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ABSTRACT: The synthesis and characterization of different series of methyl methacrylate/hydroxyethyl methacrylate (MMA/HEMA)
copolymeric nanoparticles with different monomer feed compositions and utilization of them in entrapment and controlling the
release of hydrophilic drug (sodium warfarin) and hydrophobic drugs (ibuprofen and praziquantel) were investigated. The polymeric
nanoparticles and their entrapment with drugs were prepared using oil-in-water (O/W) differential microemulsion polymerization
technique in the presence of polyvinyl pyrrolidone and polyethylene glycol as biocompatible emulsifiers as well as ammonium
persulfate as an initiator. The effect of HEMA content in the monomer feed composition on the colloidal properties was studied, and
it is found that the particle size Dv, turbidity, and the negative charge increase with increasing of HEMA content but the surface
tension decrease. Moreover, the entrapment efficiency (EE) is affected by the content of HEMA in the monomer feed composition,
the drug hydrophobicity, and the monomer to drug ratio. It is concluded that, EE into MMA/HEMA in monomer feed composition
as 90/10, 70/30, and 50/50 is found to be (95.3-98)%, (84-96.9)%, and (69.5-94.6)% for sodium warfarin (with high hydrophilicity)
as well as, ibuprofen and praziquantel (with high hydrophobicity), respectively. The entrapment of drugs in polymeric nanoparticles
is confirmed by IR-spectroscopy and transmission electronic microscopy. In vitro drug release experiments show that controlled
release of drugs from copolymeric nanoparticles depend on HEMA content, the monomer to drug ratio, and the physiological pH.
© 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 129: 853-865, 2013
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INTRODUCTION

During the last decade, polymeric nanoparticles have been
developed as a viable and promising strategy for the biophar-
maceutical industry. They fulfill the requirements of the drug
carrier system to be an efficient and versatile drug carrier
that are: (i) particle size in the submicron range, (ii) the
possibility of surface modifications, (iii) high drug-loading
capacity, (iv) colloidal stability of the latex in biological
media, and (v) the lack of toxic side effects induced by the

carrier or additives.!

Drug loading into the polymeric nanoparticles PNPs is achieved
by two methods: by incorporating the drug at the time of NP
production or, by adsorbing the drug after the formation of
NPs by incubating them in the drug solution. It is evident that
a large amount of drug can be entrapped by the incorporation
method when compared with the adsorption.>® Drugs can be
incorporated in polymeric nanoparticles either in physical or
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chemical methods. However, the physical methods involve high
cost and complicated processes. In addition, only few polymers
are suitable for such treatment.*

One of the successful chemical methods of incorporation of
drugs in nanoparticles can be achieved through microemulsion
polymerization of a system.
Microemulsion systems appear the most promising technologies
as drug delivery systems, where these systems show high drug
entrapment and release under sink conditions, and they satisfy
most of the required criteria for fruitful uses in pharmacy that
are tolerance toward additives, small size, biodegradability, and
easy elimination from the body™®; as well as spontaneous for-
mation, ease of manufacture with little energy input, stable over
a wide temperature range, improved solubilization of bioactive
materials, and optical transparency with low viscosity.” In addi-
tion, the nanosized droplets with an enormous increasing of the
interfacial area are an important factor in sustained and tar-
geted drug delivery.*’

suitable monomer—emulsifier
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However, two main drawbacks limit its broad applications: (1)
a high emulsifier-to-monomer ratio, usually larger than 1, and
(2) a low monomer concentration with respect to water (low
polymer content of the final latexes) is usually less than 10 wt
%.'""> Consequently, many efforts have been undertaken to
obtain nanosized latexes containing higher polymer contents at
lower emulsifier concentration. One approach is to increase the
amount of polymer produced for a given amount of emulsifier
with semicontinuous (modified) or continuous (differential)
microemulsion polymerization technique.'"* Modified microe-
mulsion polymerization involves adding monomer directly
dropwise to a prepolymerized microemulsion,'”™'® whereas
differential microemulsion polymerization technique involves
adding monomer continuously to a preheated mixture contain-
ing a designed amount of initiator, emulsifier, and water.'*™'

A number of polymers, both synthetic and natural, have been
utilized as drug delivery devices. Among synthetic polymers, pol-
y(methyl methacrylate) that was the first successful acrylic
polymer used as a biomaterial,”> but (PMMA) particles have been
reported to show slow biodegradability. The biodegradability can
be improved through the copolymerization of MMA with
2-hydroxyethyl methacrylate (HEMA), which forms a more biode-
gradable polymer.”>**  Poly(MMA/HEMA)
stimulated increasing interest and research attention in recent
years because of their biocompatibility and water insolubility.
Besides, the main advantage of poly(MMA/HEMA) copolymers is
that both the hydrophilic and the hydrophobic drugs can be incor-
porated, also have excellent chemical stability because of their
three-dimensional polymeric networks.”®> All these favorable prop-
erties described above make poly(MMA/HEMA) microspheres
extremely valuable for various applications in therapeutical and
biotechnological fields, such as cell immobilization,®® drug
delivery systems,””*® and packing materials in chromatography.*®

copolymers have

Moreover, using biocombatible emulsifier, as polyvinyl pyrroli-
done (PVP) and polyethylene glycol (PEG), enables pharmaceu-
tical application without needing for excess purification, where
PVP is approved by the U.S. Food and Drug Administration
FDA as a biocompatible and nonantigenic compound.**2

Bhawal et al.*> reported previously entrapment of a hydropho-

bic drug during O/W emulsion polymerization of MMA and
HEMA stabilized by SDS resulting in entrapment efficiency
(EE) range as (61.2-83%) depending on HEMA content in the
monomer feed composition but through unstable latex with
large particle size in the presence of coagulation.

