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Abstract

Two sets of copolymers comprising of styrene and either methyl or ethyl methacrylate as comonomer were conveniently synthesized
by microemulsion copolymerization. The purified materials were characterized by GPC-MALLS and were shown to form artificial nan-
olatexes in THF. ATR-FTIR analysis revealed differences in copolymer composition and based on the copolymer properties, a selection
of copolymers was chosen to cast drug-loaded, microporous films that exhibit microencapsulation of drug agglomerates. The contact
angles of the copolymers suggested potential applications in medical devices to prevent the formation of bacterial biofilms that com-
monly result in infections. Additionally, the different copolymeric films showed two phases of drug release characterized by a rapid initial
drug release followed by a zero-order phase. Depending on the application, one could select the copolymer films that best suited the
application i.e. for short-term drug release applications such as urinary catheters or long-term applications such as artificial implants.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Several studies have reported the introduction of infec-
tions in patients which received polymer-based medical
devices, i.e. orthopedic surgical implants [1], urinary cathe-
ters [2], cardiovascular stents [3] and ventilator-associated
pneumonia with use of endotracheal tubes [4]. The proce-
dures associated with the use of these devices are invasive
and compromise natural barriers of the body that protect
it from infection [5].

In the event of bacterial accumulation, a so-called biofilm
is created on a surface, i.e. a polymer film or coating. This
biofilm is often a very resistant and physically strong struc-
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ture comprising several stacked layers of microorganisms
[6]. Once the biofilm has been established the onset of an
infection could be observed. Therefore, the development of
strategies to curb infections associated with the use of poly-
meric devices is warranted if the devices should actually ben-
efit, not compromise, the health of patients [7,8]
Circumvention of biofilm formation could entail a num-
ber of approaches. Some techniques modify the surface
chemistry of the polymer film to hinder bacterial attachment
by methods such as thiocyanation since thiol groups could be
microbiocidal [9]. Other methods employ loading the poly-
mer device with antimicrobial agents, i.e. rifampin, fusidic
acid and mupirocin combinations [10], rifampin and mino-
cycline [11], gentamicin [12,13], vancomycin [14] and cipro-
floxacin [15] that release low quantities of the drugs over
prolonged periods that effectively eradicate the biofilm.
Several tests could be conducted to establish the surface
properties and the contact angle of the polymer film could
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serve as a first, although not absolute, indicator of the
potential adhesion properties of bacteria onto film sur-
faces. Bacteria usually adhere to polymer substrates of sim-
ilar hydrophobicity or hydrophobicity [16,17].

A convenient way to produce a polymer film is by solvent
casting of a pseudolatex or artificial latex [18] produced from
a characterized material. The production of a film from a
pseudolatex is advantageous since unwanted monomer and
other materials or remnants from polymerization reactions
could be removed from the material before it is used [19].

At the molecular level, it is very difficult to truly blend
polymer materials and one of the classic examples of phase
separation occurs in blends of poly(methyl methacrylate)
(PMMA) and poly(styrene) (PS) [20,21]. Despite the
incompatibility of PS and PMMA, it might be advanta-
geous to incorporate different polymers comprised of meth-
acrylate and styrene units to modify an application. Both
PS and PMMA have found applications in prostheses fixa-
tion and drug delivery from these prostheses and it would
be of value to investigate the effect of a copolymer com-
posed of both monomers of these polymers.

A method to produce a true blend of different mono-
mers (and therefore avoid phase separation) is by copoly-
merization of the desired monomers. It was shown that
the phase separation observed for the blends of poly(sty-
rene) and poly(methyl methacrylate) was not observed
for a copolymer of styrene and methyl methacrylate [22].
Furthermore, copolymers consisting of monomers corre-
sponding to those found in immiscible homopolymers
could act as compatibilizers to augment miscibility [23].
Microemulsion copolymerization lends itself to the produc-
tion of nanoscale random copolymer latexes which could
be purified to produce a final copolymeric material com-
prising the desired chemical composition [24].

Several random copolymers are available that incorpo-
rate methacrylic monomers. Typical examples of non-ionic
random methacrylic copolymers in the pharmaceutical
industry are marketed as Eudragit® NE and MN that have
been applied in various film coatings for numerous purposes
including taste-masking and controlled release of drugs [25].

Some applications could be found for poly(styrene-
co-methyl methacrylate) (P(St-co-MMA)) as bone cement
i.e. Endurance® cement [26]. However, no pharmaceutical
application could be found for poly(styrene-co-ethyl
methacrylate) (P(St-co-EMA)) copolymers. Subsequently,
P(St-co-EMA) and P(St-co-MMA) copolymers were
synthesized, characterized and evaluated for potential
pharmaceutical applications.

2. Experimental section
2.1. Materials

Rifampin (RIF) was purchased from Youhan Corp.
(Seoul, Korea). The homopolymers used in this study

PMMA, poly(ethyl methacrylate) (PEMA) and PS (Scien-
tific Polymer Products, Inc., Ontario, NY). Copolymers

comprising styrene and either methyl or ethyl methacrylate
were synthesized by microemulsion copolymerization. Tet-
rahydrofuran (THF) (Fisher Scientific, Pittsburgh, PA)
was used as solvent for all the polymers and RIF.

