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ABSTRACT

In the development of drug formulations interactions between contents
may play an important role. It was the aim of our present studiesto investi-
gateinto drug-polymer interactions. Interaction of the antiviral drug acyclovir
with polyethylenimines, polyvinylamines and the non-ionic PV P wasinves-
tigated using amodified equilibrium dialysis. The membrane was permeable
only to freeacyclovir, while polymersand acyclovir-polymer-associatesdid
not pass through. Significant amounts of acyclovir were bound with the
polyethylenimines. The formation of associates consisting of acyclovir and
PV P or polyvinylamine could not be demonstrated. In solutions of acyclovir
and polyethylenimine (Mr=25000) the amount of bound drug is increased
with increasing concentration of acyclovir. Between 7.9 ngand 31.7 pg take
part in the formation of associates. Differences in the osmotic pressure of
the solutions do not play animportant rolein the permeation of acyclovir. In
solutions containing acyclovir and high molecular weight polyethylenimine
(Mr=750000) the bound amount of drug increaseswith increasing acyclovir
concentration up to ¢, =400ug/100 ml. A further increase does not change
the amount of bound drug significantly. Possibly, the binding capacity is
reached. Molecular modeling investigations were performed. According to
the calculations, about 85% of the interactions can be attributed to electro-
static interactions. © 2010 Trade ScienceInc. - INDIA
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Polyethylenimines (PEI) are cationic polymers,
which can be used in very different fieldg*9. The
polymer can form complexeswith different substances,
like phenols, azo-dyes and sodium dodecyl sul phate™™
12, Thebinding ability isalso used in cdll-experiments:
PEI is tested as a transfection reagent!>2>17, To get
information about the binding of polymersand their

binding partnersdifferent phys cochemica methodscan
beused. Methodslike IR and DSC giveinformation
about interactionsin the solid state’®&24, |f polymer
solutionsshall be examined, equilibrium didysisisan
established method to investigate into interactions
between polymers and low molecular weight
substances**22227_ Theequilibrium dialysissystems
consist of two cells, which are separated by a
semipermeable membrane. Only low-molecular weight
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Substances can passthisbarrier. To sart theexperiment,
solutionsof the polymer and the possiblebinding partner
areplacedinthediaysiscells. Inequilibrium status,
changesintheconcentration of thelow-molecular waight
substancesin oneor both of thedialysiscellscangive
information about polymer binding.

In our present investigations, the non-covalent
bonding between drugs and polymers like
polyethylenimineisinvestigated. A non-covaent bonding
of drugsto polymers may result in enhanced solubility
of thedrug81922829 Therefore, itisimportant to get
moreinformation about polymer-druginteractionsinthe
field of dosageform devel opment. Theantivird acycdovir
was chosen as model drug, polyvinylpyrrolidone,
polyvinylamine and polyethylenimines of different
molecular weight werechosen aspolymers. Information
about interaction between acyclovir and the polymers
should begained from equilibrium didys sexperiments
Further, theosmotic pressureof the solutionsshould be
measured. Molecular modeling studies should give
information about poss bleinteraction mechanisms.

MATERIALSAND METHODS

Acyclovir was purchased from Fiahrhaus Pharma
(Hamburg, Germany). PV P K30 was obtained from
Sigma-Aldrich (Steinheim, Germany). Polyethyle-
nimine HF, Polyethylenimine Pand Polyvinylamine were
purchased from BA SF (Ludwigshafen, Germany). The
equilibrium diaysisexperimentswere performed with
modified Transwe ™ systems (Corning Inc., CA Acton,
USA). Themembraneof the Transwel|™ systems was
substituted by a dialysis membrane (ZelluTrans®
Diaysierschlauch, Art. No E658.1, Roth, Karlsruhe,
Germany). Themembrane hasamolecular weight cut
off (MWCO) of 4000-6000. Therefore, the polymers
could not passthe membrane. Acyclovir could passthe
membrane, as demonstrated in experiments. Aqueous
solutionsof acyclovir with the concentrations 0.1 mg/
100 ml, 0.2 mg/100 ml, 0.3 mg/100 ml,0.4 mg/100 ml
and 0.6 mg/100 ml were prepared. Further, aqueous
solutionswith anal ogue acyclovir concentrationsand
polymers were prepared: Polyvinylamine HF had a
concentration of 0.222 g/100 ml, polyethylenimine P of
0.33 g/100 ml. Solutions containing 0.444 g PVP K30
were manufactured. In case of Polyvinylamine, solu-

