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Abstract

Conventional nanoparticles based on acrylic compounds are lipophilic and possess a negative surface charge. This is due to tl
manufacturing process and to the chemical structure of the polymer. Hence, these particles are not suitable for the adsorption of hydropt
anionic drugs. In the present investigation, positively charged copolymer nanoparticles prepared from aminoalkyl- and methylmethacrylat
were evaluated, with regard to their physical properties. This report provides a detailed description of the synthesis of the non-commercia
available monomers and their polymerization procedure. Various parameters were investigated, such as comonomer content, total amc
of monomer, concentration of the radical initiator, and the composition of the polymerization medium. The resulting particle diameter an
the surface charge were found to be strongly dependent on the polymerization conditions and on the pH. Optimization of the polymerizati
procedure yielded nanoparticles of about 200 nm exhibiting a positive surface charge. The charges of the different copolymer particles wi
then compared at different pH values. N-trimethylaminoethylmethacrylate (TMAEMC) nanoparticles with quaternary ammonium group
located at their surfaces, possessed a nearly constant positive zeta potential at various pH values and, consequently, pH-independent pz
diameters. The physical characteristics of the other aminoalkyl copolymers correlated with the basicity of the monomers employed a
were found to be strongly dependent on the pH of the dispersion medium. Aminoethylmethacrylate (AEMC), methylaminoethylmethz
crylate (MMAEMC), and aminohexylmethacrylate (AHMC) as well as aminoethylmethacrylamide (AHMAC) copolymer nanoparticles
exhibited a strong positively charged surface even at physiological pH and, therefore, are useful candidates for the adsorption of anio
drugs.O 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction a prolonged, controlled, or targeted action of the incorpo-
rated or encapsulated drugs [1]. Nanoparticles were most
For the last 20 years, nanoparticles were employed as col-frequently manufactured from acrylic acid derivatives such
loidal drug delivery systems to improve the performance of as poly(alkylcyanoacrylates) and poly(alkylmethacrylates)
various drugs. The main goal of this dosage formis to achieve [1-4]. However, these compounds are not suitable for the
binding of hydrophilic ionic drugs due to their hydrophobi-
Tresponding author. International Association for Pharmaceutical city. Several attempts were undertaken to overcome this lim-

Technology (APV), Kurfustenstr. 59, 55118 Mainz, Germany. itation. Alkylcyan_oacrylateg were polymeri_zed. in the
Tel.: +49-6131-97690; fax: +49-6131-976969. presence of anionic and cationic dextrane derivatives [5—7]
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to obtain nanoparticles with hydrophilic surfaces exhibiting the monomers were purchased from Fluka AG (Buchs,
different surface charges. Among the methacrylates, the Switzerland) and Merck (Darmstadt, Germany) and were

hydrophilicity of their particle surface was increased by
copolymerization of alkylmethacrylates with 4-vinylpyri-

dine and various acrylic acid derivatives [4,8,9]. The copo-
lymerization of methylmethacrylate with the strong acid
sulfopropylmethacrylate (SPM) led to the formation of nano-

used without further purification. G&l, was distilled
over BOs. Pyridine was distilled over KOH. Solvents for
chromatography and petrolether also were distilled prior
to use. The comonomer N-trimethylaminoethylmethacry-
late chloride (TMAEMC) and ammonium persulfate

particles possessing a strong negative surface charge at allAPS) were provided by Ha (Marl, Germany), the como-

relevant pH-values, i.e. 2—13. These particles were suitablenomer

for the adsorption of the cationic drugs pilocarpine and are-
caidine propargyl ester [10,11]. Although a large number of

N-dimethylaminoethylmethacrylate (DMAEMC)
was purchased from Fluka AG (Buchs, Switzerland).
Methylmethacrylate (MMA) and all other chemical com-

drugs such as oligonucleotides, nucleoside analoga (5-fluor-pounds used for the preparation of nanoparticles were
ouracil), foscarnet, and others, are anionic at physiological provided by Merck (Darmstadt, Germany).

pH-values, so far very little systematic work has been done to
develop cationic particulate carrier systems. In earlier stu-

dies, the commercially available cationic compound
dimethylaminoethylmethacrylate (DMAEMC) was
employed for the synthesis of homopolymers [12] and copo-

2.2. Synthesis of the monomers

2-Methacrylic acid-2-aminoethyl ester hydrochloride
4a, 2-methacrylic acidN-methyl-2-aminoethyl ester

lymers, respectively [13]. This compound was also used in a hydrochloride 4b, 6-aminohexyl methacrylic acid amide

recent study of our workgroup [14], where the three cationic
methacrylate copolymers N-dimethylaminoethylmethacry-
late (DMAEMC), N-trimethylammoniumpropyl-methacry-
lamide (MAPTAC), and trimethylammoniumethyl-
methacrylate (TMAEMC) were investigated to determine
their physical properties and cytotoxicity.