2.2. Copolymerization procedure

The microemulsion copolymerization was conducted
according to a 3-level-4-factor fractional factorial design
applying some formulation guidelines provided in the liter-
ature [27]. Briefly the reactions employed double deionized
water (gs 100% wt.) (Milli-Q®, Microsep, Sandton, South
Africa) as dispersion medium with ultrapure sodium dode-
cyl sulfate (SDS) (Sigma—Aldrich, Kempton Park, South
Africa) as surfactant (2-8% wt.). The cosurfactant, 1-buta-
nol (BuOH) (Merck, Modderfontein, South Africa) was
incorporated in all reaction mixtures at levels between
1-5% wt. Potassium persulfate (KPS) (Sigma-Aldrich,
Kempton Park, South Africa) was used as the reaction ini-
tiator at 0.5% wt. for all reactions. A mixture of 60-80% of
styrene (St) (Merck, Modderfontein, South Africa) and 20—
40% either methyl methacrylate (MMA) or ethyl methacry-
late (EMA) (donated by Degussa, Diisseldorf, Germany)
was added to the reaction medium. These monomer mix-
tures constituted 6% wt. of the total reaction mixture and
were copolymerized for 2 h. The reactions were performed
at a specified temperature between 60 and 80 °C. All reac-
tions were performed with magnetic stirring at 500 r.p.m.
under continuous N, purge. An excess of hydroquinone
(Sigma—Aldrich, Kempton Park, South Africa) was added
to quench the reaction after 2 h.

The copolymer latexes were a translucent blue color,
indicating the existence of very fine colloidal particles.
The latex was precipitated with copious quantities of meth-
anol (MeOH) (Merck, Modderfontein, South Africa). The
mixtures were vortex-shaken (Vortex Genie 2%, Daigger®,
A. Daigger and Company, Vernon Hill, IL) and centri-
fuged in 50 cm® tubes at 3500 r.p.m for 10 min. The sedi-
ments were subsequently redispersed and washed with
MeOH followed by centrifugation until no redispersion
could be effected by addition of MeOH.

Susequently, the copolymers were dried in a fume hood
until only brittle material remained. These white products
were finely pulverized and then dried for an additional
24 h under a vacuum of 13 mbar. The powders were then
sealed in opaque, airtight containers until further use.

2.3. Copolymer characterization

2.3.1. GPC-MALLS

GPC-MALLS was utilized to characterize the absolute
molecular weight and particle size of the polymer samples.
A DAWN® DSP laser photometer (Wyatt Corporation,
Santa Barbara, CA) and a refractive index detector (Agi-
lent® 1100 series) were used as detectors. Briefly, 100 pL
of 3 mg/mL polymer samples dissolved in THF were
injected into the GPC columns (PLGel® mixed bed type
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C™, 7.6 x 300 mm, exclusion range 300-2 000 000 g mol !,
particle size of 5um and a Phenogel™ Phenomenex®,
7.8 x 300 mm, exclusion range >5000 g mol ', particle size
of 5um, Separations Scientific CC, Honeydew, South
Africa) with THF as a mobile phase. The weighted molec-
ular weight and radii of gyration averages (Egs. (1 and 2))
as well as conformation of the copolymer chains were cal-
culated from the scattering data (Eq. (3)) (ASTRA™ 4.73,
Wyatt Corp.) according to the Zimm formalism employing
all MALLS scattering angles between 17° and 155° [28]:

% — MP(®) — 24:eM>P(®) + --- (1)
where M is the molecular weight of a slice of the sample
chromatogram, Rg is the excess Rayleigh ratio at the scat-
tering angle . Additionally, the wavelength and scattering
angle-dependent particle scattering factor is represented by
P(O). Furthermore, the concentration of the particles is de-
noted as ¢ (determined with the refractive index detector)
and A, is the second virial coefficient which becomes negli-
gible at low concentrations as employed here). The con-
stant K was derived by employing Eq. (2):

2,2 2
k= Som () @)
JoNa \dc

where the refractive index of the solvent in vacuum is ng at
the incident wavelength of the vertically polarized laser
radiation, Ao, the Avogadro number is N4 and the specific
refractive increment of the polymer is dn/dc.

Evaluation of the linear segment of the data if plotted as

a double-logarithmic plot and fitted to a power law regres-
sion according to Eq. (3):

()7 o MY, (3)

where the z-average root mean square <s*>'2 radius was
related to the weight average molecular weight M,,.

2.3.2. ATR-FTIR

The composition of the copolymer particles was deter-
mined with attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR). The ATR-FTIR (Bru-
ker, Ettlingen, Germany) comprised a ZnSe crystal and a
microsample accessory. Sufficient quantities of the samples
were transferred to the crystal sample accessory and
clamped onto the crystal. 32 spectra were collected at a
spectral resolution of 4 cm ™! for each sample. Wave num-
bers could be assigned for quantitative analysis, i.e. the
out-of-plane bending of the phenyl ring in styrene units
at ~699 cm~' and the saturated alkyl ester carbonyl of
the methacrylates at ~1729 cm™' [29]. Monodiperse, low
weight standards of PMMA and PS (Fluka, St. Louis,
MO) were prepared to contain various mole fractions of
St and either MMA and EMA.

2.3.3. Film casting
Following the synthesis of the copolymers, analysis of
the polymers by GPC-MALLS and ATR-FTIR revealed

suitable candidates for application in film casting. Pseudo-
latexes of the homopolymers and copolymers were
prepared in THF (5% w/v) by sonication, allowing a 12 h
swelling period. RIF was dissolved in THF (5% w/v) before
film casting. The requisite quantities of the synthesized
copolymer or homopolymer and drug solution were mixed
to produce mixtures of 20% drug/80% polymer.

These solutions were cast onto previously cleansed,
weighed glass surfaces and left to slowly dry under ambient
conditions at 23 °C for 12 h followed by additional drying
in a vacuum oven at 40 °C for 12 h (to obtain constant
weights). The complete film cast with glass surface was
weighed to determine the weight of the film. Strips measur-
ing 6 x2.5cm were cut and weighed. The theoretical
amount of drug in the strip was calculated. Film strips were
stored in a desiccator preceding additional evaluations of
the films.