tionsof 0.4 g/100 ml were used. Before the dialysis
experiments were started, the membranes had been
saturated with acyclovir solutions of the corresponding
drug concentration. 2.0 ml of the polymer-drug solu-
tions were filled in the bottom of the modified
Transwel|™ systems, 2.0 ml of the acyclovir solutions
with the corresponding drug concentration in thetop.
The Transwel|™ systems were stored at room tem-
peraturefor 25 h. It had been shown in preliminary tests
that the drug transport between the two solutionshas
reached equilibrium after this time. The amount of
acyclovir wasdetermined using high performancelig-
uid chromatography. The HPL C apparatus consisted
of a L-2130 pump and an UV-detector L2400
(VWR™ International, Darmstadt, Germany). A RP-
18 column (Hibar® RT 125-4, filled with LiChrosorb
RP-18, 5 um, Merck, Darmstadt, Germany) was used
as stationary phase. The mobile phase consisted of
methanol and distilled water inratio 2+8. Theflow rate
was1 ml/min. The injection volume was 20 pl. Awave
length of 256 nm was chosen for detection of acyclovir.
The peak areaunder the curve was calculated and re-
lated to an extern calibration standard. An acyclovir
USPreference standard (USPC, RockvilleMD, USA)
wasusedintheanalytical procedure.

Toinvestigateinto the osmotic pressureof drugand
polymer solutions, solutionsof acyclovir (0.1 mg/100 ml
and 0.2 mg/100 ml), polyvinylamine HF (0.222 g/
100 ml), polyethylenimine P (0.33 g/100 ml) and PVP
(0.444 ¢) were prepared and measured using a semi-
micro-osmometer (A0300, Knaur, Bad-Homburg,
Germany). Preliminary IR studieswere performed us-
ing a FT/IR-480 Plus Spectrometer (Jasco, GroB-
Umstadt, Germany) (acknowledgments to Dr. D.
Schepmann) and a IR Spectrometer 1320 (Perkin-
Elmer, Uberlingen, Germany).

Molecular modelinginvestigationswere performed
using the program HyperChem™ (Release 7.51,
HyperCube, Inc. USA). To get information about
possi ble complexes between polymer and drug and
about interactions between acyclovir and a PEI
fragment, molecular dynamic and molecular mechanic
caculationswere performed usingtheAMBER force
field. Water mol eculeswereincluded in the molecular
dynamicamulaions. Thekind and amount of interaction
indifferent complexeswasca culated. Duringmolecular
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dynamic simulations, thedistance between interacting
parts of the molecules was monitored. Detailed
information about the cal culationsisgiveninthechapter
“Supplementary information”.

RESULTSAND DISCUSSION

Theinteractionsbetweentheantivird drug acyclovir
and various polymerswereinvestigated. Equilibrium
dialyssexperimentswere performed with solutions of
acyclovir and PV B, polyethylenimineswithamolecular
weight of 750000 and 25000 and polyvinylamine. The
molar ratio of thepolymersand acyclovir was 20:1 ex-
cept for high molecular wei ght polyethylenimine and
acyclovir. In this case, the substances were used in
equimolar amounts. Interactions were observed be-
tween thedrug and the polyethylenimines (Figure 1).
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Figure 1 : Dialysis of acyclovir between an acyclovir
solution (c,=0.1 ng/100 ml) and an acyclovir-polymer
solution after 25 h:

Insolutionscontaining acycovir and polyvinylamine
or PVP, nointeractions could bedetected indialysis
experiments. To determine if interaction between
acyclovir and polyvinylamineoccur at increased drug
concentrations, the amount of acyclovir was doubl ed,
quadrupled and sextupled. No significant amounts of
acyclovir werebound with polyvinylamine. Likewise,
in PV P-acyclovir solutionswithamolar ratioupto 5:1,
no interactionswere detected.

To get information if the permeation of acyclovir
wasinfluenced by differencesin the osmotic pressure
of drug and polymer sol utions, the osmotic pressures
of the solutionswere measured using asemi-micro os-
mometer. No differencesin theosmotic pressure of the
pureand mixed sol utions could bemeasured, theconcen-
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trations of drug and polymerswasvery low.

The dependency of thedrug concentration onthe
acydovir-polyethylenimine interaction was investigated.
Polyethyleniminewithamolecular weight of 25000 was
used. Dialysis experiments were performed using
acydovir solutionsand acyclovir-polymer solutionswith
drug concentrations between 100 and 600 pg/100 ml.
Withincreasing amount of acyclovir thebound amount
of acyclovirisincreased (Figure 2). 7.9,9.9, 15.1 pg
or 31.7 pg acyclovir take part in interactions.
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Figure2 : Dialysis of acyclovir between solutions containing
acyclovir (0.1 png/100 ml, 0.2 pg/100 ml, 0.4 pg/100 ml,
0.6 ng/100 ml) and solutions containing low polyethylenimine
(Mr: 25,000) (0.222 g/100 ml) and acyclovir of the accordant
concentration

Further investigationsinto theinteractions between
acyclovir and high molecular weight polyethyle-
nimine were performed. The amount of acyclovir in the
drug solutionand inthedrug-polymer solution wasvar-
ied between 100 ug and 600 pg/100 ml. Dialysis ex-
periments were performed. The bound amount of
acyclovir increased withincreasing acyclovir concen-
tration upto 400 pg/100 ml. At a starting concentration
of 600 ng/100 ml acyclovir, no further increase of the
bound amount was observed (Figure 3).

