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Abstract

Microspheres of polymers like poly(lactic-co-glycolic acid) (PLGA) have been studied as a vehicle for controlled release
vaccines. They require materials and processes that might change the protein antigenicity. Lactic acid is produced during
microsphere degradation that occurs in tandem with protein liberation. In addition, most of the proteins that have been used
in microencapsulation studies contain ThimerB§EM) and this can introduce another undesirable effect for their stability.

We demonstrated in vitro that the thiosalycilic acid (TSA), produced after the reduction of TM by lactic acid, reduces the S-S
bridge of the previously incubated diphtheric toxoid (Dtxd). This reduction is immediately followed by blocking the two —SH
formed by the same TSA molecules. In the light of these conclusions it is necessary now, to reinterpret the in vitro protein
degradation-stabilization data in the presence of PLGA microspheres, mainly for those proteins which contain S—S. We propose
that all the PLGA microspheres microencapsulation studies and protein structural considerations should be done in the absence
of TM as preservative.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction et al.,, 1998; Zhu and Schwendeman, 2000; Kang
and Schwendeman, 2002nd consequently very few
Microspheres of biodegradable polymers like peptides and proteins have been successfully deliv-
poly(lactic-co-glycolic acid) (PLGA) have been stud- ered using this polymer=urr and Utchinson, 1992;
ied as a vehicle for single-dose vaccines. They require Johnson et al., 1996; Zhu et al., 2Q0Besides the in-
materials and processes that might reduce or destroytrinsic instability of proteins, moisture induced aggre-
the antigenicity of the encapsulated antiggohansen  gation and/or degradation, acidic microenvironment
due to polyester degradation, and polymer/protein
"+ Corresponding author. Tek55-11-3726-7222x2265; interaction_s h_ave all bee_n considered as_major fac-
fax: +55-11-3726-1505. tors contributing to the incomplete protein release
E-mail addressbdacosta@edu.usp.br (M.H.B. da Costa). from PLGA microsphereskang and Schwendeman,
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2002. In addition most of the antigenic proteins that

2-sulfobenzoic acid and 2-sulfinobenzoic acide(-

have been used in microencapsulation studies in vitro gabulova and Pérez, 1996; Tan and Parkin, 2000

contain Thimeros&l as preservative and this can in-
troduce another undesirable effect for their stability
as will be demonstrate here.

Thimerosd? (TM)—also known as thiomersal,
Merthiolaté® or sodium ethylmercuri-thiosalicylate—
is a water-soluble derivative complex of thiosali-

(Scheme L The complex chemistry of degradation
in aqueous media of Thimero$ahas not been thor-
oughly studied in vaccinesTeugabulova and Pérez,
1996. The importance of the problem is related to
the formation of unknown compounds at advanced
stages of degradation, which could produce adverse

cylic acid (TSA) that has been used as bactericide reactions in humans exposed to a drug containing the
in parenteral vaccines and ophthalmic products for degraded TM Tan and Parkin, 2000)
decades. It has been reported that this preservative The Thimeros& degradation is strongly influenced

can be decomposed by oxidation to’2d&hiosalicy-
lic acid, ethyl mercuric ion, 2-sulfenobenzoic acid,

COOH COOH
SHgEt SH
I —— +EtHg*
™ TSA
Oxidation
COOH COOH
S—S
Stoichiometry
DTSA
COOH COOH
SOH + H,0 SH
Stoichiometry
1:1 TSA Reforms TM
SEBA
COOH COOH
©/8020H ©/SOOH
-—
SOBA SIBA

Scheme 1. Proposed route for Timer8salegradation (adapted
from Tleugabulova and &ez, 1996 Tan and Parkin, 2000
The possible compounds originated from TM degradation are
TSA, ethyl mercuric ion (EtHg), 2;ithiosalicylic acid (DTSA),
2-sulfenobenzoic acid (SEBA), 2-sulfinobenzoic acid (SIBA) and
2-sulfobenzoic acid (SOBA).

in a complex manner by the presence of other species
in the media, as examples, chloride promotes degrada-
tion and EDTA stabilization{an and Parkin, 2000