2.4. Film characterization

2.4.1. Scanning electron microscopy

Scanning electron microscopy (SEM) studies were per-
formed on film samples taken before and after release stud-
ies. These samples were affixed on carbon-taped stubs and
thinly coated with Au/Pd in an Argon-filled bell jar under
vacuum of ~130 Torr. A Hitachi S570 was used to photo-
graph the samples employing Gatan DigitalMicrograph™
imaging software (Gatan, Inc., Warrendale, PA). All
micrographs were recorded with a crystal emission of
10 keV. Additional SEM micrograph analysis was con-
ducted with automated image analysis routines utilizing
ImageJ 1.38x imaging analysis software [30].

2.4.2. Contact angle

Contact angle measurements were made by carefully
depositing a drop of 10 pL of deionized water or release
medium on various spin-coated films of the (co)polymers
or (co)polymer/drug solutions. The droplet was photo-
graphed via a remote-controlled digital camera (Canon
USA, Inc., Lake Success, NY) that was interfaced with a
computer. The obtained images were analyzed with ImageJ
1.38x to measure the contact angle [31,32].

2.4.3. Release studies

Drug release from the films was evaluated in triplicate
according to the USP apparatus II basket rotation method
utilizing a VanKel VK 7000 dissolution tester (VanKel
Technology Group, Edison, NJ) adjusting the rotational
speed to 50 r.p.m. phosphate buffer (500 cm?) (USP XXIX
2006 [33]), pH 7.40, served as the release medium and was
maintained at 37 4+ 0.5 °C. Samples (5 cm®) were collected
at predetermined intervals over a 24 h period through
0.45 pm MCE membrane syringe filters (Fisher Scientific,
Pittsburgh, PA) and release vessels were immediately
replenished with 5 cm? fresh buffer. Samples were analyzed
by UV spectrophotometry at a wavelength of 333 nm
[34,35] with a Beckman DU® 640 UV/Vis spectrophotometer
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(Fullerton, CA). Linear calibration curves could be con-
structed in the range 0.5-40 ug/mL RIF (> > 0.9999) using
the release medium as solvent and blank. Different release
kinetics models were used to investigate the release mecha-
nism of the drug from the films:

The Peppas-model [36,37]:

t

= Kt"

(4)

where M, is the amount of drug released at time ¢, and
M, is the amount of drug that is released after infinite
time-lapse, therefore approaches the maximum potential
release. K is a constant and # is the exponent characterizing
the release process. If typical Fickian diffusion was
observed, n would assume values of 0.5, 0.45 and 0.43 for
thin films, cylinders and spheres, respectively. This
equation should be used carefully as with all other power
law descriptions to model release up to the fraction
MM, <0.6

Higuchi-model ([38, 397

M, = A[D(2Cy — C,)C|]"/?

o0

(5)
where M, is the amount of drug release until time z, A4
defines the release area, D is the drug diffusion coefficient,
Cy is the initial concentration of the drug in the delivery
system and C; denotes the solubility of the drug.

A zero-order release kinetics model could also be
applied in the secondary release phase [40,417:

C, = Cy — kot (6)

where C, is the concentration of the drug that is released at
time ¢, Cy is the initial concentration of the drug incorpo-
rated in the delivery device, k is the zero-order release con-
stant that describes the constant release rate for any time
point in a zero-order release phase.

3. Results and discussion
3.1. Copolymers

3.1.1. Copolymer molecular weight, radius of gyration and
conformation

The properties of the synthesized copolymers are listed
in Table 1. Two replicates of 27 copolymers were synthe-
sized for each monomer pair and analyzed to determine
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their molecular weight, polydispersity, radius of gyration,
conformation and chemical composition. Statistical analy-
sis of the factorial design revealed that the cosurfactant
dominated the molecular weight properties as well as deter-
mined the size of the polymer chains.

The effect of the cosurfactant on My, (Fig. 1) was clearly
not similar for both series of copolymers. A linear increase
in polymer weight of P(St-co-MMA) was seen with weight
ranging from 250 to 700 kg mol~' (considering the stan-
dard deviation error bars) as the concentration of BuOH
increased. The P(St-co-EMA) series demonstrated weights
ranging 190-550 kg mol~! (considering the standard devia-
tion error bars). At the highest concentration of BuOH,
P(St-co-EMA) copolymers had the lowest weight and this
was the only point where significant differences in weight
was seen, although the P(St-co-EMA) polymers were com-
paratively lighter than the P(St-co-MMA) produced under
the same conditions.

The effect of BuOH on <s*>'?2 (Fig. 2) paralleled the
effect on M,, as can be seen from the linear increase in
<s?>12 for P(St-co-MMA) versus the parabolic continu-
ance for P(St-co-EMA). All the copolymer particles illus-
trated sub 50 nm values for <s,>!/2 with P(St-co-EMA)
ranging between 20 and 26 nm and P(St-co-MMA)
between 25 and 37 nm.

Based on the HLB value of 7.0 for BuOH [42] one could
envision that micelles clustered together during the poly-
merization since BuOH would reside in the surfactant alkyl

700
600
500
400

300

Mw (kg.mol™)

200

100

%BuOH

Fig. 1. The effect of the cosurfactant on M, of (O) P(St-co-MMA) and
(#) P(St-co-EMA) copolymers.

