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Abstract: The main objective of this study was to modulate pH-sensitive polymers (poly(/amino esters)) by con-
trolling their molecular weight during their synthesis. These pH-sensitive and biodegradable polymers were synthe-
sized by Michael-type step polymerization. 1,4-Butane diol diacrylate was used as the unsaturated carbonyl
compound and piperazine as the nucleophilic compound. Various molecular weight polymers were obtained by
varying the mol ratio of piperazine/1,4-butane diol diacrylate. The synthesized polymers were characterized by 'H-
NMR and their molecular weights were measured by gel permeation chromatography(GPC). The dependence of the
molecular weight on the mol ratio was evaluated by the titration method. Also, the pH dependent turbidity of the
polymers was determined by UV-Vis spectrophotometry. This pH dependent property of the polymers could be very
useful for preparing drug carriers that are sensitive to pH.
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Introduction

Polymeric materials have received a great deal of atten-
tion in the biomedical field. For example, they have been
used in long-term and temporary therapeutic devices, drug
formulations and delivery systems, aids in the improvement
of diagnostic examinations, and devices for bioengineering.
In particular, there has been a steadily increasing interest and
demand for the development of novel drug delivery systems
that are both highly efficient and specific to a target site.'”

Stimuli-sensitive polymers, which are affected by such
factors as the pH, temperature, light, electric fields, etc.,
have attracted increasing interest in the field of science and
technology. Especially, pH sensitive polymers are of partic-
ular interest, because of their potential use in targeted drug
delivery systems. There has been continued interest in the
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potential applications of pH-sensitive polymeric systems,
including linear polymers, grafted polymers and hydrogels,
in the pharmaceutical arena. The ionizable groups like a
base or an acid are important at pH-sensitive behavior. Ion-
izable groups act as hydrophilic part or hydrophobic part of
the polymer. Then reversible soluble-insoluble transition is
appeared as hydrophobicity change of polymer. An acidic
group such as carboxylic acid is ionized at pH above pK,
and detonized at pH below pK,. But a basic group such as
amine is deionized at pH below pK, and ionized at pH above
pK;. Representative pH-sensitive materials are sulfonamide®
and L-histidine,> whose pH-responsive solubility or prop-
erty originates from the character of the ionizable group.

In their study, Langer et al. synthesized poly(f-amino
esters) by Michaeal type polymerization, and the degrad-
ability and cytotoxicity of this material, which is biodegrad-
able and pH-sensitive, were investigated.® In addition to
microspheres’ and nanoparticles® were also fabricated, and
their properties were analyzed. In the case where these
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microspheres were used in targeted drug delivery systems,
the drugs were released below pH 6.5, whereas drug loaded
state was maintained above pH 6.5.

In the present study, the molecular weights of the poly(/#
amino esters) were controlled in order to modulate the solu-
bility of polymer by pH change. There are two main methods
of controlling the molecular weight in step polymerization.
The first method relies on the establishment of a nonstoichi-
ometric reaction mixture, by allowing the polymerization
reaction to proceed to a point at which one reactant is com-
pletely used up, while the other reactant is present in excess.
The other method of achieving the desired molecular weight
is through the addition of a monofunctional monomer. The
monofunctional monomer controls and limits the polymeri-
zation of the bifunctional monomers because its reaction
with the growing polymer yields chain ends devoid of a
functional group and therefore incapable of further reaction.

The piperazine, which is added material in excess, was
used as pH-sensitive and the 1,4-butandiol diacrylate was used
as hydrophobic and biodegradable material. The polymer is
soluble when the piperazine is ionized, and conversely poly-
mer becomes a hydrophobic and then insoluble when piper-
azine was deionized.

Experimental

Materials. Piperazine and 1,4-butane diol diacrylate were
purchased from Sigma-aldrich.

Synthesis. Piperazine and 1,4-butane diol diacrylate were
each dissolved in THF. Then, the piperazine solution was
added to the 1,4-butane diol diacrylate solution dropwise, so
as to obtain mixtures with mol ratios of piperazine to 1,4-
butane diol diacrylate of 1.0, 1.1, 1.3, 1.5 and 4. The reaction
was carried out for 48 hrs at 50°C. Polymers with various
molecular weights were acquired after precipitation in n-
hexane.

'"H NMR Characterization. The synthesized polymers
were characterized by '"H NMR spectroscopy. The 'H NMR
spectra were recorded by means of a 500 MHz FT-NMR
(Utility Inova SO0ONB, Varian) spectrometer. CDCl; was used
as the solvent.

GPC Analysis. The molecular weights of the synthesized
polymers were measured by gel permeation chromatogra-
phy(GPC). THF was used as the eluant at a flow rate of
1 mL/min. KF-803L and KF-802.5(Shodex) columns were
used in series. The data were analyzed by means of an RI
detector (RI-101, Shodex). Poly(ethylene glycol) standards
(Waters) were used to determine the molecular weights.

Titration. The pK, values of the various molecular weight
polymers were measured by the titration method. In each
case, 50 mg of the polymer was dispersed in 50 mL distilled
water and the pH adjusted so as to be less than 5.0, and then
the polymer was dissolved. 0.1 mL of 1 N NaOH solution
was added and measured the pH, and then the titration pro-
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file was obtained.

The Light Transmittance. The light transmittance of the
solutions was measured by UV-Vis spectrophotometry. In
each case, 1 mg/mL of the polymer was dissolved in pH 5
buffer solution(0.1 N Borax/photassium dihydrogen phos-
phate) and the pH adjusted, in order to obtain polymer solu-
tions with various pH values. The turbidity change of the
polymer solutions was determined from the light transmit-
tance at A=500 nm.