Another approach for the binding of plasmid to poly((2-
dimethylamino)ethyl methacrylate) was reported by Cheng
et al. [12]. In this case, the formation of the nanoparticles
was the result of a precipitation due to ionic interactions of
the soluble polymer with the plasmid.

hydrochloride and 2-Methacrylic acid-6-aminohexyl ester
hydrochloride 4c had to be synthesized, because they
were not commercially available (Fig. 1). To avohd
acylation, the amino group of the amino alcohols was
first selectively protected by aert-butyloxycarbonyl
(BOC) group or by a trifluoroacetate group. Both protec-
tive groups are cleaveable and can be removed both at the
monomeric and polymeric stage of the methacrylates. The
synthesis of the desired methacrylates was achieved by
reaction of methacryloyl chloride with th&l-protected
aminoalcohols2a-2c (Fig. 1) followed byN-deprotection

The main goal of the present study was to synthesize newand were both practicable in large scale synthesis.N-he

acrylic monomers with partial positively charged structures

trifluoroacetamide aminohexyl methacryla8el (Fig. 1)

and to characterize nanopatrticles, prepared from these comwas directly used for the preparation of nanoparticles

mercially non-available compounds. In the first part of the
present paper, the synthesis of aminoethylmethacrylate
(AEMC), methylaminoethylmethacryla#h (MMAEMC),
trifluoracetylaminohexylmethacrylat8d (AHMC), and
aminohexylmethacrylamidelc (AHMAC) is described.
The second part deals with the influence of various poly-

merization parameters on the physical properties of the

formed particles. Different comonomer compositions,

initiator concentrations, total monomer concentrations, as

well as the composition of the polymerization medium
were varied to obtain optimal polymerizing conditions and

to establish a reproducible preparation procedure for each
monomer. In the third part of the present study, the nano-

particles that differed from each other by the substitution
pattern of their aminoalkyl groups, were compared with
regard to their particle size and surface charge.

2. Materials and methods

2.1. Materials

Commercially available compounds for the synthesis of

without deprotection.
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Fig. 1. Synthesis conditions for different aminoalkylmethacrylate como-
nomers.
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Table 1

Results of product@a-2b

Product Yield R; Molecular H-NMR (CDCL/300 MHz)$
(%) formula
2a 842  0.36 GHNO;  5.02 (bs, 1H; NH), 3.66 (t, 2H:
(175.23)  OCHp), 3.25 (q, 2H; NCH), 2.75
(bs, 1H; OH), 1.42 (m, 9H;
C4(CH)3)
2b 89.4 041 GHNO,  4.08 (g, 2H; OCH), 3.71 (t, 2H:
(161.20)  NCHy), 2.87 (s, 3H; NCH), 1.41

(m, 9H: C(CH) »3)

2.2.1. General procedure for the synthesis of N-BOC-
aminoalky! alcohol2a-2b (Fig. 1)

The synthesis was performed according to Mattingly
[15]. One equivalent (eq.) of di-tert-butyl dicarbonate was
added dropwise to a stirred solution of 1 eq. aminoalkyl
alcoholla-1c(Fig. 1) and 1.8 eq. NaOH in water at@.
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reduced pressure. The resulting oil was dissolved in 200
ml, 1 N HCL and extracted with ether. The aqueous phase
was washed with ether, made basic to a pH of 10 with
aqueous 2 N NaOH, and extracted with ethyl acetate.
The organic extracts were pooled, dried over$@, and
evaporated to give 10.5 g of homogeneds80OG1, 6-
diaminohexan&c (Fig. 1) as a yellow oil which was used
without further purification. TLC R 0.51; 1H NMR
(CDCL3) 6 4.54 (bs, 1H; NH), 3.05 1 2.62 (m, 4H;
NCH,), 1.41 (m, 9H; CH), 1.29 (m, 8H; CH).

2.2.4. Synthesis of N-BOC-kR-methacryl)-1,6-
diaminohexanec (Fig. 1)

N-BOG1,6-diaminohexan€c (Fig. 1) (31 g, 0.15 mol)
was dissolved in CkCl, (200 ml), One eq. Pyridine was
added and stirred for 1 h at r.t. To the stirring solution, 1 eq.
2-methacryloylchloride (15.67 g, 0.15 mol) was added drop-
wise. After 3 h the reaction mixture was washed with satu-
rated aqueous NaHG@50 ml, three times) and water. The

The mixture was allowed to warm up to room temperature organic phase dried over B&0, and evaporated under
(r.t.) and was stirred overnight. The reaction mixture was reduced pressure to give 35.9 g (8486BOC-N-(2-metha-
extracted several times with ethyl acetate and the pooledcryl)-1,6-diaminohexane3c (Fig. 1). m.p.= 47°C, TLC
organic phases were washed with water. The organic R = 0.76; *"H NMR (CDCL) & 5.95/4.55 (bs, 1H; NH),

phase was dried over B&O,, and the solvent was evapo-
rated to end up with the N-BOC-aminoalkyl alcot#a-2b

as a pale yellow oil, which was pure as determined by thin-
layer chromatography (TLC) (Table 1).

