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Abstract

Loading efficiency (LE) of stavudine (D4T), a human immunodeficiency antiretroviral agent, on the external surfaces of poly-
butylcyanoacrylate (PBCA) and methylmethacrylate-sulfopropylmethacrylate (MMA-SPM) was investigated. The experimental
results indicate that the larger the polymeric nanopatrticles (NPs), the smaller LE of DAT on the two kinds of biomaterials. Freeze
drying of the two NPs, however, yields an increase in particle size and an increase in LE of D4T, in general. Preservation of
the two D4T-loaded NPs through cold storage & 4ver 6 weeks leads to an increase in particle size and a decrease in LE of
DA4T. LE of D4T on both of the two NPs decreases with a variation in pH value from pH 7.2 of loading medium. LE of D4T on
MMA-SPM NPs is larger than that on PBCA NPs at pH 7.4; and for the case of variation in pH value of loading medium from
pH 7.2, the extent of decrease in LE of D4T for MMA-SPM NPs is higher than that on PBCA NPs. These outcomes imply that
for oral administration, D4T-loaded MMA-SPM NPs may be more advantageous than D4T-loaded PBCA NPs, and D4T-loaded
PBCA NPs may be more favorable than D4T-loaded MMA-SPM NPs for intravenous injection.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The essential material characteristics of an ideal

Abbreviations: DAT, stavudine; HIV, human immunodeficiency ~ drug carrier include (1) biocompatibility and bioac-
virus; LE, loading efficiency (%); MMA-SPM, methylmethacrylate-  ceptability of the carrier and its degradation products,
sulfopropylmethacrylate; NP, nanoparticle; NRTI, nucleoside re- (2) ability to be loaded with effective dosage, (3) ac-
verse transcriptase inhibitor; PBCA, polybutylcyanoacrylate; PDI, ceptable stability during preservation (4) Satisfactory
polydispersity index; SPM, sulfopropylmethacrylate drug-rel rate from the drug-load ,d m ite. (5
* Tel.: +886 5 272 0411x33459; fax: +886 5 272 1206. ug-release rate from the drug-loaded composite, (5)

E-mail addresschmyck@ccu.edu.tw. suitable for regular clinical administration, and (6)
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Nomenclature

Dav average particle diameter (nm)

MWp,a number-averaged molecular weight (Da)

pHn  medium pH value for the minimurDg,,

t synthesis time (h)

te characteristid for dramatic increase in
Dav ()

w stirring rate (rpm)

economically feasible for manufacture. Since the av-
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Biocompatible polybutylcyanoacrylate (PBCA),
also belonging to one of the acrylic acid deriva-
tives, can be rapidly biodegraded and completely
eliminated from body over a few daydiflery et
al.,, 1996. The main mechanism for PBCA degra-
dation is the cleavage of ester side bonds and trans-
formation of the polymers into water-soluble poly-
meric acids, which can be finally removed by uri-
nary excretion. The low cytotoxicity of PBCA NPs
was demonstrated by the fact that, for rat cerebrum
microvascular endothelial cells, the cell viability was
almost not influenced under the dosage of.gdml,
and 20% reduction in the cell viability under the
high dosage of 10Qg/ml was observedQourveur

erage diameter of human microvessels is between 5et al., 198%. Hence, PBCA NPs can be a general
and 10um, a drug carrier with diameter less thaprh carrier-mediated system for drug delivery. On the
can be considered as a candidate for the application toother hand, hydrophobicity of acrylic acid deriva-
intravenous injection. For drug delivery into the cen- tives often results in less adsorption affinity to hy-
tral nervous system, an increase in osmotic pressuredrophilic drugs Hoffmann et al., 199/ Charged

can be aggressive and may bring other substances intamethylmethacrylate-sulfopropylmethacrylate (MMA-
brain, although tight junction may be opened by high SPM) NPs may overcome this difficulty. Through ap-
osmotic pressure to efficiently increase drug perme- plication to the loading of muscarinnic agonist are-

ability across blood-brain barrieKfeuter, 2001 On

caidine propargyl ester (APE), MMA-SPM NPs were

the other hand, carrier-mediated systems, which may shown to be superior to other NP carridraffiger et al.,

alter body drug distribution without severe intervention
in the structure of tight junction, would be an excellent
technique for brain-targeting deliveri¢mar, 2000.