However, the objective of this work is to synthesis of MMA/
HEMA with three different monomer feed compositions as 90/
10, 70/30, and 50/50, and their entrapment with both hydrophilic
(sodium  warfarin) and  hydrophobic  (ibuprofen and
praziquantel) drugs to copolymeric nanospheres through differ-
ential microemulsion copolymerization technique in the presence
of PVP/PEG as biocompatible emulsifier, resulting homogeneous
stable latex with nanosized particle without any coagulation. This
work is extent to investigate the effect of HEMA content in the
monomer feed composition on the colloidal properties via mea-
surement of the average particle size Dv, turbidity, surface ten-
sion, and zeta potential. As well as, studying the effect of drug
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hydrophobicity, HEMA content in the monomer feed composi-
tion and drug content on the drug loading and the in vitro drug
release through simulated intestinal fluid (pH 7.4) and in simu-
lated gastric fluid (pH 1.2), at 37 = 0.5°C.

EXPERIMENTAL

Materials

The monomers, methyl methacrylate (MMA; Across company,
New Jersey, USA) and 2-hydroxyethyl methacrylate (HEMA;
Sigma company, Germany), were excluded of inhibitor via filtra-
tion through an active alumina column®? and silica gel column,
respectively. Purified monomers were stored in a dark container,
refrigerated and used within 1 month of purification. Polyvinyl
pyrrolidone (PVP, Mwt. = 40,000; Bioshop, Canada) was used as
received without further purification. Ammonium persulfate
(APS; BDH laboratory Supplies Poole, BH15 1TD, England) was
used as water soluble initiator. Polyethylene glycol (PEG: M.wt.
= 300) was purchased from Hoba chemie -Bombei-India. Ethyl-
ene glycol dimethacrylate (EGDMA) as cross-linking agent was
purchased from Merck, Germany. Drugs, Sodium warfarin,
Ibuprofen, and Praziquantel were provided as gift from GlaxoS-
mithKline Company, Egypt. Ethyl alcohol (absolute) and hydro-
chloric acid are pure reagent for analysis and supplied by El-Nasr
Pharmaceutical Chemical Company, Egypt. Dodeca-Phospho-
tungstic acid A. R. was purchased from Nen Tech Ltd. Brixworth
Northants. UK. Potassium dihydrogen phosphate (KH,PO,) was
purchased from GenLab (packaged in Egypt), and sodium hy-
droxide (NaOH) (pellets) 99% and potassium chloride were
from Modern Lab, Egypt, and both are used as received. Double
distilled water was used in all experiments.

Methods

Differential Polymerization. Poly(MMA/
HEMA) were synthesized by a continuous process in a ternary oil-
in-water (O/W) microemulsion system containing 10% monomer
concentration stabilized by PVP (1.5 x 10> g.mol/L) in conjunc-
tion of PEG (74 x 107> g.mol/L) as biocompatible emulsifiers.
The copolymers were prepared with monomer feed composition
MMA/HEMA as 90/10, 70/30, and 50/50. Ammonium persulfate
APS was used as an initiator in concentration of 0.0228 g.mol/L.
The stirring was kept at ~ 350 rpm during the whole process.

Microemulsion

In a typical procedure, the experiment was carried out as
follows'”: in a 250-mL three-necked round-bottomed flask,
equipped with reflux condenser, the emulsifier dissolved in 30 mL
distilled water was overnight mechanically stirred at room temper-
ature. Then, the weighed initiator was dissolved in 15 mL water
and the first portion of this solution (30%) was added to the reac-
tor and left in water bath at 65°C in the presence of pure nitrogen
gas. When the temperature reaches the decomposition tempera-
ture of the initiator (65°C), the desired monomers concentration
as well as the second portion of initiator (60%) was added to the
aqueous phase dropwisely through a period of 1 h. The third por-
tion of the initiator (ca 10%) was added, and the reaction content
was left for another 2 h to complete the polymerization.

Entrapment of Drugs Through Differential Microemulsion
Polymerization. Each of different monomer feed composition of
(MMA/HEMA) as 90/10, 70/30, and 50/50 is entrapped by each of
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(sodium warfarin) and hydrophobic drugs (ibuprofen and prazi-
quantel) in monomer to drug ratiosas20:1,10: 1,and 6 : 1.

Entrapment of hydrophilic drug. An appropriate amount of the
drug as water soluble drug®® was dissolved in the aqueous
solution of the emulsifier (water phase) with the first portion of
the initiator before polymerization, and then the differential
microemulsion polymerization was preceded as described previ-
ously by adding each of the monomer and the remaining initiator
dropwisely at the reaction temperature through dropping funnel.

Entrapment of hydrophobic drug. The hydrophobic drug (Ibu-
profen or praziquantel) was dissolved in the monomer phase
before polymerization through the differential microemulsion
polymerization. The crosslinking agent ethylene glycol dimetha-
crylate has also been included along with monomer for poly-
merization in a ratio 2% of the total monomers.”> When the
temperature reached the decomposition temperature of the
initiator (65°C), the monomer including the drug and the
crosslinker were dropped slowly to the emulsifier solution
(aqueous phase) through dropping funnel as mentioned obvi-
ously in the differential microemulsion technique.