2.2.2. General procedure for the synthesis of N-BOC-
aminoalkyl methacrylateS8a-3b (Fig. 1)

5.65/5.29 (m, 2H; Ch), 3.26/3.07 (m, 4H, NC), 1.94
(s, 3H; CHy), 1.41 (m, 8H; CH) 1.32 (m, 8H; CH).

2.2.5. Synthesis of (6-hydroxyhexyl)trifluoroacetanide
(Fig. 1)

Ethyl trifluoroacetate was slowly added to a solution of 6-
amino-1-hexanol (100 g, 0.853 mol) in GEl, (200 ml).

One eq. pyridine was added to the stirred solution of 1 eq. The reaction was stirred for 5 h, concentrated in vacuo, and
N-BOGaminoalkyl alcohol in CH2CI2 (150 ml). The mix-  then petrolether was added and the mixture stored at r.t. for
ture was stirred at r.t. for 1 h, methacryloylchloride was 12 h, resulting in the formation of a white precipitate. The
added drop by drop and stirring was continued for another precipitate was collected by filtration, washed with petro-
3 h. The reaction mixture was then extracted with saturated lether and dried in vacuo to yield 174.6 g (96%) of pure

aqueous NaHC® The organic phase was dried (S$&)),
and the solvent was evaporated to yield the N-BOC-ami-
noalkyl alcohol3a-3b (Fig. 1) which was pure, as deter-
mined by TLC (Table 2).

2.2.3. Synthesis of N-BOC-1,6-diaminohexandFig. 1)

The synthesis of N-BOC-1,6-diaminohexane was per-
formed according to Callahan et al. [16]. and Stahl et al.
[17]. 1,6-Diaminohexan@& (Fig. 1) (100 g, 0.86 mol) was
dissolved in CHCI, (300 ml) and cooled in an ice bath to
0-3C. To the stirred solution 0.3 eq. di-tert-butyl bicar-
bonate (62.6 g, 0.29 mol) was added slowly over a period
of 1 h. The reaction was allowed to warm up to r.t., and
proceeded overnight. The reaction mixture was extracted
with saturated aqueous NaHG(0 ml, three times). The

organic phases were pooled, dried, and evaporated under

reduced pressure. The resulting oil was dissolved in 200
ml, 1 N HCI and extracted with ether. The aqueous phase
was washed with ether, made basic to a pH of 10 with
aqgueous 2 N Na§) and extracted with ethyl acetate. The

organic phases were pooled, dried, and evaporated under

product of 6-hydroxyhexyltrifluoroacetamidi (Fig. 1).
m.p.= 49-50C; R = 0.42 (CHCI:EtOH 9:1);'H NMR
(CDCly) 7.16 (bs, NH), 3.63 (t, & 7.1 Hz, CHOH), 3.34
(9, J= 7.1 Hz, CHNH), 1.6-1.4 (m, 8H, CH). °C NMR
(CDCl;) 158.14-156.68 (q, CO), 121.58-110.15 (q.5CF
62.43 (t, CHOH), 39.75 (t, CHNH), 32.48/32.25/26.24/
25.13 (t, CH).

Table 2

Results of product8a-3b

Product Yield R; Molecular 'H-NMR (CDC1/300 MHz)é
(%) formula
3a 69.5 0.65 GoH;gNO,  6.1/5.56 (2H; = CH,), 4.79 (bs,
(229.28) 1H; NH), 4.18 (m, 2H: N-CH)),
3.41 (m, 2H; O-CH), 1.92 (m,
3H; CHg), 1.42 (m, 9H; C(CH) 3)
3b 75 0.57 GH;NO,  6.06/5.52 (m, 2H;= CH,), 4.19

(243.30) (m, 2H; N-CH), 3.44 (m, 2H;
O-CH), 2.86 (m, 3H; N-CH)),
1.88 (m, 3H; CH), 1.39 (m. 9H:

C(CH;) 5)
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2.2.6. Synthesis of 6-(trifluoroacetylamino)hexyl and not true coupling constants. Abbreviations used are as
methacrylate3d (Fig. 1) follows: bs, broad singlet; s, singlet; t, triplet; g, quartet; m,
One hundred grams (0.47 mol) of compoWdiwas dis- multiplet. The melting points were taken on a Kofler melt-

solved in a mixture of CkCl, (200 ml) and pyridine (80 ing apparatus and are uncorrected. TLC was performed
ml). Methacryloylchloride, 68.2 ml (0.7 mol) was added using silica gel 60 f, precoated plates (Merck, Darmstadt,
dropwise at r.t. to the mixture and refluxed for 2 h. The Germany); plates were visualized under UV light or by
cooled reaction mixture was diluted with ether and extracted treatment with ninhydrin reagent (0.1% ninhydrin in etha-
with CuSQ solution and saturated aqueous NaHCThe nol). The chromatograms were developed in the top-phase
organic phase was dried (b80,), and the solvent was eva-  of "BUOH:H,O:HOAc 5:4:1 or CHCI,:EtOH 9:1.