Colloidal drug carrier, one of the carrier-mediated sys-

19978H. Moreover, without any macroscopic irrita-
tion and inflammation, the administration of APE-
loaded MMA-SPM NPs leaded to considerable im-
provement in miotic response after topical adminis-

tems, was already employed in controlled drug release tration to the eyes of rabbitd. énger et al., 1997%a

with the advantages of high stability, slow drug-release
rate and appropriate sustainability after administration
(Govender et al., 1999; Schmidt and Bodmeier, 3999
Drugs can be incorporated with or bound to colloidal
drug carriers, such as polymeric nanoparticles (NPs).
For instance, azidothymidine (AZT), the first nucleo-
side reverse transcriptase inhibitor (NRTI) for clinical
treatment of the patients infected by human immunod-
eficiency virus (HIV), was loaded on nanosized poly-
hexylcyanoacrylate (PHCA), an acrylic acid derivative,
rendering an increase in its concentration in rat brains
(Lobenberg et al., 1998For in vitro tissue culture of
human macrophages, which belong to cells of reticu-
loendothelial system, not only AZT-loaded NPs may
sustain full antiviral activity Bender et al., 1994but
also the antiviral activity of saquinavir (SQV), a pro-
tease inhibitor for the therapy of acquired immunode-
ficiency syndrome (AIDS), can be enhanced ten-fold
by binding SQV on NPsEBender et al., 1996

These suggest that MMA-SPM NPs can be a suit-
able carrier system for hydrophilic or even charged
drugs.

Stavudine (D4T) is one of the most essential NTRIs
for AIDS treatment with its oral bioavailability over
80%. In clinical study, DAT can appreciably increase
CD4 cell counts and reduce mean serum p24 antigen
levels and infectious HIV titersRiddler et al., 199p
However, the duration of the above responses is inad-
equate. Furthermore, D4T is slightly hydrophilic with
its logDoct= —0.84, wherd is the distribution coef-
ficient between octanol and phosphate buffered saline
(PBS). Thus, it is worth to investigate and compare
the loading behavior of D4T on PBCA or MMA-SPM
NP carriers. This is performed in the present study.
Also, variation in particle diameters of the above two
biodegradable NPs as a function of experimental condi-
tions like synthesis time, stirring rate and relative con-
tent of SPM in copolymer were discussed. In particular,
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the effect of lyophilization, cold storage and pH value
of loading medium on the loading efficiency (LE) of
DAT were investigated.

2. Materials and methods

2.1. Reagents and chemicals

The chemicals used for the synthesis of PBCA
NPs include hydrochloric acid (Hayashi, Osaka,

Japan), sodium hydroxide (Showa, Tokyo, Japan),

dextran 70,000 (Fluka Biochemika, Buchs, Switzer-
land), butylcyanoacrylate (BCA, Sicomet, Sichel
Werk, Hanover, Germany), ano-mannitol (Sigma,
St. Louis, MO). The chemicals used for the syn-
thesis of MMA-SPM copolymer NPs include am-
monium persulfate (APS, Sigma, St. Louis, MO),
methyl methacrylate (MMA, Fluka Chemica, Buchs,
Switzerland), and sulfopropyl methacrylate potassium
salt (SPM, Aldrich, Milwaukee, WI). Tetrahydrofu-
ran (THF, J.T. Baker, Phillipsburg, NJ) was used
for gel permeation chromatography. Ten millimolar

Dulbecco’s phosphate buffered saline (DPBS, Sigma,

St. Louis, MO) (bisodium phosphate/monobasic

potassium phosphate/sodium chloride/potassium chlo-

ride (w/w/w/w)=1.15:0.2:8:0.2), anhydrous methanol
(Mallinckrodt Baker, Phillipsburg, NJ) and acetoni-
trile (ACN, BDH Laboratory Supplies, Poole, England)
were used for loading of DAT (Sigma, St. Louis, MO),
and high performance liquid chromatography (HPLC)
analysis. Ultrapure water was obtained from an Ultra-
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was centrifuged at 5100 g for 10 min. In the pres-
ence of 4% (w/v) mannitol as cryoprotectant, the milky
(white) supernatant was refrigerated-280°C in an
ultra-low temperature freezer (Sanyo, Osaka, Japan)
over 30 min, and lyophilized (John Morris Scientific,
Chatswood, Australia) over 24 h. The above experi-
mental conditions for the synthesis of PBCA NPs are
defined as the PBCA standard conditions except pH
value of the acidic medium, which can be adjusted by
HCI or NaOH.

