masks, wraps or creams, which time
of application on the skin is usually short because
the active substance penetrates into the skin to stim-
ulate dedicated processes.

In our studies the term of maximum amount of re-
lease substance into the solution means that further
its release corresponded to lower concentration
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Figure 8. Release profiles for micelles loaded with FA (a, ¢)
and VitC (b).

instead of being on constant level. This phenomenon
may be explained by the degradation of the active sub-
stance as a response to sun or artificial light exposure
(the samples were not protected from daylight during
release) as well as its tendency to particle aggregation.
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Figure 9. Maximum amount of bioactive compound re-
leased after 3 h for FA and 1 h for VitC.

The influence of light on the release was confirmed
by additional experiment with inclusion of a strong
lightening source during the process, what resulted
in a sudden decrease in the concentration of FA in
the test sample compared to the sample exposed to
the daylight (Figure 10a). Aggregation was observed
by DLS analysis of the buffer solution taken after
reaching the maximum release point in the process.
This test showed formation of a much larger parti-
cles (corresponding to aggregates) than the micelles
before the release process, e.g. 236 vs. 852 nm for
the system V (Figure 10b).

4. Conclusions

Bromoester modified retinol was used as novel
bioinitiator in the Cu-mediated ATRP to prepare
copolymers of HEMA/MMA with various hy-
drophilic/hydrophobic balance supporting the self-
assembly behavior in aqueous solution at room tem-
perature. The copolymers with a predominantly

hydrophilic fraction showed better ability to form
micelles, what was indicated by higher CMC values,
in contrary to that with predominantly hydrophobic
fraction. Most of the systems demonstrated satisfac-
tory efficiencies of cosmetic substance encapsulation
(78-98% of FA or VitC), but the ratio of HEMA/
MMA in the copolymer was found to be a crucial
factor regulating the encapsulation processes. The sys-
tems were proficient to release the maximum of ac-
tive substance within 1 or 2 h depending on the en-
capsulated substance (VitC vs FA, respectively). In
respect to both encapsulation and release studies, the
polymers with 50/50 of HEMA/MMA for FA load-
ing, including RET based ones, and 25/75 for VitC,
provided the best micellar systems, which need to be
tested for toxicity and diffusion through the artificial
skin to verify their application in cosmetology. The
biological and non-toxic nature of retinol starting
unit can be additionally beneficial for improvement
of the skin treatment. Because of that the retinol
based amphiphilic copolymers with adjustable char-
acteristics are postulated as excellent carriers of ac-
tive substances, including the option of their conven-
ient distribution into the skin by in via masks,
under-eye patches, and wraps.
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