porated under reduced pressure to give 87.9 g (0.31 mol) 6-

(trifluoroacetylamino)hexyl methacrylated (Fig. 1) as a 2.4. Preparation of nanoparticles

viscous oil. R=0.36 (CHCl,); '"H NMR (CDCl;) 6.65

(bs, NH), 6.1/5.6 (s¥ CHy), 4.15 (t, 2H; O-CH), 3.35 (q, 2.4.1. General preparation procedure

2H, NCH,), 1.93 (s, 3H, CH), 1.8-1.3 (m, 8H:ChH). **C The different methacrylate nanoparticles were produced
NMR (CDCl) 167.41/158.14 (G- O), 136.25 (C), 125.18 by free radical polymerization according to Stieneker and
(CH,), 121.58-110.2 (C§}, 64.22 (CHO), 39.62 (CHNH), Kreuter [18]. The amounts of monomers were calculated as

28.66/28.29/26.63/25.31 (GH18.11 (CH). ESI" = 282.1. free bases and dissolved in preheated water or in water
acetone mixtures at 78. At this temperature, a stock
2.2.7. General procedure for the cleavage of the N-BOC- solution of ammonium persulfate was added as initiator.
group The reaction was carried out under stirring on a thermo-
N-BOGaminoalkyl methacrylate8a-3c (Fig. 1) were static well plate in closed beakers of 100 ml at 400 rpm.
dissolved in CHCI, (200 ml) and were ice-cooled to 0— After 24 h, when the polymerization was completed, the
3°C. Ice-cooled 10 eq. trifluoroacetic acid was added drop- acetone of the polymerization medium was evaporated for
wise to the stirring solution of the protected acrylates. The 1 h. The resulting unpurified dispersions (raw dispersions)
mixture was allowed to warm up to r.t. and was stirred for 3 were used to investigate particle size and surface charge in
h. The residue was obtained after evaporation and dissolveddependence on the polymerization conditions. For further
in water. The aqueous solution was given to a pretreated ionphysical characterization, copolymer nanoparticles were
exchange resin (ion exchange resins (IER), see Section 2.3produced from each basic monomer under optimized poly-
and was slowly stirred overnight. After filtration of the IER, merization conditions, to yield particles with diameters of
the agueous solution was lyophilized to give a white solid about 200 nm. The resulting suspensions were concen-

substancela-4c(Fig. 1, Table 3). trated to a polymer content of between 5 and 20% (w/v)
with an ultrafiltration unit (model 402, Amicon, Witten,
2.2.8. Pre-treatment of ion exchange resins (IER) Germany), equipped with a Diaflo YCO05 filtration mem-

Basic IER (Merck, Darmstadt, Germany) was activated brane (Amicon) in order to obtain stock suspensions. These
with 2.5 eq. aqueous 6% NaCl. The IER was then washed stock solutions were purified by dialysis through a semi-
neutral with deionized water and kept under deionized water permeable membrane with an exclusion size of 12 000—

until use. 14 000 dalton (Dialysis Tubing-Visking, Medicell, London,
UK) prior to characterization. For the monomer trimethy-
2.3. Analysis of the monomers lammoniumethylmethacrylate (TMAEMC), the resulting

nanoparticles were lyophilized after purification (Lyovac
NMR spectra were recorded on a Bruker ARX-300 GT2, Leybold Heraeus, Hth, Germany). Resuspending
NMR spectrometer; shifts reported are relative to the of the lyophilized substance was performed by using an
appropriate internal standard; coupling constants (J) areultrasonication dispenser (Transsonic Digital, Elma, Sin-
reported in Hertz and refer to apparent peak multiplicities gen, Germany; 5 min 240 W).

Table 3

Results of productda-4c

Product  Yield R¢ Molecular 'H-NMR (DMS0/300 MHz)é m.p. ESI-MS
(%) formula °c) (MH)
4a 100 0.57 GHNOCI 8.31 (m, 3H; NH), 84 129.9
(165.62) 6.2/5.70 (m, 2H; = CH,), 4.23 (m, 2H; NCH), 3.43 (m, 3H; OCH), 1.87
(s, 3H; CH)
4b 100 0.43  GHyNOLCI 9.16 (m, 3H; NH), 6.2/5.71 (m, 2H;= CH,), 4.27 (m, 2H; NCH), 3.19 67 144.0
(179.79) (m. 2H; CHOH), 2.53 (m, 3H; NCH), 1.88 (s, 3H; Ch)
4c 75.6 0.49  GoHN,OCI 7.97 (m, 3H; NH), 5.6/5.26 (m, 2H;= CHj,), 3.03 (2m, 4H; NCH), 1.8 70 185.1

(219.67) (s, 3H; CH), 1.5-1.1 (m, 8H; Ch)
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2.4.2. Preparation of PMMA homopolymer nanopatrticles
The preparation of PMMA nanoparticles was carried out
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content of 1% (w/w) consisting of 30% (w/w) of the basic
monomer. The APS initiator concentration was adjusted to

according to following standard protocol: 1% (w/w) of the 0.03% (w/w). The resulting suspension was immediately

monomer was dissolved in water at®@8 A 5% (w/w) stock
solution of APS in water was added to give a final concen-
tration of 0.03% (w/w). The resulting nanoparticle suspen-
sion was concentrated to a content of 5% (w/w) and dialyzed
prior to use.