MMA-SPM copolymer NPs were synthesized by
free radical polymerization described befotaiiger
et al., 199% with some modifications. Briefly, 0.05%
(w/v) SPM was mixed with 4.95% (v/v) MMA in ul-
trapure deionized water. 0.03% (w/v) APS was added,
as an initiator, into the above solution under constant
magnetic stirring at 400 rpm and 78 over 24 h. The
MMA-SPM NP suspension was filtrated through afilter
paper (Toyo Roshi, Tokyo, Japan) with averaged pore
size of 8um. After refrigeration at-80°C over 30 min,
the white filtrate in the presence of 4% (w/v) manni-
tol was lyophilized over 24 h. The above experimental
conditions for the synthesis of MMA-SPM NPs are
defined as the MMA-SPM standard conditions except
the SPM percentage in total monomer, i.e., the relative
content of SPM in the synthesized MMA-SPM.

In experiments for investigating the effect of
lyophilization on D4T loading, NPs were not freeze-
dried, and the NP suspension before lyophilization was
permitted to proceed with the following characteriza-
tion of particulate diameter distributions and D4T load-
ing measurements. For these cases, the concentration

pure Reverse Osmosis and Nanopure Infinity Ultrapure of NPs in suspension was estimated by the yield of the

System (Barnstead, Dubuque, 10).
2.2. Nanoparticle preparation

PBCA NPs were synthesized by emulsion poly-
merization reported previouslK(euter, 1983awith
some modifications. Briefly, an acidic polymerization
medium was prepared by dissolving 0.1% (w/v) dex-

tran 70,000 as a stabilizer in 0.01N HCI aqueous solu-

tion. 0.1% (v/v) BCA monomers were added drop by

same batch after chemical reaction, centrifugation or
filtration, and free drying with mannitol.

The particle size distribution and molecular weight
ofthe white NP powders were determined, respectively,
by zeta sizer 3000 (Malvern Instruments, Worcs, UK)
with photo correlation spectroscopy and gel perme-
ation chromatography (Waters, Milford, MA) with C-
18 column (Styragel, Eire, Ireland) packed witj.i
polystyrene divinylbenzene copolymer particles. Also,
the mean hydrodynamic diameters, which are some-

drop into the above medium under constant magnetic times called the cumulaiZ-average diameters, of the

stirring at 750 rpm and 25C over 3.5h. To complete

polymerization, 0.1N NaOH was mixed with the PBCA
NP suspension, which turns transiently into light blue
during neutralization. For purification, the suspension

NPs were obtained by zeta sizer 3000. The calibration
curve of molecular weight for the polymers was created
by polystyrene standards. The electron-microscopic
images for examining the particulate diameter were
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obtained by a JSM-6330 TF field emission scanning lution, is defined by subtracting the residual free DAT

electron microscope (FE-SEM, Joel, Tokyo, Japan). after ultracentrifugation from the total D4T in the orig-
inal loading medium, i.e.,

2.3. DAT loading and evaluation of loading

efficiency LE

__ total weight of DAT— weight of unloaded DAT
N total weight of D4T

0.02% (w/v) DAT was dissolved in DPBS, and x 100%
0.12% (w/v) lyophilized PBCA or MMA-SPM NPs
were resuspended in DPBS. An aliquot of D4T solu- ) _ ) )
tion was mixed with an aliquot of polymer suspension. In experiments for analyzing the influence of refrig-
In the study of the effect of environmental pH value on €ration or cold storage on DAT loading, the polysobate
D4T-loading efficiency, NaOH or HCI was first added 80-stablized D4T-loaded NP suspension was stocked
into DPBS, whose pH value was adjusted. Thus, pH at 4°C over 6 weeks. Particle size distribution and LE
value of the D4T solution and the NP suspension were Were evaluated before and after the refrigeration treat-
controlled. Before adjustment, pH values for D4T load- Ment. The summarized procedures for the synthesis of
ing on PBCA and on MMA-SPM NPs were, respec- PBCA and MMA-SPM NPs and for the DAT loading
tively, 7.20 and 7.18. DAT was permitted to adsorb Were shownirFig. 1
onto the NP surfaces under constant magnetic stirring
at 150 rpmand 37C over 3 htoreach equilibriumload-  2.4. Statistical analysis
ing. The D4T-loaded NPs were coated with 0.01% (rel-
ative to the total volume of the NP suspension) polyso-  Statistical significance for the data comparison was
bate 80 and equilibrated in a baths-reciprocal shaker atassessed using one-way analysis of variance (ANOVA)
150 rpm and 37C over 30 min. followed by Tukey’s HSD test.