Solid Content and Conversion Measurement. Both of the
solid content of the nanolatexes and the polymerization conver-
sions for all samples are determined gravimetrically by a weigh-
ing method. The polymerization conversion is calculated by

[P]

Conc.% = —= x 100

(M]

where, [P] is the weight of the dry polymer and [M] is the
weight of the introduced monomer mixture.

However, the solid content (§%) of the polymer latex calculated by:
S% = W]/Wz x 100%

where W; and W, are the weights of the dry polymer and the
polymer latex, respectively.

Surface Tension Measurement. The liquid-vapor surface ten-
sions of the resulting nanolatexes were measured at room
temperature using a K9 tensiometer (Kriiss, Germany)
(Optisch-Mechanische werkstitten Humberg39, Germany) based
on the Lecomte de Notiuy method using a rigid O-platinum
ring.”> For each emulsifier type, the measurements were done
on the prepared polymer latex. Careful cleaning was done after
each change of polymer latex. After the O-ring had been
immersed into a sample solution and allowed to stay, there the
reading was taken and recorded. The mean value of three
measurements for each sample was taken and registered.

Particle Size and Morphology Analysis. The particle size of
the nanoparticles was measured by transmission electronic
microscopy (TEM), where the TEM images were obtained by
(JEM-1230-electron microscopy operated at 60 KV). Before tak-
ing a TEM image the sample was diluted at least 10 times by
water. A drop of well dispersed diluted sample was placed onto
a copper grid (200 mesh and covered with a carbon membrane)
and dried at ambient temperature. A drop of phosphotungestic
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acid (0.4%) as a stain was deposited over the dried sample.*®
The particle size was taken from an average of 15-particles.

Turbidity Measurement. The turbidity of the prepared latexes
was measured as a function of the effect of the change in the
2-hydroxyethyl methacrylate ratio in the monomer feed compo-
sition. It was evaluated with a HANNA instrument model
HI98703 portable turbidimeter.’”” The polymer latex samples
were diluted to 5% using distilled water and measured in a
cylindrical glass cell. The turbidity”® of the emulsions was char-
acterized by a turbidity index, T = —log (I, — I), where I, is
the intensity of the incident light and I is the intensity of the
transmitted light. The optical absorbance was measured imme-
diately and recorded.

Zeta Potential Measurement. The electrophoretic mobility (}L,)
of the latex particles was measured at various HEMA ratios
using the ZetaSizer from Malvern Instruments (3000-HS
model). The zeta potential ({ )*% was calculated from the electro-
phoretic mobility using the Smoluchowski’s equation,

C=n/exp.

where 7 is the viscosity and ¢ the permittivity of the medium
For zeta potential measurement, sodium chloride solution of
10> mol/L was used.

Drug EE. To determine the drug EE, the content of drug in
polymers was determined by an indirect method,”® through
measuring the free drug (unloaded drug). The unloaded drug
was collected from the nanoparticles stable dispersion by
dissolving in ethanol then free drug was determined in the clear
supernatant following separation of nanoparticles by a com-
bined ultracentrifugation technique at 50,000 r.p.m. for 30 min,
then the drug concentration in the solution was determined by
measuring the absorbance at 250, 270, and 210 nm for sodium
warfarin, ibuprofen and praziquantel, respectively, on a Shi-
madzu Ultraviolet—visible spectrophotometer using a standard
calibration curve experimentally obtained with ethanol solu-
tions. The drug EE was defined as the ratio of the weight of the
drug entrapped in the polymeric nanoparticles to the weight of
the drug initially used.*'

FTIR Spectroscopy. FTIR spectrum of the copolymer free from
drug, loaded with drug and free drugs was recorded on a FTIR
spectrophotometer (Thermo Nicolet, NEXUS, TM) in the range
of 4000-400 cm ™" using KBr pellets.

In Vitro Drug Release Studies. Buffer solution of pH 1.2
(simulated gastric fluid) was prepared by mixing 250 mL of
0.2M HCI and 147 mL of 0.2M KCI. Buffer solution of pH 7.4
(simulated intestinal fluid) was prepared by mixing 250 mL of
0.1M KH,PO, and 195.5 mL of 0.1M NaOH. In vitro release
studies were carried out in simulated intestinal fluid phosphate
buffered saline media of pH 7.4 and simulated gastric fluid at
pH 1.2 using the dialysis bag technique.*>** Dialysis sacs were
equilibrated with the dissolution medium for few hours before
experiments. A total of 0.5 g of polymer—drug in 5 mL of buffer
solution was taken in the dialysis bag. Dialysis bag was dipped
into receptor compartment containing 100 mL dissolution
medium, which was (mild stirred magnetically) at 37 = 0.5°C.
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Table I. Characterization of the Polymeric Nanoparticles Synthesized Through (O/W) Differential Microemulsion in the Presence of PVP/PEG as

Biocompatible Emulsifier. (n = 15)

Monomer composition Solid content Surface tension Particle size Turbidity Zeta potential
MMA/HEMA (%) (mN/m) (nm) (NTU) (mV)

90/10 12 49.5 40 (+8) 317 -1.03

70/30 16 445 53 (*7) 467 —-4.624
50/50 16.8 37.6 92 (£8) 610 -6.366

The receptor compartment was closed to prevent the evapora-
tion losses from the dissolution medium. A total of 5 mL of
sample was withdrawn at regular time intervals, and the same
volume was replaced with a fresh dissolution medium. Samples
were analyzed for drug content by UV-vis spectrophotometer.
These studies were performed in triplicate for each sample, and
the average values were used in data analysis.