Results and Discussion

'"H NMR Characterization. The '"H NMR spectra of all
five polymers were similar. The '"H NMR spectra of the
monomer and polymers are shown in Figure 1. The charac-
teristic peaks of the methylene group (-CH,) in the 'H NMR
spectrum of piperazine, that is appeared at 2.84 ppm, were
shifted to 2.63 ppm in the '"H NMR spectrum of the poly(£
amino ester). The peaks at 2.84 ppm in the 'H NMR spec-
trum of poly(f-amino ester) correspond to the methylene
proton of the end group piperazine. The methylene peaks
(H,=CH-) in the "H-NMR spectrum of 1,4-butane diol di-
acrylate situated between 5.8 and 6.4 ppm disappeared in the
spectrum of poly(famino ester) and were shifted around
2.5 ppm.

GPC Analysis. The molecular weights of polymers were
controlled by the addition of piperazine in excess. The mol
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Figure 1. '"H NMR spectra of (a) piperazine, (b)1,4-butane diol
diacrylate, and (c) poly(f-amino ester).
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Table I. Molecular Weight of Synthesized Polymers

Mol Ratio of
Piperazine/ M, M, M, PDI
1,4-Butane Diol
1 9,287 4,624 10,814 2.3
1.1 2,465 2,376 3,881 1.6
13 415 465 687 1.5
1.5 274 265 403 1.5
4 271 213 346 1.6

Scheme 1. Step polymerization by Michael-type addition.

ratios of piperazine to 1,4-butane diol diacrylate were 1.0,
1.1, 1.3, 1.5 and 4. The molecular weights of polymers are
listed in Table L.

Figure 2 shows the dependence of the molecular weight
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Figure 2. Dependence of the molecular weight on the mole ratio
of piperazine/1,4-butane diol diacrylate.

on the mole ratio. The molecular weight decreased as the
proportion of piperazine increased. The relationship between
1/M, and the mole ratio shows the linear relationship by the
increasing addition of piperazine in excess. It would be pos-
sible to prepare a desired molecular weight of the polymers
by using this plot. In Michael-type addition polymerization,
the reactants which are present in excess affect the molecu-
lar weight of the resulting polymer in the same manner as in
the more common step polymerization.

Titration Curve and pK,, The pK, values of the polymers
were obtained by the titration method, by calculating them
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Figure 3. Titration curves of the polymers ; (a) M,=9,287, (b) M,=2,465, (¢) M,=415, and (d) M,=271.
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from the derivative values of the titration curves, that means
inflection point. The titration curves of the polymer solu-
tions are presented in Figure 3. The buffering region varied
from pH 6 to pH 10 according to the molecular weight of
the polymer. The buffering region appeared at lower pH as
the molecular weight increased. The pK, value of the high-
est molecular weight polymer(},=9,287) is 6.78 and this
value is increased in the case of the lower molecular weight
polymers. The pK, values of the polymers with M, values of
2465, 415 and 271 are 6.94, 7.51 and 9.88, respectively.

pH Sensitivity. The pH sensitivity was measured from
the transmittance change of the polymer solutions at various
pH values by UV-Vis spectrophotometry at =500 nm. The
turbidity change is shown in Figure 5. The low molecular
weight polymers are soluble and transparent in wide pH
range, but the high molecular weight polymers(34,=9,287,
M,=2,465) show a pH dependent turbidity(Figure 5). The
tarbidity transitions of these polymers occur depend on their
molecular weight as expected from pK, values. The transi-
tion region of polymers of M,=9,287 and M,=2,465 were in
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Figure 4. Relationship between pK, value and molecular weight.
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Figure 5. The light transmittance of the polymers solution;
M,=9,287(@), M,=2,465(O), M,=415( &), M,=271(V/).
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the range of pH 6.23-6.34 and pH 6.55-6.88, respectively.
But low molecular weight poly(S-amino esters) has no tran-
sition point because that is always soluble at any pH. This
phenomenon results from the fact that the solubility of high
molecular weight polymer is lower than the low molecular
weight polymer due to the entropic effect of the polymer.
Because the high molecular weight polymer has less solu-
bility, the more degree of ionization at low pH is needed to
dissolve the polymer.

The pK, value of low molecular weight poly(f-amino
esters) is similar with that of piperazine(pK,=9.8) from lit-
erature,” because low molecular weight poly(B-amino
esters) having M,=271 contains secondary amine(chain end
group) like piperazine. But higher molecular weight poly-
mer has much more tertiary amine than low molecular weight
polymer. Finally, pK, value is suddenly increased at certain
molecular weight, because of increasing secondary amine.
In case of high molecular weight, molecular weight affects
the pK, value due to entropic effect, and in case of low
molecular weight, the number of secondary or tertiary
amine affects the pK, value.

The environment around tumor cell has a weak acidity,
about 6.0~7.2, then the polymers from this study could be
useful as targeting drug carrier in cancer therapy and be use-
ful in gene therapy because the cationic character helps
polymer form a complex with anionic DNA.

Conclusions

Michael type addition polymerization follows the proce-
dure of step polymerization. The nonstoichiometric method
is effective in controlling the molecular weight. We were
able to control the molecular weight of the polymers and the
characteristics of the polymers were analyzed. The molecu-
lar weight is an important factor, affecting both the pK,
value and pH sensitivity of the polymers. The pH sensitivity
was not observed for those polymers with a low molecular
weight. Therefore, it is necessary for the polymer to have a
specific molecular weight in order for it to exhibit pH sensi-
tivity. Polymers buffering at approximately pH 6.0 to 7.0
are useful in drug delivery systems and therefore, the ability
to control the molecular weight of the polymers is highly
valuable. In the future work, more studies will be pro-
gressed about nanoparticle for cancer therapy because it is
expected that microparticle or nanoparticle can release a
drug below about pt 6.5.
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