The polysobate 80-stabilized, D4T-loaded NP sus-
pension was ultracentrifuged at 11,50@ for 1h
in an Eppendorf centrifuge 5415D (Eppendorf AG, 3. Results and discussion
Hamburg, Germany) with angle rotor. The wave-
length of DAT ultraviolet absorption was determined 3.1. Average particle diameter () of NPs
by a UV-vis spectrophotometer (Bio-Tek Instruments,
Winooski, VT) with 96-well polystyrene microplates Fig. 2(a) and (b) shows the typical size distributions
(Nalge Nunc, Rochester, NY) and 250 nm was used of PBCA and MMA-SPM patrticles, respectively. As
as the measuring wavelength in the succeeding quan-revealed in the figures, average particle diamedgy)(
titative analysis. Unloaded (non-adsorbed) D4T con- of PBCA NPs is 114.2 nm ardy, of MMA-SPM NPs
tent in the supernatant was assayed by high perfor-is 65.4nm. In the following analyseB,, of PBCA
mance liquid chromatography (HPLC, Jasco, Tokyo, ranges between 100 and 300 nm &pgdof MMA-SPM
Japan) with reverse phase BDS Hypersil C-18 column ranges between 10 and 80 nm. In each single synthesis
(Thermo Hypersil-Keystone, Bellefonte, PA) packed batch, the polydispersity index (PDI) of PBCA ranges
with 5 wm particles and warmed at 6Q by a column between 0.1 and 0.3 and the PDI of MMA-SPM NPs
heater (Jones Chromatography, Walves, UK). Two high ranges between 0.1 and 0.5, indicating narrow distribu-
pressure HPLC pumps (PU-2080 Plus, Jasco, Tokyo, tions of particle sizes of the present PBCA and MMA-
Japan) in series were employed to transport ACN gra- SPM.
dient fluid from 5% (v/v) to 45% (v/v) over 20 min The FE-SEM images of PBCA and MMA-SPM par-
with a flow rate of 0.85 ml/min. Retention time of DAT ticles are presented iRig. 3(a)—(d).Fig. 3a) and (b)
is about 5.5-7.5 min and the detected chromatographicreveals that the particulate diameters of PBCA NPs are
peaks were, then, analyzed by SISC chromatographyabout 150 and 200 nm, respectively. The particle di-
data system. For a convenient and proper presentationameters of MMA-SPM NPs are, respectively, about 65
of the D4T-loading data, the relative loading efficiency and 60 nm as shown iRig. 3(c) and (d). These results
(LE) of D4T, based on total amount of D4T in stock so- are consistent with the results obtained by the char-
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HCl

1 % (w/v) dextran 70000 in 0.01 N

0.05 % (w/v) SPM in ultrapure

water

1 % (v/v) BCA ——»

0.1 NNaOH ——p

v

0.03 % (w/v) APS

—| 4.95% (v/v) MMA

750 rpm, 25°C,3.5h

5100 =g, 10 min

400 rpm, 78°C, 24 h

8 um filter

h 4

PBCA or MMA-SPM NP suspension

<4— 4 % (w/v) mannitol

-80°C, 30 min

Freeze-drying, 24 h
v

Lyophilized PBCA or MMA-SPM NP powders

A4

1.2 mg/ml PBCA or MMA-SPM NPs

Medium pH adjustment >

€— 0.2 mg/ml D4T

! 150 rpm, 37 °C, 3

D4T-loaded NP suspension

h

ol
-

0.01 % (w/v) polysobate 80

A

150 rpm, 37°C, 30 min

Polysobate 80-stablized D4T-loaded NP suspension

6-week/4-°Crefrigeration

11500 *g, 1 h

Fig. 1. Summarized procedures for the synthesis of PBCA and MMA-SPM NPs, D4T loading and LE evaluation.

HPLC, 60 °C, 250

Evaluation of LE of D4T

nm
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Fig. 2. Typical particle size distributions of PBCA and MMA-SPM. (a) PBCA NPs, pH 2.1, (b) MMA-SPM NPs, 1% (w/v) relative content of
SPM. Key: PBCA and MMA-SPM NPs were synthesized at their standard conditions defined in the text.

acterization of zeta sizer 3000. Note that, the present present results can be comparable with the literature

PBCA and MMA-SPM NPs exhibit the morphological
appearance of sphere and spheroids, respectively.
Number-averaged molecular weight (MMY of
PBCA NPs and MW, of MMA-SPM NPs are listed
in Table 1. Also presented in this table are the corre-

results where the viscosity-averaged molecular weight
ranges between 35,000 and 100,000 Da for MMA-SPM
NPs withDg, of 80—-170 nm Langer et al., 1996 al-
though the particulate diameter and molecular weight
of the present MMA-SPM NPs are obviously smaller

spondingDay values. The data shown in the second and than those of the literature. These examinations also

third rows ofTable 1for MW 5 of PBCA NPs, synthe-
sized at the conditions correspondingrig. 3(a) and

suggest that MMA-SPM NPs are relatively smaller and
denser than PBCA NPs in the present study. This is be-