Statistical Analysis. All the tests including determination of
drug content and in vitro drug release were carried out in tripli-
cate and the averages were reported. Statistical data analysis was
performed using the Student’s #-test with P < 0.05 as the mini-
mal level of significance.** Error bars on graphs represent
standard errors. The average particle sizes were the average size
of 15 particles.

RESULTS AND DISCUSSIONS

The polymeric nanoparticles of (MMA/HEMA) in ratios as 90/
10, 70/30, and 50/50 were synthesized through (O/W) differen-
tial microemulsion polymerization technique using of PVP in
conjunction with PEG as biocompatible emulsifiers as well as
ammonium persulfate as initiator at 65°C. Generally, prior
polymerization, the samples were transparent at the reaction
temperature, and as the polymerization proceeded, the mixtures
developed a bluish tint or became translucent indicating the
presence of slightly larger colloidal particles. Differential microe-
mulsion technique permitted in increasing HEMA content in
the monomer feed composition upto 50% producing nanopar-
ticles almost uniform in size, and there are no aggregates. How-
ever, Ozer et al.** found that increasing HEMA percentage over
HEMA/MMA10/90 through batch microemulsion polymeriza-
tion caused a significant change in the size distribution and
formation of very large particles and even agglomeration in the
medium took place. Also, Bhawal et al.*” noted the presence of
coagulation in the polymerization of HEMA/MMA in a ratio of
30/70 through emulsion polymerization and also causing very
large particle size.

Therefore, the content of HEMA in the monomer feed compo-
sition plays an important role on the colloidal properties, and
this is examined by measurement of turbidity, surface tension,
and zeta potential as well as the average particle size and the
extent of this role is to affect on the drug EE and in vitro
drug release.
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Influence of HEMA Content on the Colloidal Properties

Table I gives the colloidal properties through measurements of
solid content, the surface tension of the latex, the average parti-
cle size, the colloidal aspects or the turbidity of the latex, and
the zeta potential at different HEMA contents in the monomer
feed composition (MMA/HEMA as 90/10, 70/30, and 50/50).

Initially, both of the solid content of the nanolatexes and the
polymerization conversions for all samples are determined grav-
imetrically, by a weighing method. It is found that polymeriza-
tion using PVP/PEG produced latex with conversion up to
98%. However, the solid content values are registered in Table I
and it is noted that the solid content increases with HEMA con-
tent and it can be explained through increasing of HEMA over
10% leads to network formation.

The effect of HEMA content in the monomer feed composition
on the colloidal properties of the latex was studied in terms of
the liquid-vapor surface tension of the latex, the average particle
size, the colloidal aspects or the turbidity of the latex, and the
zeta potential of the latex particles. The data are registered in
Table 1. These data show that the surface tension decreased with
increase of HEMA content in the monomer feed composition
which may be indicated to progress of the air—water interface sat-
uration by polymer molecules with increase of HEMA content.*®

On the other hand, it is noticeable that the average particle size
increases with increasing HEMA content which may be attributed
to the difference in the monomer partitioning of MMA and
HEMA in the different phases involved in the particle formation
and the subsequent stabilization of the particles by the available
emulsifier. MMA is less soluble in water than HEMA; therefore,
its partitions are mainly in the micelles. HEMA partitions
between the aqueous phase and the micelle-water interface, and
the water soluble initiator generates free radicals in the aqueous
phase and the polymer chains grow up to a critical length until
they become surface-active. At this point, the probability of these
surface-active free radicals entering the micelles is very high
because of their higher residence time at the micelle-water inter-
face that results in micellar nucleation. Therefore, any excess in
HEMA content leads to further increase in the average particle
size. The further addition of monomer units beyond the critical
chain length results in their precipitation in the aqueous phase;
this is better known as homogeneous nucleation.”***