Table 1
Properties of the copolymers synthesized by microemulsion copolymerization
Polymer M,, (kg mol™") M/ M, <>12 (nm) q %MMA %St
P(St-co-MMA)
1 474.2 1.8 32 0.492 19 81
2 309.1 1.8 23 0.502 37 63
3 183.1 1.8 18 0.459 52 48
P(St-co-EMA) Y%EMA
1 244.0 2.0 22 0.500 14 86
2 217.5 1.8 18 0.458 24 76
3 314.6 1.8 18 0.527 34 66
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Fig. 2. The effect of the cosurfactant on <?>172 of (O) P(St-co-MMA)
and (#) P(St-co-EMA) copolymers.

tail in the interface of the micellar reactors. The local con-
centration of the monomers would therefore increase as
BuOH concentration increased and P(St-co-MMA) molec-
ular weights increased. At the highest concentration of
BuOH, the partitioning of EMA (more hydrophilic than
styrene) to the interface is limited. Subsequently, a decrease
in monomer oligomer radicals formed in the interface,
reducing radical entry into the monomer swollen micelles
(reaction locus) that could nucleate the micelles [43].

The conformational analysis (Fig. 3) was performed to
determine the suitability of the solvent, THF, to disperse
the polymer chains. The conformation was determined
with consideration of the limitation of MALLS detection
of small particles below ~20 nm [44-46]. The polymers pre-
dominantly illustrated conformation values of ¢ =~ 0.4-0.5.
The samples indicating a ¢ value of ~0.5 were selected,
since these illustrated the ideal 6 conformation.

The 0 condition for a polymer chain dispersed in a sol-
vent is found at a specific temperature (in this case ambient
temperature) and could be compared to the state at which a
sample would start to melt [47]. This indicated that both
the intra- and intermolecular attractive forces were in equi-

100 +

—_ <g2>112 4 \M0.4513

£ 2 = 0.9965
a 104 ¢

A ] S

AR

14+ —Tr—TTrTrrm
100000 1000000 10000000
M., {g.mol™)

Fig. 3. Conformation plot of P(St-co-MMA) comprising of 37% MMA
and 86% St. The power law regression was performed by negating the
uncertainties for particles under 20 nm.

librium and that polymer chains could interpenetrate each
other freely with no resultant interaction [48].

Therefore optimal copolymer dispersion would occur in
THEF if copolymers were chosen that illustrated conforma-
tions close to the 0 condition, facilitating the mixture with a
drug solution in THF. Not surprisingly, these copolymers
were found in the lower weight range of both sets.

Studies found that melting of RIF resulted in decompo-
sition of the drug [34,35,49]. Furthermore, the copolymers
melt at temperatures higher than the melting point of RIF,
precluding the melting method for producing films. Subse-
quently THF solutions of the selected copolymers and RIF
could be utilized for solvent casting of films. Additionally,
THEF is a volatile, pharmaceutically acceptable class III sol-
vent [50].

3.1.2. Copolymer composition

The statistical analysis revealed that copolymer com-
position was determined solely by the monomer feed
composition (Fig. 4, Table 1). It was argued that the
clustering of micelles, induced by BuOH would ulti-
mately determine the number of radicals that could
nucleate the micelles and therefore determine the molec-
ular weight of the copolymer particle. However, MMA is
slightly more hydrophilic than EMA and therefore
MMA partitioned to a higher extent to the interface
where primary radicals were formed that could nucleate
the micelles. This also reflected in the composition, since
lower fractions of St were found in the corresponding
copolymer. Subsequently higher fractions of St were
found in the P(St-co-EMA), indicating that both mono-
mers resided to a larger extent in the micelle compared
to the uneven partitioning of MMA systems.

3.2. Films

3.2.1. Morphology

The cavities of the honeycomb structures of P(St-co-
MMA) films had Feret-diameters ranging from 12 to
17 pm, circumferences ranging 40-73 pm, and projected

7091 P=1.0000
65+
1 r=09949

Fst

45 T T 1 T 7 T T | B | LI | LI | LA | L |
45 50 55 60 65 70 75 80 85 90
far

Fig. 4. The effect of the feed fraction of St on the polymer fraction of St
for (O) P(St-co-MMA) and (4) P(St-co-EMA) copolymers.
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areas of 89-98 pm? resulting from an increase in MMA
content from 18% to 52%. P(St-co-EMA) films had cavity
Feret diameters of 4.6-5.9 um, perimeters of 14-19 pm
with projected areas of 15-20 um®> as EMA content
increased from 14% to 34%. Fig. SA and B shows that
the surface cavities of P(St-co-MMA) was approximately
double the size of those found for P(St-co-EMA). In addi-
tion all these cavities exhibit circularities of 0.9-1.0, indi-
cating that an oblong to circular type of shape could
describe the cavities. The P(St-co-EMA) films therefore
seemed more porous and the P(St-co-MMA) films more
dense.

The honeycomb structure of the films (Fig. 6) evolved
due to a complex set of events. The solubility parameters
(0 in MPa %) based on the Hansen and Hildebrandt meth-
ods were found in literature for THF (6 = 18.6-19.47)
[51,52], RIF (6 =20.76) [53], PS (6 =18.19) [51], PMMA
(0 =19.65) [51], PEMA (0 =20.46) [52] and the corre-
sponding copolymers (6 = 18.85) [S51]. These values indi-
cated that these materials would all be miscible in a THF
solution since the values of Ad was small — a prerequisite
for miscibility [54].

The free energy of the mixing theory [47] was applied to
explain the morphology of the drug-loaded films:

AG, = AH, — TAS, (7)

where AGy, is the free energy of mixing and should be neg-
ative to favor mixing, AH,, is the exothermic mixing en-
thalpy (therefore if spontaneous, it should be negative), T
is the Kelvin temperature and AS,, is the mixing entropy
(which should be positive to show and increase in the dis-
order, therefore mixing in the system).