2.4.3. Preparation of AEMC copolymer nanoparticles

dialyzed and concentrated to a polymer content of 12.7%
(wiw).

2.4.6. Preparation of TMAEMC nanopatrticles

The monomer trimethylaminoethylmethacrylate chloride
(50% w/w aqueous stock solution) was dissolved in demi-
neralized water at 7&. Methylmethacrylate and a 5% (w/

The monomer aminoethylmethacrylate hydrochloride w) APS solution were immediately added. The total mono-

was dissolved in water-acetone mixtures at@8s a
33.3% (w/w) stock solution. Methylmethacrylate and a
5% (w/w) APS solution were immediately added. Different
batches were prepared by variations within the limits of one
of the following reaction conditions.

* The acetone content of the dispersion medium was
varied over the range of 0-30% (w/w) while the
total monomer content (1% w/w) and the portion
of the comonomer (30% w/w) were kept constant.

* Nanopatrticles with a variable total monomer con-
tent were produced at a constant portion of the basic
comonomer (30% wi/w) in 10% (w/w) acetone solu-
tions.

Particle characterization of AEMC nanoparticles was car-
ried out with particles produced using the following reaction
components: 1.25% (w/w) total monomer, 30% (w/w)
comonomer, 0.03% (w/w) APS, and 10% (w/w) acetone.

2.4.4. Preparation of MMAEMC copolymer nanoparticles
The monomer N-monomethylaminoethylmethacrylate
hydrochloride4b was dissolved as a 33.3% (w/w) stock

mer concentration was 3% (w/w), the concentration of the
basic comonomer was 30% (w/w), and the initiator used was
adjusted to 0.03% (w/w). The suspensions were purified by
dialysis and subsequently freeze-dried.

2.4.7. Preparation of AHMAC nanoparticles

Aminohexylmethacrylamide hydrochloridéc, methyl-
methacrylate, and APS were dissolved in a 13% (w/w) acet-
one solution to obtain a final total monomer content of
1.18% (w/w) and an APS concentration of 0.03% (w/w).
The portion of the basic monomer was varied between 29
and 49% (w/w). This portion was fixed at 32% (w/w) for
pH-profile measurements of the particles.

2.4.8. Preparation of AHMC nanoparticles

AHMC nanoparticles were prepared by polymerization
in a 37% (w/w) aqueous acetone solution, followed by
organic solvent evaporation. The basic modified comono-
mer exhibiting a protected amino group (trifluoroacetyla-
minoethylmethacrylate8d) and methylmethacrylate were
copolymerized using 0.03% (w/w) APS as initiator. After
the acetone was evaporated, the particles were purified

solution in water-acetone mixtures (10% w/w acetone) at by dialysis for the subsequent particle size and zeta
78°C. Methylmethacrylate and APS were immediately potential determinations. Afterwards, the amino groups
added. Different batches were prepared by variation of the were deprotected in a 12.5% ammonium hydroxide solu-
following reaction conditions. tion by autoclaving at 2 bar and 121 for 1 h. Finally,

the deprotected AHMC nanoparticles were purified by

* Nanopatrticles with a variable total monomer con- . .
dialysis.

tent were produced at a constant portion of the basic
comonomer (30% w/w).

* The portion of the basic comonomer was varied
between 0 and 50% (w/w).

2.5. Size determination of nanoparticles

e The concentration of the initiator APS was varied . The particle diameters were mea_sured by photon_ correla-
between 0.01 and 1% (wiw). tion spectroscopy (PCS). The PCS instrument consisted of a
BI-200 SM Goniometer Ver. 2.0 (Brookhaven Instruments,
MMAEMC nanoparticles used for physical characteriza- Holtsville, NY), equipped with a 30 mW He-Ne-Laser
tion were produced using the following reaction compo- (Melles Griot, Cincinnati, CA), and was connected to a
nents: 1% (w/w) total monomer, 30% (w/w) comonomer, BI-2030 AT Digital Correlator (Brookhaven). The measure-
0.03% (w/w) APS, and 10% (w/w) acetone. ments were carried out at a scattering angle Jf & a
temperature of 2%C. The count rate was adjusted to 20—30
2.4.5. Preparation of DMAEMC nanoparticles kHz by diluting each sample with deionized, filtered water
In contrast to the standard procedure, polymerization of (0.22 um cellulose nitrate filter, Schleicher&Schuell, Das-
dimethylaminoethylmethacrylate was carried out at basic sel, Germany) and sodium chloride solutions of pH values
pH using deionized water adjusted to pH 11-12. At a tem- between 3 and 12. The samples were prepared by adjusting
perature of 78C, methylmethacrylate and the basic mono- the pH using 0.01 or 0.1 M hydrochloric acid as well as
mer DMAEMC were added to obtain a final total monomer sodium hydroxide
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2.6. Surface charge

The surface charge (zeta potential) was determined by
measuring the elecrophoretic mobility of the nanoparticles
using a Lazer Zee MetBf Model 501 (PenKem, Bedford
Hills, NY). The polymer content of the nanopatrticle suspen-
sions was calculated by the determination of the drying
weight loss. Samples were afterwards adjusted to a final
concentration of 10Qug/ml by diluting the suspensions
with deionized water and the sodium chloride solutions of
different pH values, respectively. The measured zeta poten-
tial was calculated and corrected for a standard reference
temperature of 2TC.