TM is a versatile sulphydryl reagent, calcium mo-
bilizer and cell function-modulating agerPHilippe,
1995; Elferink, 1999; Dogar et al., 2002 'he ability

of TM to act as sulfhydryl group is related in the lit-
erature to the presence of HEl{erink, 1999; Dogar

et al., 2002. Here we will study, in vitro, the inter-
action of diphtheria toxoid (Dtxd), an S-S containing
protein Rappuoli, 199y with TM and PLGA micro-
spheres. We propose that, in vitro, thiosalycilic acid,
produced after the reduction of Thimerddaly the
lactic acid, reduces the S-S bridges of the diphtheria
toxoid, producing Fragment A (FA) and Fragment B
(FB).

2. Materials and methods
2.1. Materials

Diphtheria toxoid was produced and purified by
Instituto Butantan. PLGA 50:50 (poly(lactide-co-
glycolide), LactelBP 0109, M,, 45,000-75,000),
Lactic acid reagent (a solution of lactic acid oxidase,
peroxidase, chromogen precursors and buffer, pH 7.2)
and lactic acid standard solution, Thimer&sasal-
icylic acid, 2-5-dithiobis-nitrobenzoic acid (DTNB)
were purchased from Sigma, poly(vinylalcohol)
(PVA), My, 49,000 was from Aldrich Chemical Com-
pany (USA), membranes 0.22n were from Milli-
pore. A Shimadzu HPLC, Model LC-10VP equipped
with UV Detector, Model SCL-10AVP, a QC-PAK,
GFC 300 column (15cnx 7.8 mm) were purchased
from Shimadzu Co., Japan. All other reagents were
of analytical grade.
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2.2. Methods times with PBS containing 0.05% Tween 20. The
anti-horse peroxidase conjugate was added 60 min
2.2.1. PLGA microspheres preparation later. In the next step, the plates were washed three

The PLGA particles were prepared using the water times with PBS containing 0.05% Tween 20, and,
in oil/in water ((Wi/O)/W,) double emulsification the substrate TMB was added. After 15min at room
solvent evaporation metho€ésta and Fattal, 2000 temperature, the reaction was stopped with.b0f
Briefly, under strong agitation, 128 of PBS con- 1M H,SOy. The absorbance was automatically read
taining 37uM ThimerosaP were added to 200mg at 450nm in an absorbance reader Titerteck Multi-
of PLGA previously dissolved in 2ml of CiCLo. scan MCC/340. Antibody titers were expressed as
This mixture was then emulsified at 24,000 rpm for logy titer per microgram of protein, where titer is the
2min in an Ultratura® emulsifier. The emulsion was  reciprocal serum dilution factor giving an absorbance
quickly added to 40ml of 0.5% PVA and submit- value of 20% of the saturation value.
ted to emulsification at 19,000 rpm for 2min. The
solvent was evaporated by gentle stirring for 3h at 2.2.4. Lactic acid assay
1000rpm in a Heidolph RZR 2051 helix evapo- The sample supernatants (o) were added to
rator. The microspheres were collected by centrifu- 50l of lactic acid reagent. The reaction mixture was
gation for 10min at 2000 g, rinsed with water three incubated protected from light during 10 min at°&7.
times and then resuspended with 2ml of 0.1% PVA, The absorbancies were automatically measured at
freeze—dried for 24 h and stored-a20°C. Phase con- 540 nm in an absorbance reader Titerteck Multiscan
trast microscopy was used to observe microspheresMCC/340.

morphology.
2.2.5. Thimeros& and Dtxd interaction in the
2.2.2. Dtxd interaction with PLGA microspheres presence of Lactic acid
A solution (8 ml) of 9.4 mM Dtxd in PBS and 3¥M Samples of 9.4mM Dtxd were added to a solu-