(b), are consistent with the results reported in literature cause that the charged species SPM is contained in the
that the molecular weight ranges between 20,000 and copolymer matrices of the former. Moreover, it can be

40,000 Da for PBCA NPs witlD,, of about 200 nm
(Kreuter, 1994 MW, of MMA-SPM NPs presented
in the fourth and fifth rows offable limply that the

Table 1

MW, andD,, of PBCA and MMA-SPM NPs

NP Conditions MWa (Da) Day (Nm)
PBCA (a) 24196k 1705 1492
PBCA (b) 32239+ 3133 2027
MMA-SPM (c) 27633+ 1521 651
MMA-SPM (d) 23910+ 2532 595

(@), (b), (c) and (d) represent the conditions for NP synthe-
sis, corresponding t&ig. 3(a)—(d), respectively. Statically signif-
icant difference [§<0.02) between the same materials was eval-
uated. MW, data presented here are meastandard deviation
(n=3).

concluded that the qualitative relation between particle
size and molecular weight is that the lardeyy, the
greater MW,

For PBCA synthesis, BCA was observed to con-
tinue reacting in acidic surrounding through emul-
sion polymerization. Concentration of BCA monomer,
kinds of acidifying agent, concentration of emul-
sifier, reaction temperature, stirring rate, pH value,
and synthesis period can affect the resultant sizes
of PBCA NPs. For monomer concentration, 2%
BCA yields a minimum particle size; for acidi-
fying agent, acetic acid leads to a much larger
particle size than citric acid, sulfuric acid, ni-
tric acid and phosphoric acid; for emulsifier con-
centration ranging between 0.05 and 2.5%, higher
concentrations cause smaller particles; and an in-
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100nm

(a) (b)

(c) (d)

Fig. 3. FE-SEM images of PBCA and MMA-SPM patrticles. (a) PBCA NPs, pH 2.05, photographed under 50,000 magnification (50 k), (b)
PBCA NPs, pH 5.33, photographed under 80k, (c) MMA-SPM NPs, 1% (w/v) relative content of SPM, photographed under 100k, and (d)
MMA-SPM NPs, 5% (w/v) relative content of SPM, photographed under 100 k. Key: saFfig.8s

crease in reaction temperature ranging between 4 case exhibited ifFig. 4, Dy steadily increases from
and 80°C seems to has obscure effect on parti- about 190 to 220 nm wherincreases from 3.5 to 9 h,
cle size with an increase of PDD¢uglas et al., andDg,y appreciably increases wheis longer than 9 h
1984. (tc=9h). The rationale behind this result is the same
Fig. 4shows the variation iD4, of PBCA NPs, syn- as that for the case of 750 rpm. The above results also
thesized at pH 1.5 and the PBCA standard conditions suggest that the time required for significant increase
except synthesis timg,and stirring ratew, as a func- in Dy becomes longer for a lowear. Furthermore,
tion oft. For the case of 750 rpritanging between 3.5 it can generally be drawn that a longeor a higher
and 7 h does not strongly influenBgy, which ranges w can cause larger particles. A highyields a large
between 220 and 230 nm, as revealeHim 4. As also shear stress, which may break the newly synthesized
presented in this figur®,yincreases dramatically with  NPs into fractures. On the other hand, a higlalso
t, which ranges between 7 and 10.5 h, for 750 rpm. This yields high kinetic energy of NPs, which renders the
is because that a long period for synthesis of PBCA oligomers, semisolids and large particles to overcome
beads can increase the possibility of linkage among a the interfacial energy barriers, forming resultant parti-
number of large particles, which existin the suspension cles with largeDy. In the present study, the effect of
for about 7 h of polymerization, rendering a laigg,. particulate kinetic energy is greater than that of fluidic
In this case, 7 h is defined as the characteristic time for shear stress. Additionally, whers less than 1.5 h, dis-
dramatic increase in particle sizg, For the 500 rpm  tribution of particle sizes with almost independent two
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Fig. 4. Variation inDay, of PBCA NPs as a function dffor the case

of pH 1.5. (@) 750 rpm; (O) 500 rpm. Key: 1% (w/v) BCA, 1% dex-
tran and 25C. For fixedt, statically significant difference 0.05)
between samples of differeatwas evaluated. Data presented here
are meant standard deviatiom(= 3).
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Fig. 5. Variation inDa, of PBCA NPs as a function of medium pH
value. ) 3.5h; (O) 9h. Key: same a¥&ig. 4 and 750 rpm. For
fixed medium pH value, statically significant differenge<(0.02)
between samples of differebivas evaluated. Data presented here
are meant standard deviatiom(= 3).

peaks was obtained, indicating that covalent linkage 200 and 300 nmKreuter, 1994 Note thatD,, varies
and/or agglomeration between the two particle groups from 110 to 260 nm in the present study. Steadily in-

are at nonequilibrium state.