In addition, the turbidity of the obtained microemulsion was
measured as a function of the effect of the change in HEMA
content. As expected, the turbidity increased with increasing
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HEMA content and elucidates the increase in the particle size as 2 =N
HEMA content increased. Increasing in HEMA concentration : =, g 8
leads to a shift in particle formation, mainly through a coagula- < o 1 i
tive nucleation mechanism,” resulting in greater particle size Y - g— : ﬁ
and higher turbidity. Also, the polymer formed during the = © |0 O
polymerization decreases the ordering in the microemulsion g
system and this is reflected in an increased scattering intensity E -9 T = §
(or turbidity). This behavior can simply be explained by the i *“é S oy o
increased attraction between droplets (particles).*” 2 g g 4 3 g ?l
Moreover, zeta potential ({) measurements are required to show f 5 g o % {8’ 8
the effect of HEMA content on the particle charges. Generally, g A
the data presented in Table I showed that the prepared microe- 5] .
mulsion lattices using PVP/PEG as emulsifier have low negative 8 T I =
zeta potential indicating to the stability of the obtained latex. 2 g 8 o
However, it is noted that further increasing of the HEMA & - | o
content in the monomer feed composition concentration led to A S g 2 il
an increase in the ({) values. The higher zeta potential obtained a = N O >
only reflects the increase of the surface charge upon HEMA o
incorporation with tge presence of an extra hydroxyl group in E 5 g g '67
every repeating unit. g a oo o
2 H Ho4H
2| o B2
Drug EE = w | © R ©
Both of the hydrophilic sodium warfarin drug (an anticoagulant < Sb é
drug) as well as the hydrophobic ibuprofen (non-steroidal anti- g g :g c _g L’Q & E
inflammatory drug) and praziquantel drugs (antiparasite drug) =2 B % < 8 8 8
were entrapped through differential microemulsion copolymer- i & = § Ela [H 8 4
ization of (MMA/HEMA) in the presence of biocompatible ;é = 21255 ﬁ : 3
emulsifiers (PVP/PEG) producing copolymeric nanospheres g 8 g 2|4 (o0 o
with monomer feed composition of MMA/HEMA as 90/10, 70/ g i‘é 2
30, and 50/50, with three different drug content in monomer to -Lé = = 5 N
drug ratios as 20 : 1, 10 : 1, and 6 : 1.*3 & E 8 S S
The entrapped amount of each drug was quantified by an indi- % % ; iijr', \E_', gool
rect method as depicted in the experimental part. The loading 5 Sb A |0 ©
efficiency or EE depends on drug type, monomer composition, E T
and polymer to drug ratio. It can be calculated as follows:**>° o N
22 5335
. actual weight of the drug in sample = o oo
Entrapment Efficiency = : - x 100 s 4 |44 AL
theoretical weight of the drug = 8 o |23
B~
Table II provides the EE values and their relation with both of é % c N
the monomer feed composition and the monomer to drug ratio & & E g’ = ’i
for the various drugs used. Generally, these data showed that = &8 s 2 o o O
the technique of differential microemulsion polymerization of QE;% z g | ,‘+<| ,i\'l i
MMA and HEMA is an excellent method to incorporate both £ & 2 g S 8 8 g
hydrophilic and lipophilic drugs producing drug-loaded g% 8=
polymeric nanospheres with high drug entrapment amount. £ .§ S
< —_ —
However, the drug EE is very sensitive to the drug type and this § ‘:é) S S 8
fact was confirmed previously by Zhang et al.”' It was known 3 é - - S B
that absorption of drugs from a microemulsion formulation is ) © B RS RToRTo)
influenced by several factors such as particle size and the parti- é § [ ELSE
tion coefficient of the drug between the two immiscible phases.’ R
Therefore, the small particle size of the copolymeric nanopar- & E; c <
ticles (presented in Table I) produced from differential é ) 5 2 E
microemulsion polymerization technique may also made the = § g é % °28
copolymer more susceptible to drug percolation, producing = *g 5 £ S |5 g S
high EE values.* 4| =20 2 [@~[®
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Figure 1. FTIR spectra of (a) copolymeric nanospheres of MMA/HEMA70/30 without drug, (b) free sodium warfarin, and (c) sodium warfarin-loaded

polymeric nanospheres. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Since the partition- (P) or distribution coefficient (D) is the
ratio of concentrations of a compound in the two phases of a
mixture of two immiscible solvents at equilibrium,’* the drug
EE in the copolymer (MMA/HEMA) nanoparticles appeared to
be governed by the partition coefficient of the drug,>® where the
hydrophylic sodium warfarin [with low partition coefficient
value as (logP = 0.38—1.6)*"%] exhibited higher loading in the
polymeric nanoparticles than both of the lipophylic ibuprofen
and praziquantel [with high partition coefficient value as (logP
= 2.12—2.48)°%7 and (logP = 2.5),%® respectively]. It was noted
that sodium warfarin exhibits the highest values of EE presented
in Table II in range of 93.5-98%, whereas praziquantel showed
the lowest values of EE ranging in 69.5-94.6%. Moreover, the
entrapment of ibuprofen shows also high values in the range of
84-96.9% by comparing with the results of Thompson et al.,”’
where they incorporated ibuprofen drug in microspheres by
emulsion solvent evaporation (ESE) method and reached to the
best condition of EE of 68%, whereas Sivakumar and Rao*
loaded ibuprofen in percentage of 48.7% through poly(MMA-
HEMA) core—shell hydrogel microspheres.

In addition, drug EE values presented in Table II were found to
be dependent on the amount of drug initially introduced where
it increased upon increasing the drug concentration. This was
investigated using monomer to drug ratios as 20 : 1, 10 : 1, and
6 : 1 for polymerization of the microemulsion templates, and
the EE values tend to ~98, 96.9, and 94.6% for sodium warfa-
rin, ibuprofen and praziquantel, respectively.

Drug EE may be influenced by the composition of the polymer,
so, variation of HEMA content can affect the amount of loaded
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drug at low drug content (monomer: drug 20 : 1), the (EE)
increased with HEMA content in both ibuprofen and praziquan-
tel. These results were confirmed previously by other authors,”>*°
where they found that the EE increased with HEMA content.
However, at high drug content, the composition of the copoly-
mer (MMA/HEMA molar ratio) did not appear to affect the EE
and depends only on the drug content.”

Therefore, the differential microemulsion polymerization tech-
nique is an excellent method for entrapment high amounts of
both hydrophylic and lipophylic drugs in the copolymeric nano-
spheres MMA/HEMA. On the contrary, in a previous study’®”
only moderate entrapment efficiencies were found where they
studied the entrapment of insulin in the batch microemulsion
system through interfacial polymerization and found that the EE
was 52% in the best condition. However, they generally found an

increase in entrapment of insulin with increasing drug content.

FTIR Spectroscopy

The FTIR spectra of the (MMA/HEMA) copolymeric nanospheres
with monomer feed composition as MMA/HEMA70/30, free
drugs and each of drug-loaded polymeric nanospheres with the
corresponding monomer composition are shown in Figures 1-3
and indicated the details of functional groups present in each one.