According to the Flory—Huggins theory [47], the heat of
mixing is determined by the volume fraction of each com-
ponent that should be mixed as well as the solubility
parameter of each component. Furthermore, the interac-
tion energy between the polymer and solvent is described
by the interaction parameter. Eq. (8) was derived [47] to
describe the free energy of mixing in a polymer—solvent
system:

AGm = RT(I’[] ln d)l —+ ny 11'1 ¢2 —+ X }’l|¢2) (8)

where AG, is the free energy of mixing, R and T are the
universal gas constant and absolute temperature respec-
tively, n; and n, are the molar quantities of the solute
and solvent, respectively, ¢; and ¢, and y is the interaction
parameter of the solute and the solvent.

In Eq. (8) the first two terms represent the enthalpy of
mixing and the third term the entropy of mixing. For the
following argument, RIF should be seen as a small oligo-
mer that is monodispersed (RIF has a molecular weight
of 822.94 gmol™") and in combination with the copoly-
mer, formed the polydisperse component 1 (Eq. (8)).
Additionally, the molecular weight of this oligomer is
much lower than any of the copolymer fractions (the
M,, of the copolymers was ~10° gmol~!, Fig. 3), there-
fore not overlapping with any copolymer weight fraction.
Finally, due to the weight polydispersity of component 1,
% should be summed as an index of the different weight
fractions [47].

When casting the film, the solvent starts to evaporate
and subsequently the interaction between the solute com-
ponent and solvent becomes weaker and the interactions
between the solute components increase (6 condition dissi-
pates). Additionally, the volume fraction of the solvent
decreases upon evaporation. Ultimately, AG,, becomes less
negative, mixing becomes improbable and therefore phase
separation occurs [55].

Phase separation also occurs as a series of steps with the
higher weight copolymer fractions showing the highest pro-
pensity to precipitate, followed by lower weight fractions.
During this process of precipitation, the polymer latex
extrudes some of the THF, producing two liquid phases.
One phase is rich in the polymer fraction that is about to
precipitate, the other is richer in solvent and species less
prone to precipitate, i.e. the oligomer [55]. This coacerva-
tion phase finally results in numerous liquid-filled pockets
in the film. Since the oligomer was still encapsulated in
these pockets, the oligomer finally precipitated in these
pockets once the solvent evaporated. Consequently, a film

LYY O

Fig. 5. Top surface cavities of blank films of (A) P(St-co-MMA) (52% MMA) and (B) P(St-co-EMA) (14% EMA).
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Fig. 6. (A) Cross section of RIF-loaded P(St-co-MMA) films (37% MMA) (A) honeycomb structure before release, (B) tilted view of the film after release
and (C) magnified cross sectional view of the film after release. (D) Cross-section of P(St-co-EMA) (14% EMA) showing that RIF was still present in the

micropockets after a release period of 24 h.

with polymer-encapsulated drug micropockets assembled
into a honeycomb structure.

4. ATR-FTIR characterization

ATR-FTIR spectra were recorded for the copolymer
films before and after loading with RIF (Fig. 7). The char-
acteristic peaks of rifampin were identified as the symmet-
ric (C—O—C acetyl) ~1020 cm™" vibration, the amide II
vibration at ~1534cm™', the (C=C) vibration at
~1565 cm™!, the amide I vibration at 1650 and 971 cm ™!
[34,35,56]. The characteristic phenyl ring out-of-plane
bending for styrene was observed at 699 cm™' and the
characteristic saturated alkyl ester carbonyl stretch was
observed at 1729 cm™~'. Rifampin showed its characteristic
carbonyl stretch in the same spectral region as the methac-
rylate ester and therefore the spectra were significantly
overlapped in this region, although these peaks did not
shift. Note that Form II of RIF shows 2 peaks in the car-
bonyl region at 1712 and 1730 cm™' whereas the amor-
phous form showed only 1 peak at 1725 cm ™.

Form II is the typically found crystalline form of the
drug found in several commercial samples. Earlier studies,
showed that amorphous form (as determined by X-ray dif-

~— 971

ANM "

Absorbance (arbitrary units)
L11]
<
-

]
II [
Lo : 1020 —»! | 699 —=
1729 —! ' L L
T | : 1 : | E
Nl ™M h
o AAMAA W L
1800 1600 1400 1200 1000 800

Wavenumber (em™)

Fig. 7. Expanded ATR-FTIR spectra of (A) RIF Form II and RIF-
loaded copolymer films of (B) P(St-co-MMA) (19% MMA) and (C) P(St-
co-EMA) (14% EMA).

fraction) showed a single peak in the carbonyl ester region.
The crystalline form (form II) (as previously investigated
by X-ray diffraction) showed two pronounced peaks in
the carbonyl region [35,36].
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This suggested that no interactions could be detected
between RIF and the copolymers. Additionally, the SEM
micrographs in Fig. 6, illustrated that drug molecules were
present in the micropockets as seen from the agglomerate
spheres. This confirmed findings that RIF did not interact
with methacrylate-based non-ionic Eudragit® copolymers
[57,58].

4.1. Contact angles

The contact angles of all the homopolymers were fairly
high at around 80°, indicating a hydrophobic character.
The contact angle of rifampin that was spin-coated from
a THF solution also indicated a poor wetting ability from
an angle of 70°. From these findings one would expect that
the copolymers should possess the same hydrophobicity.
One would also expect that the inclusion of RIF would
not affect the contact angle significantly.