Variation in Dy, of PBCA NPs synthesized at the
PBCA standard conditions, except medium pH value
andt, as a function of medium pH value is presented in
Fig. 5. As shown in this figure, an increase in pH from
1.2 to 1.8 leads to a smooth decreasbinpfrom about
230 to 220 nm, for the case bf 3.5h. An increase in
pH from 1.8 to 2.1, for the case ¢£3.5h, leads to
a drastic decrease Dy, andDgy increases radically
with pH from 2.1 to 3.5. Further increases in pH until
pH 6.5 yieldDgy ranging between 185 and 205 nm for
the case of=3.5 h, as exhibited ifig. 5. As also pre-
sented in this figure, the relation betweeg, and pH
value for the case df=9 h is similar to that of=3.5 h.

It can be found that the minimumy,y is reached at pH
2.1 and 2.3 for the case bf 3.5 and 9 h, respectively,
indicating that pH value for the minimumgay, pHm,
can be slightly shifted to a higher pH value by a longer
t. This observation may be in agreement with literature
where the minimunb,y, locates at pH 2.0 although the
literature data presented PBCA NPs wilR, between

crease irD,, from about 200 to 240 nm is obtained as
pH value increases from 3 to 6.5 for the casé=09 h.

In the pH range from 1.2 to 6.8, for the case of
t=9his larger than that df=3.5 h. This is consistent
with the result exhibited ifrig. 4. Additionally, it can
be also concluded th&i,, at pH lower than 1.8 (low
pH) is larger tharDgy at pH higher than 3.5 (high pH)
for both cases df=3.5 and 9 h.

In the process of free-radical polymerization of
MMA-SPM, SPM monomer content, total monomer
percentage, and stirring rate may play influential roles
in the outcome of MMA-SPM NP diameters. For SPM
concentration, the particulate diameter decreases with
an increase in SPM content from 0 to 10%, and further
increase in SPM concentration until 50% has nearly
no effect on the size of MMA-SPM NPs; a high total
monomer percentage yields a large particle size; and
ASP concentration, ranging between 0.01 and 0.3%,
has no obvious effect on particle sizes, and low repro-
ducibility was found when ASP concentration is 0.5%
(Langer et al., 1996
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Fig. 6. Variation inD5, of MMA-SPM NPs as a function ab. Rel-
ative content of SPMi{) 1% (w/v); (O) 5% (W/v); (&) 9% (W/v). Fig. 7. Variation in LE of DAT as a function dDay. () PBCA
MMA-SPM NPs were synthesized at the MMA-SPM standard con- - \ps with lyophilization; ) PBCA NPs without lyophilization;
ditions, except stirring rate. For fixad, statically significant differ- (O) MMA-SPM NPs with lyophilization; ®) MMA-SPM NPs
ences<0.05) among samples of different relative content of SPM ithout Iyophilization. Five corresponding pairs, with and without
were evaluated. Data presented here are mestandard deviation lyophilization, of PBCA NPs and of MMA-SPM NPs are connected
(n=3). by the dash lines. The axes for broken line 1 and 2 (PBCA NPs) are

X1—Y1, and broken lines 3 and 4 (MMA-SPM NPs) u$ég-Y,. Stat-
ically significant difference{<0.05) between the same NP with
and without lyophilization was evaluated. Data presented here are

Variation in Dy of MMA-SPM NPs as a function | ../ <o ndard deviatiom(= 3).

of w is shown inFig. 6. As revealed in this figurd)y,

ranges approximately between 10 and 80 nm, indicat-

ing rather small particles relative to PBCA NPs. Fora 2003h. This prevents the charged tiny particle from
fixed relative content of SPM in copolymer, the higher incessant polymerization or aggregation to become a
w, the larger the polymeric particles. The reason behind large particle Kuo, 20033
this fact is the effect of kinetic energy, discussed inthe  Fig. 7presents the variation in LE of D4T as a func-
previous paragraph fdétig. 4. For a fixedw, the higher tion of Day. PBCA NPs applied in the present DAT
the relative content of SPM in copolymer, the smaller loading study are manufactured at various medium
Day- This qualitative trend is consistent with previous pH values and the PBCA standard conditions, except
observations, although the present MMA-SPM NPs lyophilization process. MMA-SPM NPs used in this
are apparently smaller than those of literatlranger DAT loading are synthesized at variowsvalues, 1%