ThimerosdP was added to 40 mg of empty PLGA mi-  tion of 3mM Thimeros&/10 mM lactic acid (final
crospheres. The emulsion was incubated, under gentleconcentration of 3.7mM Thimero$alLOpM lactic
agitation, during 8 weeks at 3€. Samples of 1ml  acid). Aliquots of 2Qul were applied automatically
were collected and frozen weekly and, after 8 weeks, on a QC-PAK, GFC 300 HPLC gel filtration column
they were centrifuged. The supernatants were analyzed(15cm x 7.8 mm), with a flux of 0.6 ml/minute in
by measuring pH, lactic acid, protein degradation (by a Shimadzu HPLC, Model LC-10VP equipped with

HPLC) and ELISA. UV Detector, Model SCL-10AVP. The protein and
ThimerosdP concentrations were determined by mea-
2.2.3. ELISA suring the absorbance at 269 nm. Briefly, UV spectra

Hundred miocroliters of samples were added to the Of samples of known protein concentrations (previ-
ELISA plates and, after 18 h at 3T, the plates were ~ Ously determined by the Lowry method) were deter-
washed three times with PBS containing 0.05% Tween Mined in a Hitachi U-2000 Spectrophotometer. The
20. In the subsequent step, the plates were blockedDtxd absorption peak was at 269 nm. The TM absorp-
with 100pl of 0.1% BSA and incubated at 3T dur- tion spectrum is characterized by a large absorption
ing 60 min. In the next step, the plates were washed band (220-300 nm), so it can be detected at this wave-
three times with PBS containing 0.05% Tween 20. length.

The anti-Dtxd sera (101U developed in horSesere

added. In the next step, the plates were washed three2.2.6. Thimerosdl and lactic acid interactions
Samples (25Q.) of 0.37 mM Thimeros& were
- added to 75@l of 1.0M lactic acid (final concen-
! The anti-Dtxd sera are normally produced and purified by the trations 9.2uM and 0.75M, respectively). Immedi-
Divisdo de Desenvolvimento Teci@glico e Produgdo of Instituto . ’ . T
Butantan. Horses are immunized with Dtxd. After sera purification ately’ a“qUOtS of ZQ‘“I were aUtomatlca”y applled o_n
samples are analyzed by the Physico-chemical Quality Control @ QC-PAK, GFC 300 column at a flux of 0.6 ml/min.

section comparing with standard sera of known concentrations.  They were detected by the absorbance at 269 nm.



2.2.7. Fluorescence spectroscopy

The fluorescence emission spectra of 1.88 mM Dtxd
samples in PBS containing 3M ThimerosaP were
recorded with excitation at 269 nm and emission be-

tween 280 and 480 nm. The same spectra were deter-

mined in the presence of 0.9 M lactic acid.

3. Results

The interaction of Dixd and PLGA microspheres
was studied by incubating Dtxd with empty homoge-
neous particles of 12m diameter Fig. 1).

The kinetics of lactic acid production and pH
changes were followed by taking aliquots of the su-
pernatants obtained after centrifugation of the reaction
mixture. The pH decreased in concert with the lactic
acid increaseHig. 2).

Dtxd immunological activity, as measured by
ELISA, decreased as function of timeig. 3).

Between the fifth and the eighth weeks, an increase
in the amount of Fragment A and Fragment B was
observed by HPLCHKig. 4). The Dtxd dimer and
monomer disappearance is concerted with the FB and
FA increase.

The HCI that did not promote Dtxd degradation
(Fig. 5 which occurred only in the presence of lactic
acid and TM. Lactic acid addition to Dtxd accel-

Fig. 1. Scanning electronic microscopy of a typical empty PLGA
microsphere preparation.
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Fig. 2. Kinetics of lactate liberation and pH variation. The lactate
and pH were measured in the presence or absence of Dtxd. Blank
microspheresB) and microspheres in the presence of Dt&d)(

erated the effect of Dixd degradatiofrid. 5). In
these conditions the degradation had a half-life of
seconds. There is a marked change in the protein
elution profile. Immediately after the addition of
lactic acid, disappearance of TM, Dtxd dimer and
Dtxd monomer Fig. 5 was observed. The absorp-
tion spectrum for TM is characterized by a large
absorption band (228-300 nm). Therefore, it can be
measured at 269 nm, the wavelength used for Dtxd,
in the HPLC experiments. Since it is not possible
to do a mass balance between the reagents and the
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Fig. 3. Dtxd immunological identity followed by ELISA. (A) A
solution (8 ml) of 9.4mM Dixd in PBS containing 3M TM®