However, Fig. 8 depicted that the contact angles that
were obtained contradicted these expectations. Of note
was that the inclusion of RIF resulted in a decrease in
the contact angle of the film relative to the blank poly-
mer film. This could indicate a potential application of
the drug solely for decreasing the contact angle, thus
minimizing the accumulation of bacteria. The decrease
in contact angle with the incorporation of RIF was
observed for both the P(St-co-EMA) and P(St-co-
MMA) copolymer films. Additionally, the contact angles
for the blank P(St-co-EMA) films showed a linear
decrease as the content of EMA was increased producing
angles from 80° to 55°. However, blank P(St-co-MMA)
films produced consistent contact angles despite the vari-
ation in MMA content.

The contact angle of the liquid on a particular surface
could be indicative of the adhesion potential between the
two phases. These surfaces could include a polymer surface
as well as a bacterial culture surface. As a general rule, if
the contact angles of a bacterial species and polymer sub-
strate surface do not match as evaluated by the same liquid
(i.e. buffer or water), then the adhesion of a bacterial spe-
cies would be penalized. This would be an advantageous
property of the polymer film to prevent the initial adhesion
of the bacteria to the polymer surface and subsequently
stunt the development of a biofilm which ultimately results
in infection.

Furthermore, if the contact angle of the surface
decreases, it implies that the wetting of the surface is better
and that solvent might wet the drug particles on the surface
to higher extent, with a higher rate of release of surface-
located drug molecules. This initial high release could also
prevent the initial adhesion of bacteria due to an antiseptic
effect (even below the therapeutic concentration of the
drug).

Seen from the perspective of the contact angles, the
application of the copolymers would pose an advantage
compared to homopolymer films with regard to limiting
bacterial biofilm formation of certain bacterial strains. It
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Fig. 8. Contact angles of (A) EMA and (B) MMA copolymers that were
spin-coated onto glass surfaces. RIF indicates the films loaded with
rifampin and the films after 24 h release is indicated as RIF PBS 24 h. PBS
is phosphate buffer solution at pH 7.4 (dissolution medium). Error bars
indicate standard deviations.

is known that hydrophobic bacteria, i.e. Pseudomonas aeru-
ginosa would preferentially adhere to a hydrophobic sub-
strate compared to  hydrophilic  Staphylococcus
liguefaciens that prefer hydrophilic surfaces [17]. The
copolymer films produced in this study could find applica-
tion in the prevention of adhesion of species such as P.
aeruginosa.

5. Release studies
5.1. Homopolymer films

The films demonstrated that they possessed favorable
properties regarding contact angles and the possible appli-
cation to limit biofilm formation. The question, however
arose whether the contact angle would affect the drug
release pattern as well.

An attempt was made to load PS, PMMA and PEMA
with 20% drug followed by monitoring the release of RIF
over a 24 h period (Fig. 9). The release studies revealed that
the loading of the poly(methacrylate)s was more successful
than that seen for the PS film as observed from the initial
release of drug from the films.
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The PS films released approximately 20% of the drug in
the first hour of the 24 h period followed by a seemingly
negative release or in fact no release in the remainder of
the study. It was therefore predicted that fairly quick
release would be seen if high styrene content was found
in the copolymers. The PEMA and PMMA films released
approximately 3% and 6%, respectively, in the first hour
followed by no obvious release or more erratic release as
seen from the fluctuation in release values for the remain-
der of the 24 h period (Fig. 9). No time-correlated release
patterns could be observed for these homopolymer films
since zero-order and Higuchi kinetics demonstrated poor
fits of the release curves with > <0.5.

It would however seem that the incorporation of a meth-
acrylate monomer in the copolymer would be beneficial in
curbing the extent of the unwanted quick initial release.
Additionally one could conclude that the solubility of the
drug was higher in the methacrylate polymers compared
to PS and that the methacrylate units would favor the effi-
ciency of drug loading.
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Fig. 9. Release profiles of RIF from A PEMA, O PMMA and 4 PS.

5.2. Copolymer films

5.2.1. Initial phase

The Peppas model was fitted to the release profiles and
could not describe the initial release as a typical Fickian
diffusion-controlled process during the initial release phase
of the drug. These regressions produced exponent values of
much lower than the expected exponents of n =0.5. One
could most probably state that a combination of diffusion
and dissolution of surface molecules was possible for the
drug that was not incorporated in the polymer film.

However, the Ad value between the copolymer and the
solvent/oligomer could reach a maximum value as the
methacrylate content increased. This would result in a lar-
ger extrusion of solvent/oligomer during coacervation,
finally depositing the drug on the surface. The higher prev-
alence of pores in P(St-co-EMA) could enhance this extru-
sion compared to P(St-co-MMA) up to certain critical
composition. Furthermore, it was illustrated that polar sol-
vent flux through copolymers of styrene and a more hydro-
philic monomer could facilitate solvent pervaporation,
therefore an increase in methacrylate levels could facilitate
solvent and drug flux to surface of the film [59].

The initial release phases showed an approximate pro-
portionality to an increase in the methacrylate content in
both sets of the copolymers (Table 3). Additionally, no obvi-
ous relationship could be found to correlate the initial
release phase with the contact angles of the copolymer films.

In contradiction to the homopolymer films, the copoly-
mers resulted in drug release patterns that could be corre-
lated to time at least for some part of the release profile.
Fig. 10 displays the release patterns of RIF from P(St-co-
EMA) and P(St-co-MMA) films, respectively. The most
obvious observation was that both sets of polymer films
released the drug in an initial phase at a high rate and then
at a significantly slower rate for the remainder of the mon-
itored period.