et al., 199%. Since SPM is negatively charged, the (w/v)relative contentof SPM andthe MMA-SPM stan-
monomers repel each other in the reaction medium dard conditions, except and lyophilization process.
via electrostatic interactions. Thus, the probability of Solid data denote the results without lyophilization pro-
collision among SPM molecules or SPM-incorporated cess. Physical adsorption and ionic interaction may be,
oligomers is reduced. Besides, higher SPM percentagerespectively, the main contribution to the loading of hy-
in MMA-SPM copolymer causes a stronger electro- drophilic D4T on neutral PBCA surfaces and on nega-
static effect among the newly formed polymers, render- tively charged MMA-SPM surfaces. Since the specific
ing a larger electrical double-layer repulsion resulted surface area for D4AT loading of small particles is nor-
from the nearby electrolyte fluids around the NRsd, mally higher than that of large particles, the larBay,
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the lower LE, as indicated iRig. 7. Comparing lines

1 with 2, and lines 3 with 4 irFig. 7, Day becomes
larger with lyophilization for both of the two kinds of
polymeric NPs. Moreover, LE of D4AT on each specific
kind of the two NPs becomes higher with lyophiliza-
tion, in general, as exhibited iRig. 7. Although the
above statement about the relation between specific
surface area for DAT loading and particle size is gen-
erally correct, lyophilization yields larger particles and
higher LEs for PBCA NPs and MMA-SPM NPs. This
result suggests that the lyophilization process can in-
crease the size of NPs and their D4T loading ability
through flocculation during freeze drying and/or effect
of mannitol added as a cryoprotectant. PBCA NPs were
found to agglomerate after lyophilizatiorKrguter,
1983h Sommerfeld et al., 1997For oligonucleotide-
entrapped polyr,L-lactic acid) NPs, a slight increase
in mean size were obtained after freeze dryiBgrfon

et al., 1999. In a study of Dynasan- or Compritol-
incorporated solid lipid nanoparticleS¢hwarz and
Mehnert, 199Y, behavior of cryoprotectants was re-
garded as the key factor in maintaining particulate
size. Note that NPs employed in the lines 1 and 3 of
Fig. 7 were lyophilized with the existence of manni-
tol. The same batch of PBCA NPs lyophilized with
and without mannitol yields, respectivelg,=122.7
and 208.1 nm; and the same batch of MMA-SPM NPs
lyophilized with and without mannitol yields, respec-
tively, Day=64.2 and 119.3nm. This indicates that
mannitol adequately plays a role of a cryoprotectant
in separating NPs from one another, maintaining high
dispersity of NPs, and preventing NPs from aggrega-
tion.

Variation in LE of D4T as a function dP,y is also

exhibited inFig. 8. PBCA NPs used in this DAT loading
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Fig. 8. Variation in LE of D4T as a function @,,. () PBCA NPs
without 6-week/£ C refrigeration; @) PBCA NPs with 6-week/4C
refrigeration; (O) MMA-SPM NPs without 6-week/4C refrigera-
tion; (@) MMA-SPM NPs with 6-week/4C refrigeration. Three
corresponding pairs, with and without 6-week@refrigeration, of
PBCA NPs and of MMA-SPM NPs are connected by the dash lines.
X1 andX; axes are employed, respectively, for the broken lines 1
and 2 (PBCA NPs), and the broken lines 3 and 4 (MMA-SPM NPs).
Statically significant difference( 0.05) between the same NP with
and without 6-week/4C refrigeration was evaluated. Data presented
here are meatt standard deviatiom(= 3).

1997. Fig. 8 also reveals that the effect of cold stor-
age on the decrease in LE of D4T for PBCA NPs is
more sensitive than that for MMA-SPM NPs, indicat-
ing that D4T-loaded MMA-SPM NP suspension would
be more suitable for cold storage than PBCA NP sus-

are synthesized at pH 2.4 and the PBCA standard con-pension. Although after the refrigeration treatment, the
ditions, except=3.5, 7 and 9 h. MMA-SPM NPs used desorption of DAT from PBCA NPs is greater than that
in the present D4T loading research are prepared at thefrom MMA-SPM NPs, the decreases in LE of D4T on

MMA-SPM standard conditions and the relative con-
tent of SPM =1, 5 and 9% (w/v). Solid data represent
the results after 6-week?€ refrigeration. Comparing
lines 1 with 2, and lines 3 with 4 iRig. 8 cold storage
yields an increase iD4, and a decrease in LE of DAT
for the two kinds of D4T-loaded NPs. Influence of cold
storage on the increaseliny, of PBCA NP suspension

is stronger than that of MMA-SPM NP suspension, as
presented ifrig. 8 Interestingly, storage at 25 or 42
yields poor stability of PBCA NPsSommerfeld et al.,