was added to 40 mg of empty PLGA microspheres. The emulsion
was incubated, under gentle agitation, during 8 weeks &C37
(B) Control: the 9.4mM Dtxd in PBS containing M TM®.
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Fig. 4. Kinetics of the interaction of standard Dtxd with empty PLGA microspheres. Dtxd was incubated with PLGA microspheres in PBS
pH 7.2 containing 3.7 mM of TM. The supernatants were analyzed by HPLC. (A) Dtxd dimer, (B) Dtxd monomer, (C) Fragment B and
(D) Fragment A.

products of this reaction because the absorbance of As a control, the lactic acid solution was added to
the formed products (FA-TS and FB-TS) is increased a pure solution of TM and analyzed by HPLC gel
by the overlapping TS absorption signal, we decided filtration system. Lactic acid changes the solution re-
to avoid these calculations that always give overesti- fractive index and consequently induces changes in
mated results. The peak at 13.356 min corresponds tothe solution absorbance. Here, this phenomenon was
one of the degradation products of TM (SIBA, SOBA exploited in order to follow the reaction between lac-

or DTSA). tic acid and TM. The pure TM peak disappeared,
25000
Dtxd —|Dtxd/HCI -| Dtxd/Lactate
20000 — —
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Fig. 5. Elution profile of the Dtxd standard from a gel filtration HPLC column (QC-PAK, GFC 380wt x 15¢cm) in PBS, pH 7.2 or
in lactate containing 3.4M TM. Control: HCI in 3.7uM TM was added to Dtxd standard. Elution flux was 0.6 ml/min, the Rts were
TM: 11.58 min, 2x Dtxd: 4.725min, Dtxd: 7.012min, FB: 9.872min, FA: 10.341 min.
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Fig. 6. Interaction between TM and lactic acid. The samples were
analysed by gel filtration in a HPLC. (A) TM elution (11.58 min),
(B) lactic acid elution (9.89 minutes). (C) incubation mixture (TM
and lactic acid) elution, lactic acid (9.89 min), TSA (10.348 min),
piruvic acid and EtHg (24.376 min).

and the peak of lactic acid diminishe#ig. 6), in-
dicating that both reacted. TSA is the main prod-
uct in our general model for Dtxd degradation. It
is the only product that has free —SH and cannot
be detected in our system because it is highly re-
active. The TSA formed was immediately linked to
FA or FB. The other products from TM degrada-
tions were piruvic acid and EtHg, which eluted at
24.376 min (they were included in the column internal
volume).
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Fig. 7. Effect of lactic acid on the fluorescence spectra of Dtxd.
Samples of 1.88mM Dtxd in PBS containing 3 TM were
submitted to fluorescence spectroscopy with excitation at 269 nm
in the absence (bold line) or in the presence of lactic acid.

By fluorescence analysis, it was observed that lac-
tic acid diminished the fluorescence intensity of the
Dtxd in the presence of TMH{g. 7). This corroborated
the ELISA and HPLC data indicating the presence of
protein structural damages.

4, Discussion

Thimerosd? is most frequently mentioned as a
sulfhydryl reagent, but surprisingly, little attention
has been devoted to the mechanism of the reaction
between TM and a sulfhydryl compound. The obser-
vation, made by several investigators, that the effect of
TM is prevented by the sulphydryl compound dithio-
threitol (DTT), support the idea that TM exerts its
effect via reaction with sulfhydryl group£(ferink,
1999. It is known that H§t may act as a sulphydryl
reagent and as an oxidizing agent by reacting with
sulphydryl groups like:

R-SH+ Hg?t — R-S—Hg + H™ 1)
or
R-SH+ R-S-Hg" — Ar—S—Hg-S—-Rt H™ 2)

The reaction of TM with a sulphydryl group of the
type R—SH is probably an exchange reaction like:

R-SH+ Ar—S—Hg-GHs

< R—S—Hg~C2H5} Ar-SH 3)