To get information about possible interactions
between polyethylenimineandacyclovir, preiminary IR
studies and molecular modeling investigationswere
performed. Inphyscal mixturesof PEI withamolecular
weight of 25,000 and acyclovir slight changesin the
spectrawere observed. Changesin thewave number
intheareaof 1590 nm indicate that the imidazole cycle
of acyclovir could be affected by the polymer. Further,
the hydroxyl group seemsto be affected. Molecular
modeling ca cul ationsof complexeswith acyclovir and
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Figure 3 : Dialysis of acyclovir between solutions containing
acyclovir (0.1 png/100 ml, 0.2 pg/100 ml, 0.4 pg/100 ml,
0.6 pg/100 ml) and solutions containing high molecular
weight polyethylenimine 0.3 g/100 ml) and acyclovir of the
accor dant concentr ation

aPEl fragment were performed to get moreinformation
about possible interactions. Six associates with
cdculaedlow tota energy and with high absolutevaues
of interaction energy were chosen for detailed
investigations. According to the cal cul ations, between
75 % and 95 % of the interaction energy can be
attributed to electrostatic interactions. Hydrogen
bonding is found in each of the six associates. The
imidazolecycleisapreferred partner for H-bonding.
Interactionsbetween theacyclovir-oxygen and activated
protonsof the polymer are a so observed. Theamount
of hydrogen bonding onthe cal cul ated energy, whichis
attributed to drug-polymer interaction, varies between
1.9 % and 4.5 %.

Molecular dynamic studies with the above
mentioned drug-PEI complexesinasimulated water
box were performed. According to theca culations, the
complexesarestableinthetimescdeof thesmulation.
Interactions between acyclovir and the polyethylenimine
fragment in simulated agueous environment were
observed. Sincethepreliminary IR studiesgave hints
that theimidazolering might take part ininteractions,
thefocusof theinvestigationswasset onthiscycle. In
onecomplex, theimidazolering of acyclovirwasinclose
contact to amino groups of the polymer in 96.9 % of
the analyzed geometries (0.17 —0.29 pm), the ether
oxygenin 100 %. The drug was located between two
branches of the polymer fragment. In the molecular
dynamicssimulation of the second complex, acyclovir
waslocated at the outer sphereof the polymer fragment.

Whiletheimidazolering stayedin closetolooser contact
with polyethylenimine (18.8 %: 0.17 — 0.29 pm,
67.2 %: 0.3-0.39 pm), the oxygen was located in
greater distanceto the polymer most of thetime (94 %:
>0.4 pm).

Equilibrium diaysisexperimentswere performed
using a membrane which is not permeable for the
macromolecules. Therefore, thedifferent concentration
of acyclovir inthe polyethylenimine solutions and a
polymer-freedrug solutionisahint for physicochemica
interactions between acyclovir and the polymers.
According to molecular modeling calculations,
electrostatic interactions between acyclovir and
polyethylenimineplay animportant roleintheformation
of associates. Acyclovir doesnot form associateswith
every cationic polymer, asdemonstrated in experiments
with polyvinylamine-acyclovir solutions. Possible
reasonsmay bedifferent bas city and different geometry:
the polyvinylaminechosenfor our experimentsisalinear
polymer, the chosen polyethylenimines are branched.
According to themolecular modeling studies, acyclovir
can belocated between different braches of PEI and
cantakepartininteractions.

Insolutionsof acyclovir and polyethylenimine with
amolecular weight of 25000 the binding capacity of
the polymer is not reached at a polymer-drug molar
ratio of about 3:1. The binding capacity of the polymer
increases with increasing molecular weight. At low
acyclovir starting concentrations, the molar binding
capacity of thehigh molecular weight polyethylenimine
isincreased by thefactor 17, compared to the binding
capacity of polyethylenimine with a molecular weight
of 25000. The binding capacity does not increase
anal ogueto the mol ecular weight, probably because
polyethylenimineshavebranched structures.

A distribution of alow-molecular weight substance
like acyclovir between two dialysis chambersmay be
influenced by sgnificant differencesintheosmotic pres-
sure of thetwo test solutions. Accordingto our studies,
differencesin the osmotic pressure of drug and poly-
mer solutionsdo not play animportant rolein the per-
mestion of acyclovir throughthediayssmembrane. The
chosen molar concentrations of acyclovir and of the
polyethyleniminesisvery low. No differencesin the
osmotic pressureof the pure and mixed solutionscould
bemeasuredin preliminary tests.
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Molecular modeling calcul ationswere performed
with polyethyleniminefragments. Themolecular weight
of thefragmentsisabout 1470. Thefragmentsaretoo
small to draw conclusions about apossible degree of
drugloading of polyethylenimines. Theca culaionswere
performed usingtheAMBER forcefield. A hydrogen
bondingtermisintegrated in theforcefield. Therefore,
it was possible to gain information about hydrogen
bonding.

SUPPLEMENT INFORMATION
AVAILABLE STATEMENT

Detalledinformation about buildingupthemolecules
and complexes and about settings and procedure of
geometry optimization and molecular dynamic
amulaions.
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