Representative FTIR spectra (a) of free (MMA/HEMA) copoly-
mers are presented in Figure 1. The (MMA/HEMA) copolymer
spectrum contains strong adsorption at 2950 and 1730 cm™ ' that
corresponds to aliphatic C—H and carbonyl C=O stretches,
respectively. Several medium to strong bands in the 1610-1300
cm ™! region were due to CH; and CH, deformations, and two
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Figure 2. FTIR spectra of (a) polymeric nanosphere of MMA/HEMA70/30 without drug, (d) free ibuprofen, and (e) ibuprofen-loaded polymeric nano-

sphere. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

strong bands at 1068.4 and 998 cm ™' were due to C—O—C
asymmetric and symmetric vibrations, respectively. In addition
the presence of strong absorption at 3615 cm™' and 3452 cm ™'
that corresponded to O—H and C—H stretching vibrations,
respectively. Bands appearing at 1068, 1261 cm ™' correspond to
ester stretching vibration of acrylate polymer. However, the spec-
tra (b) of free sodium warfarin is characterized by the presence of
strong absorption at 3553, 3400.85 and 3613 cm ™' corresponded
to O—Na and C—H stretching vibrations, respectively. The bands
at 3058.5 and 3025.7 cm ™" refer to the aromatic C—H stretch in
addition 1713.4, 1655.6 and 1600 cm ' are attributed to the
aromatic C=C bending.

By comparing the IR spectra of the sodium warfarin-loaded
copolymer (c) with that for both free copolymer (a) and free
sodium warfarin (b), it was noted that the presence of details of
the main functional groups bands in both copolymer and sodium
warfarin. IR spectra of the drug-loaded copolymer (c) in Figure 1
contain bands of —OH and —COO— at 3440 and 2950 cm ™' in
more intense than that of the free one. Band at 2992 cm ™' refers
to aromatic C—H stretch. In addition, bands corresponding to
the aromatic C=C bending at 1733.7 and 1655.6 cm ' that are
not found in the IR spectra of the free copolymer (a) but found
in the IR spectra of free sodium warfarin.

With respect to Ibuprofen, spectra (d) for ibuprofen as free
drug in Figure 2. It is noted that the bands appearing at 3043,

MAh\;F%U’B WWW.MATERIALSVIEWS.COM
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930-667, 1719.7 and 1660 cm ™' are corresponding to aromatic
C—H stretch, aromatic C—H bending, and aromatic C=C
bending, respectively. In addition, bands at 3016, 2955, 2921.6
and 2870.5 cm™ " correspond to the carboxylic —COOH groups.

However, the IR spectra (e) of the ibuprofen-loaded copolymer
(Figure 2) contain details of all bands that characterize both
free polymer (a) and free ibuprofen (d). It shows clearly the
function groups of the —OH band of HEMA in the copolymer
at 3435 cm ' and the —COOH band of ibuprofen at 2985 and
2952.5 cm ™}, beside the other bands that characterize both free
agents (the copolymer and ibuprofen).

Figure 3 shows the IR spectra (f) of free praziquantel that
contains the details of functional groups present in the struc-
ture of this drug. The presence of strong absorption at 2928
cm™' and 2853 cm™' corresponds to the two amide groups
—CON— and aromatic C—H stretch. In addition, a sharp
intense band was found at 1650 cm ' corresponding to
aromatic C=C bending.

However, the IR spectra (g) of the praziquantel-loaded copoly-
mer (Figure 3) show all the bands that characterize both
polymer and the drug. The —OH band of HEMA in the copoly-
mer is at 3428 cm™ ', the function groups of the —CON— band
of praziquantel at 2952.5 cm™', in addition to the bands at
1731.7 and 1660 cm ™' corresponding to aromatic C=C bending
are clearly found.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38635
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Figure 3. FTIR spectra of (a) polymeric nanosphere of MMA/HEMA?70/30 without drug, (f) free praziquantel, and (g) praziquantel-loaded polymeric

nanosphere. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

The IR spectroscopic data clearly indicated the presence of both drug
and poly(MMA/HEMA) copolymer in the nanosphere structure.

Morphology Analysis

Figure 4 showed images of transmission electronic microscope
TEM of the obtained copolymeric nanoparticles with monomer
feed composition of MMA/HEMA 50/50 without and with loaded
drugs, including sodium warfarin, ibuprofen, and praziquantel.
These images showed spherical particles with almost a similar size
(narrowly size distributed) and showed both smooth and ridged
surfaces for the polymer. By comparing morphologies of the
polymer without and with loaded drug, TEM observation sug-
gested that the entrapment of drugs can trigger a significant
morphological transformation, where an occurrence of morphol-
ogy transformation means a higher drug loading, and vice versa.”*

However, it was noted that the morphology transformation for
polymer entrapped with praziquantel is less than that occurred
in the other two cases referring to less loading amount that
confirms the low EE values for praziquantel. In addition, the
average particle size Dv of the produced drug-loaded polymeric
nanospheres are presented in Table III and showed slightly
increase with loading to 94 and 95 nm for both sodium warfa-
rin and ibuprofen, respectively, but for praziquantel Dv
increased to 126 nm producing drug-loaded nanospheres.