The sulphydryl-reactive properties of TM are due to
the presence of Hg, because, like other heavy metals,
this group has a high affinity for the sulfhydryl group
(Elferink, 1999. The Dtxd has no free —SH group,
but it has two S-S bonds between Cys-186—Cys-201
and Cys-461-Cys-471. Therefore, it is not plausible
that intact TM could react with Dtxd. The Dtxd for-
mulation containing TM is stable in PBS at pH 7.2
for more than 18 months. This is corroborated by data
implying that TM did not react with DTNB in vitro
(Pintado et al., 1995)Consequently, Dtxd instability
(or other protein containing S-S groups) in the pres-
ence of TM could be related to the presence of lactic
acid in the medium.

Itis described in the literature that during TM degra-
dation TSA and DTSA are formddansientlybecause
they are absent in degraded samples of TMr@ballo
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COOH CH, COOH CHy
|
SHgEt | SH _
+ HO—C|3H —_— + O_(I: + EtHg" (1)
COOH COOH

™ Lactic Acid TSA Piruvic Acid
COOH COOH GOOH

SH S—S—FA S—S—FB (11

5 + FA—S—S—FB ———> +
Dtxd

TSA

Scheme 2. Dtxd reduction mediated by the TSA formed after TM degradation in the presence of lactic acid.

et al., 1993. DTSA, which would be expected to dis- ther methylmercury or EtHg reacting with disulphide
play reasonable stability, is, therefore, reacting with compounds.
other components in the mixture, the most likely re-  We concluded that, in aqueous solutions at low
actant being the EtHg iork@ng and Schwendeman, pH, with the mandatory presence of lactic acid, the
2002 (Scheme ) By gel filtration on a HPLC system  degradation of TM is faster than in neutral media. The
the TM peak (11.58 min) disappeared after reaction media acidification must be promoted specifically by
with lactic acid Fig. 6). lactic acid. The acidification promoted by HCI did

The Dtxd damageHigs. 4 and % occurred with not alter TM ig. 5).
a decrease of Dtxd immunological identity, as mea- We propose that TSA, produced after the reduc-
sured by ELISA Fig. 3. Dtxd (which contains two  tion of TM by lactic acid, reduces the S-S bridge
S-S groups), after interaction with the PLGA mi- of the diphtheric toxoid. This reduction is immedi-
crospheres degradation products, was cleaved in itsately followed by blocking the two —SH formed by
two fragments, A and BKigs. 4 and B what ex- the same TSA molecules. In the light of these conclu-
plains the ELISA dataKig. 3). The degradation re-  sions it is necessary now, to reinterpret the protein in
action occurred after, at least, 5 weeks of incubation. vitro degradation-stabilization data in the presence of
This behavior is parallel to the lactic acid liberation PLGA microspheres containing TM, mainly for those
curve (fifth week) and pH decreasEig. 2). As the proteins which contain S—S. We recommend that all
medium contained TM, we propose that the reduc- the PLGA microspheres microencapsulation studies
tion of Dtxd, followed by oxidation is mediated by and protein structural considerations should be per-
TSA (Scheme P formed as a degradation product formed in the absence of TM as a preservative.
from TM. When, Dtxd was incubated with the HCI no
FA or FB increase was observed. Here, the degrada-
tion of TM (Scheme Rwe observed is mediated by ~Acknowledgements
lactic acid. The TSA produced during this sequence
of reactions reduced the Dtxd S-S bridge. The TSA  FAPESP (00/10970-7), CNPq (474781/01-1) and
is formed transiently, as described in other systems (477154/2003-4). J.A.M. Namur has fellowship from
(Kang and Schwendeman, 2002; Tan and Parkin, 2000 CNPq (132938/2002-2).
andCaraballo et al., 1993and it was not detected by
HPLC.

It is known that the analogue of EtHg, the ion

mEthyI mercury, 1S reported not to associate Slgnlf- Caraballo, I., Rabasco, A.M., Fernandez-Arevalo, M., 1993. Study

icantly with the disulfide group of cystineCarty of ThimerosdP degradation mechanism. Int. J. Pharm. 89,
and Malone, 1979and there are no reports of ei- 213-221.
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