PBCA NPs and on MMA-SPM NPs are all less than
6 and 3%, respectively. These results demonstrate that
the stability of D4T on the two kinds of the biocom-
patible NPs is high. For D4T-loaded MMA-SPM NPs,
LE of DAT increases with the relative content of SPM,
as suggested iRig. 8 This is because that a higher
relative content of SPM leads to not only smaller but
also higher negatively charged NPs. Smaller carriers
possess larger specific surface area for DAT loading,
and higher charged carriers display stronger affinity
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Fig. 9. Variation in LE of D4T as a function of pH value of D4T
loading medium. [l) PBCA NPs, pH 2.4; O) MMA-SPM NPs,

9% (w/v) relative content of SPM. PBCA and MMA-SPM NPs were
synthesized at their standard conditions defined in the text. For fixed
pH value of D4T loading medium, statically significant difference
(p<0.05) between samples of PBCA NPs and MMA-SPM NPs was
evaluated. Data presented here are meatandard deviatiom(= 3).

to hydrophilic D4T, rendering larger amount of D4T
adsorption on the particle surfaces. For D4T-loaded
PBCA NPs, a higher LE of D4T can be obtained by
smaller particles (shortéy, as implied inFig. 8. In the
Dav range shown iifrig. 8 LE of DAT on MMA-SPM
NP surfaces is higher than that on PBCA NP surfaces,
in general.

For anti-HIV treatment, especially for oral adminis-
tration, surrounding pH value for D4T absorption and
metabolism may vary severely. Since variation in pH
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interaction between excess ions and D4T in medium
may hinder D4T from loading onto particulate surfaces.
Drugs are considered to be loaded on NP surfaces by
physical adsorption, and variation in environmental pH
value from philological value may simply lead to des-
orption of drugs Killery et al., 1996. As revealed in
Fig. 9, the effect of reduction in LE of D4T by pH vari-
ation for MMA-SPM NPs is larger than that for PBCA
NPs, indicating LE of DAT on MMA-SPM NPs is more
sensitive to pH variation than that on PBCA NPs. This
is because that the competition between excess cations
(or protons) and D4T molecules for the effective ad-
sorption sites on negatively charged MMA-SPM NPs
is keener than that on PBCA NPs. Note that at pH 7.4,
LE of DAT on MMA-SPM NPs is larger than that on
PBCA NPs. Thus, we conclude that PBCA NPs are
superior to MMA-SPM NPs for oral D4T administra-
tion, and for intravenous D4T treatment, MMA-SPM
NPs can be better than PBCA NPs.

4. Conclusions

In summary, application of PBCA and MMA-SPM
NPs to the loading of DAT was presented. Here, the
biodegradable PBCA NPs and MMA-SPM copolymer
NPs were synthesized, respectively, by emulsion poly-
merization and free radical polymerization. The results
reveal that the longer the synthesis tintg gnd the
higher the stirring ratex), the larger the PBCA average
particle diameter,,). High w also yields short char-
acteristid for dramatic increase in PBCA patrticle size.
In the present study, the range of medium pH value for
minimumDgy, pHm, for PBCA NPs is between 2.1 and
2.3 and pH}, increases witth For MMA-SPM NPs, the
higherw and the lower the relative content of SPM in

value in gastrointestinal tract is serious, it seems to be a copolymer, the largeD,,. For both of the two kinds of

necessity to study the influence of pH value of loading
environment on LE of D4TFig. 9 shows the variation

in LE of DAT as a function of pH value of D4T loading
medium. As indicated ifrig. 9, maximum LE of D4T

on each of the two NPs is achieved at the original pH
value before adjustment, i.e., pH 7.2. Any adjustment

NPs, the largeD,y, the smaller LE of D4T. Lyophiliza-
tion process or cold storage &t@ over 6 weeks causes
an increase iy, for both of the two kinds of NPs.
Moreover, lyophilization process increases LE of D4T,
in general; cold storage, however, slightly decreases LE
of DAT. Variation in pH value of DAT loading medium

(increase or decrease) in medium pH value reduces LEfrom pH 7.2 leads to a reduction in LE of DA4T for the

of D4T. The main reason for the result is that excess
ions involved via pH adjustmentin the loading medium

two NPs. Additionally, MMA-SPM NPs are less sta-
ble than PBCA NPs when pH value of DAT loading

may be adsorbed onto NP surfaces, rendering occupa-medium varies from pH 7.2. However, at physiologi-

tion of loading sites and desorption of D4T. Otherwise,

cal pH value, LE of DAT on MMA-SPM NPs is larger
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