In Vitro Drug Release Studies

In vitro drug release was studied as a function of many factors
as the effect of change of HEMA content, pH of the dissolution
media, and drug content for the three applied drugs either
hydrophilic or hydrophobic. The drug release studies involve

Figure 4. Typical TEM micrographs of polymeric nanoparticles with monomer feed composition as MMA/HEMA 50/50 without and with drugs at mag-

nification of 120kx where a) copolymeric nanoparticles, (b) Sodium warfarin-loaded copolymeric nanoparticles, (c) Ibuprofen-loaded copolymer nano-

particles, and d) Praziquantel-loaded copolymeric nanoparticles.
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Table III. The Average Particle Size of the MMA/HEMA Copolymeric Nanospheres Without and with drug Loaded for Each of Sodium Warfare,

Ibuprofen, and Praziquantel. (n = 15)

Feed monomer

Particle size Dv (nm)

composition Sodium warfarin-entrapped Ibuprofen-entrapped Praziquantel-entrapped
MMA/HEMA Copolymer copolymer copolymer copolymer
50/50 92 (=8) 94 (+9) 95 (=7) 126 (+9)

copolymeric nanospheres with three different HEMA content in
the monomer feed composition as MMA/HEMA90/10, 70/30,
and 50/50 loaded with one of the three drugs studied sodium
warfarin, ibuprofen, and praziquantel. These studies were carried
out by suspending the sample (through dialysis bags) in two
different physiological pH media, in simulated intestinal fluid
(pH 7.4) and in simulated gastric fluid (pH 1.2), at 37 = 0.5°C.

Figures 5-7 present the cumulative drug released % as a func-
tion of time from copolymeric nanoparticles made from the
three different monomer feed composition for each of sodium
warfarin, ibuprofen, and praziquantel, respectively. These figures
show controlled release of the drugs from copolymeric nanopar-
ticles; generally, smaller particle size nanoparticles show rapid
initial release or burst that is mainly attributed to weakly bound
or adsorbed drug to the large surface of nanoparticles.®’ The
degree of burst release will generally depend upon the nature of
the polymer, the polymer to drug ratio, and the relatively
affinities of the drug for the polymer and the aqueous phase.”

As well as the drug release profile from nanoparticles can be
divided into four zones: (i) initial burst period, during which
the surface drug is dumped into the release medium; (ii) induc-
tion period, during which the drug is released at a gradually
decreasing fast rate; (iii) slow release period, during which the
drug is released at a steady slow rate; (iv) final release period
(not shown), during which the particle disintegrates to release
the remaining drug at a fast rate.’” The rate of drug release
from these nanospheres into buffer solution appeared to be

dependant upon a number of factors including differences in
EE, drug solubility, and hydrophilic nature of the copolymer.>

Effect of HEMA Content. It was noted from Figures 5-7 that in
vitro release profiles for each of sodium warfarin, ibuprofen, and
praziquantel from the copolymeric nanoparticles during both
phases shows dependence upon the nature of the polymer in the
nanospheres. The rate of drug release from copolymeric nanopar-
ticles with monomer feed composition as MMA/HEMA50/50
was consistently faster than from copolymer that with monomer
feed composition as MMA/HEMA70/30 and 90/10. The most
provided faster release rates may be due to the greater hydro-
philic nature of polymer MMA/HEMAS50/50, with the presence
of an extra hydroxyl group in every repeating unit,*> compared
to polymer MMA/HEMA70/30 and 90/10. A more hydrophilic
copolymer will result in a faster ingress of aqueous fluid and so
produce a faster rate of drug dissolution.’® On the other hand,
the polymer with monomer composition MMA/HEMA 90/10
shows the slowest release rates in both phases.

Effect of pH of Dissolution Media. Generally, drug solubility
in various pH of the surrounding media appeared to play a
dominant role in controlling release, where the release rates
reached a maximum value in the simulated intestine fluid with
pH 7.4, whereas released minute amounts in the gastric fluid
with low pH (1.2); therefore, the copolymer was expected to
release a very little amount of drug in the stomach. The three
applied drugs are more soluble in intestinal fluids (pH 7.4)
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Figure 5. Release profile of sodium warfarin from the copolymeric nanosphere system in simulated intestinal fluid (pH 7.4) and simulated gastric fluid
(pH 1.2) at 37 = 0.5°C and their variation with HEMA content with monomer feed composition as: (a) MMA/HEMA 90/10, (b) MMA/HEMA 70/30,
and (c) MMA/HEMA 50/50. (+S.D., n = 3). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Release profile of Ibuprofen from the copolymeric nanosphere system in simulated intestinal fluid (pH 7.4) and simulated gastric fluid (pH
1.2) at 37 = 0.5°C and their variation with HEMA content with monomer feed composition as: (a) MMA/HEMA 90/10, (b) MMA/HEMA 70/30, and
(¢) MMA/HEMA 50/50. (=S.D., n = 3). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

than in gastric fluids, although both EE and microsphere mor-
phology are also contributing factors.

Overall drug release profiles, either in simulated intestinal fluid
(pH 7.4) or in simulated gastric fluid (pH 1.2), show a rapid
initial release or burst occurred mainly attributed to weakly
bound or adsorbed drug to the large surface of nanopar-
ticles.®®* The degree of burst release will generally depend
upon the nature of the polymer® and the relatively affinities of
the drug for the polymer and the aqueous phase.”® Therefore,
Figures 8-10 show an extremely higher initial burst drug release
into phosphate buffer (pH 7.4) than that into the gastric fluid
(pH 1.2) and it can be concluded that the level of drug loading
was the main factor that controlled the extent of burst release.
Other possible causes of burst release included the heterogene-
ous distribution of drug within the nanospheres.

Figure 8 shows the release rates for sodium warfarin, in the
gastric fluid which is around 23% after 4 h, whereas in the
intestine fluid reached to 60% after 4 h for the most hydrophilic
copolymer with monomer composition MMA/HEMAS50/50.
Also, Figure 9 shows very slow release of ibuprofen in buffer

(pH 1.2), as it reached to 15.5-20% from MMA/HEMA 90/10-
MMA/HEMA 50/50, respectively, in 2 h, while reached to
85.5% after 4 h in the intestinal phase. These data coincide with
what is described in the literature.