In both sets, two of the polymers released a high quantity
of drug (~60% for EMA and ~70% for MMA copolymers)

Table 2
The release of drug in the initial and secondary release phases
Initial (mg)* Rinidiar (%0)° Secondary (mg)© %Load® Yowt/wt®
%EMA
P(St-co-EMA) (onset of secondary phase at ~6 h)
14 17.4 37.8 10.8 62.2 124
24 17.5 435 9.9 56.5 11.3
34 17.2 68.5 5.4 31.5 6.3
%MMA
P(St-co-MMA) (onset of secondary phase at ~3 h)
19 17.4 15.3 14.8 84.7 16.9
37 17.3 19.5 13.9 80.5 16.1
52 17.2 75.5 4.22 24.5 4.9

% The average amount of drug per film strip (n = 3).
® The average % release of the initial dose.

¢ Amount of drug capture in micropockets at onset of secondary release phase.

4 Percent of drug available for controlled release.
¢ Concentration of drug in film at onset of controlled release.
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Table 3
Kinetic parameters calculated for the secondary phase of RIF release from the various copolymer films
Zero-order Higuchi
s ko (%/day)* t1/> (days) Imax (days)® s k (ug/ecm?/h'?)
%EMA
P(St-co-EMA)
14 0.9964 14.27 (0.49) 35 7.0 0.9901 34.42
24 0.9949 9.463 (0.38) 5.3 10.6 0.9919 31.06
34 0.9797 0.631 (0.06) 79 158.4 0.9562 1.290
%MMA
P(St-co-MMA)
19 0.9939 5.801 (1.21) 8.6 17.2 0.9916 8.748
37 0.9944 2.868 (0.10) 17.4 34.9 0.9906 3.966
52 obscured
% All kg values in the table are statistically different from each other (p < 0.05).
® fmax is the calculated time required for complete release of the matrix-captured drug via zero-order kinetics.
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Fig. 10. (A-C) Release profiles (24 h) of RIF from films of (A) P(St-co-EMA) comprising of O 14%, A 24% or ¢ 34% EMA (B) P(St-co-MMA)
comprising of & 19%, A 37% or O 52% MMA and expanded views of the release profiles within the first 2 h of release (C) P(St-co-EMA) (O 14%, A 24% or

& 34% EMA) and (D) P(St-co-MMA)($ 19%, A 37% or O 52% MMA).

within the first hour and this corresponded to the highest
content of the methacrylate in the copolymer, ie. 34%
EMA and 52% MMA, respectively. It could be suggested
that a large fraction of drug was deposited in the surface cav-
ities of the 52% MMA film (Fig. 11A and B) and a large frac-
tion of the drug in cavities on the film surface for the 34%
EMA composition (Fig. 11C). This would indicate a limit
in the methacrylate content if the release of drug should be
controlled over an extended period (Table 2).

Indeed the amount of initial release was lower for the
copolymers that contained the low and intermediate con-
tent of the methacrylates i.e. 14% EMA and 24% EMA
for P(St-co-EMA), 19% MMA and 37% MMA for P(St-
co-MMA).

The release profiles of the 14% and 24% EMA content
P(St-co-EMA) films indicated approximately 40% release
within the first 6 h or release before a zero-order rate of
release was observed. On the contrary, approximately
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Fig. 11. Surface of RIF-loaded P(St-co-MMA) films (52% MMA) (A) before release and (B) after release. (C) Surface deposition of a RIF-loaded P(St-co-
EMA) (34% film) before the release study was performed. (D) Film surface of RIF-loaded P(St-co-EMA) (34% film) after the release study was completed.

The surface is smoother, with a few micropockets visible.

20% initial release was measured for the 19% and 37%
MMA content P(St-co-MMA) films, before a stable release
tempo could be obtained after 3 h. The morphology of the
films could play some role in this release phase since the
P(St-co-EMA) films illustrated a more porous material
compared to the MMA copolymer films.

It was concluded that P(St-co-EMA) films should not
exceed a composition of more than 24% EMA and P(St-
co-MMA) should not incorporate more than 37% MMA
in order to curb a high, unwanted initial release phase for
films that were cast from an initial 20% drug/80% polymer
mixture. The different sets of copolymers could however be
employed to provide a different quantity of initial drug
release, followed by prolonged release. The second phase
of release will now be discussed to determine the usefulness
of the copolymer films as sustained drug delivery systems.

5.2.2. Secondary phase

For the discussion here, the assumption was made that
the initial phase considered the drug molecules that were
released primarily without being controlled by the polymer
film matrix. Therefore, the secondary phase considered the
release of the drug molecules that was successfully loaded
into the polymer film.

Despite the larger initial release of drug from the copoly-
mers compared to the homopolymers, they could still pro-
vide the advantage of drug release during the second phase
of release. More importantly, these copolymers show
potential to control the release of drug at a predictable rate.
Inspection of Fig. 10 revealed a strong tendency towards
zero-order release for P(St-co-EMA) and P(St-co-MMA)
films, respectively.

At the initial point of zero-order release one could find
an approximate loading of the drug in the polymer matrix.
At this point one could state that all the drug molecules
that were not incorporated in the matrix have now been
released and that the remaining drug molecules will now
be released by the matrix according to the properties of
the matrix. Table 3 lists the release values obtained for
the secondary release phase of the various films.

The percentage of drug that was effectively captured in
the matrix could be calculated and this is often described
as the drug load. Table 2 reports the percentage of RIF
that was successfully captured in the copolymer film micro-
pockets. The percentage load of the drug corresponded clo-
sely to the copolymer composition with a decrease in the
drug load as methacrylate concentration increased (or sty-
rene content decreased). This illustrated one advantage for
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the copolymer films over the homopolymer films in that the
homopolymer could incorporate a larger quantity of drug
in the matrix, however with no apparent extended release
pattern.