3. Results and discussion

The preparation of the methacrylate copolymer nanopar-
ticles was performed by a free radical polymerization pro-

H.-P. Zobel et al. / European Journal of Pharmaceutics and Biopharmaceutics 47 (1999) 203-213
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Fig. 3. Particle diameter and zeta potential of aminoalkylmethacrylate
copolymer nanoparticles versus the content of the basic copolymer.
White bars: diameter of MMAEMC nanoparticles (measD, n = 4).

®: Zeta potential of MMAEMC nanopatrticles.

lymer derivatives. The portion of the basic comonomer, the

cess in the presence of APS as an initiating reagent using thetotal amount of monomer, the concentration of the redox

monomers shown in Fig. 2. The polymerization process
followed an earlier described method [1,14,19]. A mixture

consisting of water and acetone was preferentially
employed as polymerization medium, because this compo-
sition led to decreased particle diameters of the most copo-

Synthesized monomers:

CH,
o
)ﬁ( " NH, « HCI
0

Aminoethylmethacrylate (AEMC)
4a

CH,

01

(e}

O~ ~CHs
H «HCI

Monomethylaminoethyl-
methacrylate (MMAEMC)
4b

CH. CH

° : JI\
NN
)ﬁ(o\/\/\/\NHz < HCI )ﬁ(o m CF,
(0]

o]

Aminohexylmethacrylamide
(AHMAC) 4c

Trifluoracetylaminohexyl-
methacrylate (AHMC)
3d

Purchased monomers:

cl

Methylmethacrylate (MMA) Trimethylaminoethyl-

methacrylate (TMAEMC)

(o]

O\/\N,CH3
|
CH,

Dimethylaminoethyl-
methacrylate (DMAEMC)

Fig. 2. Chemical structure of the monomers used for the preparation of the
aminoalkylmethacrylat copolymer nanopatrticles.

initiator APS, and the acetone content of the polymerization
medium were varied, to characterize the influence of the
different reaction conditions.

3.1. Influence of basic monomer concentration

Size and surface charge of the resulting nanoparticles
were found to be dependent on the portion of the basic
monomer (Fig. 3). Polymerization of pure methylmethacry-
late resulted in stable latices with an average particle size of
about 160 nm. The homopolymer nanoparticles are pre-
vented from aggregation by repulsion forces generated by
charged initiator molecules which are incorporated into the
polymeric matrix during the polymerization process [20].
Consequently, the homopolymer PMMA nanoparticles
showed a strong negative zeta potential of abeli mV.

The addition of 10% basic monomer inverted the surface
charge and nanoparticles with positive zeta potential were
obtained. While increasing the portions of the basic mono-
mer up to 50% (w/w) the zeta potential was raised-te45

mV and, consequently, the particle diameter was reduced to
<70 nm. In an earlier study, corresponding results were
obtained by addition of the negative derivatives methacrylic
acid [21] and sulfopropylmethacrylate [10] also resulting in
stronger repulsion forces and, therefore, smaller particle
diameters. The charged substituents of the copolymer pre-
ferentially concentrate on the particle surface, because of
their relative hydrophilicity compared with the more hydro-
phobic nature of the acrylic polymer portions. This increase
in charged surface groups with increasing amounts of the
basic monomer leads to smaller particle sizes due to two
factors: increasing surface hydrophilicity and increasing
surface charge repulsion.

Aminohexylmethacrylate copolymer nanoparticles were
produced according to a different procedure. Due to their
instability and their tendency to spontaneous polymeriza-
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shine. The further addition of the hydrophilic monomer
2000 e i above concentrations of 50% (w/w) led to water soluble
1800 1 - 20 non-particulate polymer molecules. For AEMC and

1600 1 MMAEMC nanoparticles pH-values also were determined

after the purification by dialysis. Residual monomers, acet-
one and hydrochloric acid were removed by this procedure.
The dialyzed particles possessed an increased pH that cor-
600 - related with their copolymer content.