It is noted that the release rate for PZQ (Figure 10) in the
gastric fluid exceeds both sodium warfarin and ibuprofen, where
the drug release rate for the copolymer with monomer compo-
sition as MMA/HEMA50/50 reaches to 45% of total PZQ after
4 h. However, in the intestinal buffer, the release of praziquantel
reaches to 80.5% of total PZQ after 4 h.

Nevertheless, compared among these release profiles, it was noted
that the difference in drug release profiles was the biggest for the
most hydrophilic polymeric nanospheres with a monomer composi-
tion of MMA/HEMAS50/50, and the smallest for the least hydrophilic
polymeric nanospheres with a monomer composition of MMA/
HEMA90/10. This assures that the effect of the pH of the media on
drug release is also dependant on the polymer composition.

Effect of Drug Content. The rate of drug release with three
different drug loadings was studied. The investigated three
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Figure 7. Release profile of Praziquantel from the copolymeric nanosphere system in simulated intestinal fluid (pH 7.4) and simulated gastric fluid (pH
1.2) at 37 = 0.5°C and their variation with HEMA content with monomer feed composition as: (a) MMA/HEMA 90/10, (b) MMA/HEMA 70/30, and
(¢) MMA/HEMA 50/50. (£S.D., n = 3). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. Effect of pH media on drug release from sodium warfarin-loaded copolymeric nanospheres with monomer feed composition as: (a)MMA/
HEMA 90/10, (b) MMA/HEMA70/30, and (c) MMA/HEMA 50/50 (*S.D., n = 3). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 9. Effect of pH media on drug release from ibuprofen-loaded copolymeric nanospheres with monomer feed composition as: (a) MMA/HEMA90/
10, (b) MMA/HEMA70/30, and (c) MMA/HEMA 50/50 (*S.D., n = 3). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 10. Effect of pH media on drug release of praziquantel-loaded copolymeric nanospheres with monomer feed composition as: (a) MMA/HEMA90/
10, (b) MMA/HEMA70/30, and (c) MMA/HEMA 50/50. (=S.D., n = 3). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 11. Effect of drug loading on drug release for (a) sodium warfarin-loaded (b) ibuprofen-loaded, and (c) praziquantel-loaded polymeric nanospheres

with the same monomer composition (+S.D., n = 3). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

different drug contents are monomer to drug ratios 20 : 1, 10 :
1, and 6 : 1 for the polymeric nanospheres with monomer feed
composition MMA/HEMA90/10.

The drug release rates from the nanoparticles were tested in the
simulated intestinal fluid with pH 7.4. Generally, it was noted
that the release profiles were related strongly to drug content in
the polymeric nanospheres.

One notes in Figure 11, that the rate of drug release from the
copolymeric nanospheres is faster for the copolymer with higher
drug content compared to that with less drug content. The
behavior of release can be attributed to that a higher drug load-
ing indicated a lower content of polymer matrix in the nano-
spheres, facilitating drug dissolution from the nanospheres.®®

CONCLUSIONS

The utilization of well-defined copolymeric nanoparticles of
methyl methacrylate/hydroxyethyl methacrylate (MMA/HEMA)
with different monomer feed compositions as 90/10, 70/30, and
50/50 in entrapment and controlling the release of both hydro-
philic (sodium warfarin) and hydrophobic (ibuprofen and pra-
ziquantel) drugs were achieved via (O/W) differential microe-
polymerization  technique using PVP/PEG as
biocompatible emulsifiers. It was found that HEMA content in
the monomer feed composition has a great effect on the colloi-
dal properties of the produced latexes, where increase of HEMA
content in the monomer feed composition lead to increase of
Dv, turbidity, and the negative charge of zeta potential but
decrease of the surface tension.

mulsion

Moreover, the drug EE is affected by the content of HEMA in
the monomer feed composition, the drug hydrophobicity, and
the monomer to drug ratio. It is concluded that, EE into
MMA/HEMA in monomer feed composition as 90/10, 70/30,
and 50/50 was found to be (95.3-98)%, (84-96.9%), and (69.5—
94.6)% for sodium warfarin (with high hydrophilicity) as well
as, ibuprofen and praziquantel (with high hydrophobicity),
respectively. The entrapment of drugs in polymeric nanopar-
ticles is confirmed by IR- spectroscopy and TEM.
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It was found that the EE is affected by the variation in the
MMA/HEMA ratio, the drug type and the monomer: drug ratio,
where it increased with both HEMA ratio, and drug content. As
a general tendency, high EE was found for warfarin sodium and
Ibuprofen and they were up to 95.3% and 85%, respectively, but
for praziquantel, the EE reached to 75%. But overall batches
showed high EE up to 95-98% with increasing monomer: drug
ratio as 6 : 1. The rate of drug release was examined with respect
to the variation in the MMA/HEMA ratio, the drug type, the
physiological pH, and the monomer: drug ratio, where in vitro
release properties have been investigated in simulated gastric
fluid (pH 1.2) and simulated intestinal fluid (pH 7.4) at 37 *=
0.5°C. Controlled release of drugs from copolymeric hydrogel
nanosphere has been observed during in vitro release experi-
ments. Generally, it was noted that the release profiles depended
strongly on the type of drug, the nature of the dissolution media,
and the polymer composition in addition to the drug content.
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