Clearly, the zero-order release rate also decreased as the
RIF captured in the film micropockets in the different
copolymer films decreased suggesting a diffusion-type
release pattern. Having performed a log-transformation
of the concentration values in the second phase and fitting
a log-linear curve to the data, an inferior fit was found
compared to a zero-order (simple linear concentration).
Since the concentration values of the drug was far below
the solubility of the drug, it was concluded that the zero-
order mechanism was valid This zero-order kinetic phase
seemed plausible with consideration that the solubility of
the drug at 1.5 mg/mL for the commonly found crystalline
form II and the solubility of the amorphous form prepared
from THF solutions 0.195 mg/ml [35,36] and with replace-
ment of the sample volume with fresh buffer to maintain
sink conditions. The maximum concentration that was
achieved in this study was never higher than in the lower
30 pg/mL.

Subsequently the release data were converted to illus-
trate the flux of drug from a fixed surface of 30 cm? versus
the square root of time. These Higuchi plots for P(St-co-
EMA) and P(St-co-MMA) films (Fig. 12A and B) illus-
trated a good fit with #* > 0.95 for all curves. Higuchi kinet-
ics describes the diffusion of molecules through a polymer
matrix to the surface of the matrix with the diffusion dis-
tance increasing an infinitesimal amount per unit time
towards the core of the matrix.

The thickness of the films measured was 40 + 2 um for
all films and the films did not degrade in the release med-
ium. Thus, the assumption was made that the film thick-
ness remained constant and that the diffusion distance to
the film surface did not vary significantly. The fact that
zero-order release kinetics showed slightly better fits of
the data (+> > 0.97), one could conclude that the diffusion
of dissolved drug molecules to the release medium was reg-
ulated by the polymer barrier, therefore resulting in zero-
order release.

Closer analysis of the second, controlled-release phase
also revealed correspondence to copolymer composition.
An inverse relationship was seen between the zero-order
release rates and the concentration of the methacrylate in
the P(St-co-EMA) films (Fig. 13). The conclusion was
made that the methacrylate did indeed decelerate the
zero-order release rate, a fact that was suggested by the
drug release from PMMA and PEMA. Since the drug loads
decreased as a function of methacrylate content in the
copolymer, it is suggestive that diffusion rate was deter-
mined by the load, again indicating a diffusion-controlled
release mechanism maintained by copolymer properties.

It could be predicted from the zero-order release rates
that 35% EMA would be the maximum concentration in
the copolymer if any zero-order phase release was expected
for RIF. Additionally it would seem that the content of
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Fig. 12. Higuchi release plots of RIF after initial release from
(A) P(St-co-EMA) comprising of ¢ 14%, O 24% or A 34% EMA
and (B) P(St-co-MMA) comprising of ¢ 19 or B 37% MMA. Error
bars are too small to display on this scale.

MMA in copolymers could be higher that that of the
EMA in order to still obtain zero-order release.

The P(St-co-MMA) films illustrated lower release rates
(~0.5-fold) compared to the P(St-co-EMA) films with
higher quantities of drug captures in the P(St-co-MMA)
films. These systems could probably be suited for
longer-term use i.e. coating of prosthetic implants or
medicated devices as seen from the calculated ¢y s values

YHEMA

Fig. 13. The dependence of zero-order release on copolymer composition
of P(St-co-EMA).
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Fig. 14. Predicted release periods for RIF from P(St-co-EMA) for @ 10,
50 or A 100% of RIF loaded in the film at the onset of zero-order release.

of 8.6 and 17.4 days for the 19% and 37% MMA films,
respectively.

The P(St-co-EMA) films could release a higher quantity
of drug over a shorter period of time. This could indicate
shorter term applications such as application in temporary
urinary catheters predicting a maximum usage period of 7—
10 days for the 14% EMA and 24% EMA P(St-co-EMA)
films, respectively. Fig. 14 shows the predicted release peri-
ods that were calculated from the zero-order rate constants
for RIF from the P(St-co-EMA) films.

6. Conclusion

A series of nanosized styrene-methacrylate copolymers
with molecular weights in the 10% kg mol ' range were syn-
thesized by microemulsion copolymerization. The cosur-
factant dominated the size and weight properties of these
copolymers due to induction of micellar coagulation during
the reaction. Additionally, copolymer composition was pri-
marily determined by the monomer feed ratio, however
with some deviation from the feed. All these copolymers
resulted in the formation of pseudolatexes if dissolved in
THF as was indicated by the prevalence of the 0 conforma-
tion of the copolymer chains as determined by GPC-
MALLS.

The A values, suggested that all components were
miscible in THF. However, casting of the nanoscale
drug-loaded pseudolatexes resulted in coacervation, phase
separation of the drug and copolymer species and finally
microenscapsulation of the drug. The solvent THF was
thus crucial for the formation of a molecular dispersion
of the components (as based on Ad), however, upon evap-
oration the surface free energy differences between RIF and
copolymer resulted in phase separation of the drug and
copolymer. Additionally, the copolymeric microcapsule
walls interpenetrated resulting in a film that bridged yet
another size hierarchy into the macroscale region.

No detrimental physical interaction between the drug
and copolymers could be illustrated. The copolymer com-
position determined the magnitude of the initial release
phase, subsequently also that of the second release phase.

The second phase seemed to be a diffusion-controlled
zero-order release phase. Predictions of release patterns
showed that the copolymers could be useful in delivering
drugs at zero-order release rate for a few days up to a
few months.

As a compromise to their lower loading capacity, P(St-
co-EMA) demonstrated a decrease in the contact angle
upon incorporation of the drug or an increase in the
EMA content. The use of these copolymers therefore seems
promising despite their comparatively shorter controlled
release phase. Different applications may be realized for
these copolymers, i.e. short-term use as catheter coatings
or long-term employment in implants.
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