400 [ -40
200 1 ,\Vﬁ/;\ﬂ/‘ I 3.2. Influence of the total monomer concentration
w1 mn om| om/ B BT

T T T T T

0 10 20 30 40 50 Increasing monomer concentration resulted in larger par-
Portion of the basic copolymer AHMC [%] ticle diameters (Fig. 5). The results of the present study are
Fig. 4. Influence of the comonomer concentration on the particle diameter in concordance with the outcome of earlier studies [1'8'10'
and zeta potential of aminohexylmethacrylate copolymer nanoparticles 19,22,23]. According to Fitch [20], the number of the gen-
(AHMC). Black bars: diameter of the N-protected particles; white bars: erated radicals remains constant at a definite temperature
diameter of the deprotected particl@®. Zeta potential of the N-protected and concentration of the initiator APS. Additional monomer
nanoparticles. (_D: Zeta potential of the deprotected nanoparticles does not influence the number of radicals but leads to the
(meanx SD,n = 4). . . .
increase of the molecular weight of the formed particles. In
tion, the synthesis of the monomer had to be carried out by one of the previous studies, a strong correlation between
reaction of the N-trifluoroacetyl protected amino alcohol particle diameters and molecular weights was observed for
and methacryloyl chloride. As a consequence, the resulting sulfopropyl-methacrylate copolymer nanoparticles [10].
trifluoroacetyl aminohexylmethacrylate copolymer nano- Hence, it is very likely, that also in our study the increased
particles had a much more hydrophobic character and theparticle diameters at higher monomer concentrations can be
compound was more uniformly distributed in the nanopar- attributed to increasing molecular weights of the copolymer
ticle matrix. Hence, an influence of the copolymer content nanopatrticles.
on the surface charge or on the particle diameters was not Additionally, higher zeta potentials of the suspensions
detectable (Fig. 4). The synthesis of the nanoparticles waswere observed. With raising monomer concentration, the
followed by the deprotection of the aminohexyl groups hydrophilic aminoalkyl groups accumulated at the interface
using a basic environment. After the purification by dialysis, between the growing particles and the dispersion medium,
the deprotected free amino groups in the final copolymer while the apolar methoxygroups of the MMA monomer
nanoparticles were protonated at neutral pH, which led to were intruded into the polymeric matrix.
more positive surface charges that correlated to the portion
of the basic copolymer. Contents of 20—30% (w/w) copo- 3.3. Influence of the polymerization medium
lymer led to neutral surface charges. As a consequence,
these particles tend to aggregate resulting in larger particle The dependence of the physical properties of amino-
diameters $1800 nm). At a copolymer portion above 40% alkylmethacrylate copolymer nanoparticles on the
(w/w) particles were charged positively. This charge pre-
vented the growing particles from aggregation during the
polymerization process by strong repulsion forces. Thus,
stable suspension with diameters below 300 nm were
obtained.
The monomers AEMGla, MMAEMC 4b and AHMAC
4c were employed for polymerization in the form of hydro-
chlorides. Their dissociation led to a pH-decrease of the
polymerization medium. Non-dialyzed dispersions varied
between pH 2 and 3. The protonization of the amino groups
led to strong positive surface charges (40% MMAEM@5 |
mV). At lower MMAEMC monomer portions the repulsion .
forces between the polymers decreased resulting in larger
final nanoparticle diameters. At higher contents of the catio-
nic derivative, the growing polymer chains were protected
from aggregation by strong positive electrostatic forces and Fig. 5._ Effect of the tptal monomer content on the diameter and the _zeta
- . . potential of the resulting aminoethylmethacrylate copolymer nanoparticles
a Iarger ampunt Of_ pgrtlcles with small dlameter_s _WaS (AEMC). White bars: diameter of the AEMC copolymer nanoparticles.
obtained. This was indicated by a decrease in turbidity of spaded bar: diameter of PMMA homopolymer nanopartices.Zeta
the resulting suspensions and the occurrence of a bluishpotential of AEMC copolymer particles (meanSD, n = 4).
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Table 4
350 1 - 60 Influence of the APS concentration on the physical properties of
= 300 - ) L s MMAEMC copolymer nanoparticles (meanSD, n = 4).
% 250 | T E APS Diameter Polydispersity Observation
® T4 concentration (nm) index
§ 200 1 2 (% wiw)
o 30 a
£ 107 —] 3 0.01 137.0:3.5  0.0408t 0.00289 Homogeneous
% 400 4 \. 20 suspension
0.03 2441+ 7.2 0.0934+ 0.0173 Homogeneous
50 10 suspension
0.05 633.8+ 231.4 0.4645t 0.0764  Agglomeration
0 0 20 2 0.10 1314.7: 191.0 0.7072 0.1133  Agglomeration

Acetone content of the polymerization medium [%]
3.5. Monitoring of particle size
Fig. 6. Influence of the polymerization medium composition on the size
and zeta poten_tial of the rgsultir_]g aminoethylmethacrylate (AEMC) copo- In a further experiment, the compensation of the opposing
lymer nanopample&: Partlclg diameters, barf represent the zeta potential effects of increasing acetone and total monomer content was
of the nanoparticle suspensions (mea8D, n = 4). . . . L . . .
investigated, with the objective to yield small particle dia-
meters and high surface charges. The portion of the basic
employed polymerization medium is shown in Fig. 6. monomer was kept constant at 30% (w/w) for all prepara-
Increasing acetone contents led to decreasing particletions. The mean diameters of AEMC nanoparticles
sizes. Due to their charge-to-mass ratio, the smaller nano-increased from 175 towards 475nm by raising the total
particles possessed higher surface potentials. The zetanonomer content from 1 to 5% (w/w) during polymeriza-
potential of nanoparticles synthesized with 30% (w/w) tion in a 10% (w/w) acetone solution (Table 5). Simulta-
cosolvent could not be determined because of their small neously, the zeta potential was increased frat towards
diameters. The observation can be explained by the theory+66 mV. Raising the acetone content of the polymerization
proposed by Kreuter [1] for the termination of the polymer medium up to 30% (w/w) at a definite total monomer con-
chain growth reaction. Colloidal macroradicals coagulate centration (1% w/w) led to a decrease in particle diameters
prior to termination. According to that theory, the chain from 175 to 76 nm. Summarizing these effects, small dia-
termination by the capture of a macroradical in the coagu- meters (131 nm) and high positive surface charges9 (
lated monomer is more likely to occur than the termination mV) were obtained by the combination of higher acetone
by a water-soluble solvatized smaller radical. In the present and higher total monomer content.
study, the solubility of the monomer was raised by an
increasing acetone content. Consequently, the resulting3.6. Optimization of particle preparation and storage
growing polymer chains remained in solution for a longer conditions
period of time, before the coagulation to nanoparticles
occurred. At higher acetone concentrations (30% w/w), par-  In order to compare the different aminoalkylmethacrylate
ticles were formed after the evaporation of acetone. In this nanoparticles with regard to their size and surface charge at
case, the termination of the polymer chain growth took different pH-values, each polymer was produced under opti-
place before phase separation and formation of solid nano-mized polymerization conditions to obtain particles of about

particles. 200 nm. The content of the basic monomers was kept con-
stant at 30% (w/w). The yield of the polymerization process
3.4. Influence of the polymerization initiator was determined by calculating the mass relation between

the monomers used in the reaction and the dried polymer

The concentration of APS used as radical initiator during after purification by dialysis. For each particle species, the
the emulsion polymerization is another important parameter
which influences the particle diameter of the resulting sus- tapie 5
pension. Larger particle diameters were determined for ) o N )
MMAEMC copolymer nanoparticles by raising the APS Variation of different polyr'r_1er|zat|on condmcins for the preparation of

. AEMC copolymer nanoparticles (meanSD, n = 4)

concentration from 0.01 towards 0.03% (w/w) (Table 4).

At a constant content of co- and total monomer the further Total monomer Acetone Diameter (nm)  Zeta potential

. e e . 0, 0,

increase of the redox initiator concentration led to an Content (%) — content (%) (mv)

uncontrollable polymerization process, resulting in polymer 1 10 174.6x 11.2 46.3t 2.2

flocules in addition to nanoparticles. The polydispersity 5 10 473.3+ 24.6 65.5£ 0.5

indices reported in Table 4 indicated the reduced dispersity * 30 762+15  Not available
5 30 130.7£ 0.8 59.6+ 1.1

of these systems.
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yield of the reaction was found to be more than 85%. All after preparation, to avoid a basic ester hydrolysis and
undialyzed suspensions were stable for several months, novere stored as purified suspensions.

sedimentation or aggregation occurred. Due to their strong

permanent positive surface charge, TMAEMC nanoparti- 3.7. pH-profile of the copolymer nanoparticles

cles could be lyophilized after purification and were easily

redispersed in purified water by sonication. AEMC-, Physical characterization of the different particle species
MMAEMC-, TMAEMC-, and AHMAC-nanoparticles  was performed at different pH-values to explore the influ-
should be stored as concentrated raw dispersions withoutence of the functional groups located on their surfaces.
further purification because of the higher zeta potential of Hydrochloric acid and sodium hydroxide solution were
the particles in acidic media. The storage of AHMC- and added to a 0.01 molar sodium chloride solution in order to
DMAEMC-nanopatrticles as unpurified suspensions was not reduce electrolyte effects. The pH-profiles of the different
suitable due to their polymerization in a basic environment particles are shown in Fig. 7. Pure PMMA homopolymer
or the elimination of the N-protecting group under basic nanoparticles possessed no chargeable functional groups on
conditions. These particles were immediately dialyzed their surface. As a consequence, negative zeta potentials

Fig. 7. pH profiles of different aminoalkylmethacrylate nanoparticles. Effect of pH on the diameter and the zeta potential of the copolymeciesn®parti
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that are typical for net neutral polymer particles were mea- used here, may be more rapidly biodegradable. Neverthe-
sured over the whole pH-range. TMAEMC nanopatrticles less, these particles anyway, may be useful for the delivery
showed a positive surface charge at every pH-value. How- of essential drugs and of genetic material that are required
ever, because of their nearly constant surface charge, noonly in small amounts.

dependence of the resulting particle size on the final pH

of the dispersions was observed. The other aminoalkyl-
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