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Abstract

Vihola, H. 2007. Studies on Thermosensitive Poly(N-vinylcaprolactam) Based Polymers for 
Pharmaceutical Applications

Dissertationes bioscientiarum molecularium Universitatis Helsingiensis in Viikki, 20/2007, 53 pp., 
ISBN 978-952-10-4170-9 (paperback), ISBN 978-952-10-4171-6 (pdf), ISSN 1795-7079

Polymers as drug carriers provide benefits and means for controlled drug release applications, 
like sustained circulation time or cellular targeting of a drug. At all stages of the drug delivery 
process the polymeric carrier system has to be safe and biocompatible and, at the same time, 
maintain or improve the efficacy of the medical treatment. Several new implications for the 
polymeric drug delivery devices have been proposed; among others are the polymers, which 
are responsive to temperature changes. These materials require a signal, i.e. critical 
temperature, which triggers their phase transition, when water-soluble and hydrophilic 
polymers become hydrophobic and collapse. The drug release from these polymers can then be 
regulated in response to the changes of temperature.

In this study, the properties and behaviour of a thermosensitive polymer, poly(N-
vinylcaprolactam), PVCL, was evaluated. The phase transition temperature of this polymer is 
near the physiological temperature, thus it can be considered as a potential candidate for 
pharmaceutical use. The toxicity of PVCL was evaluated by two colorimetric methods using in 
vitro cell cultures. The results did not show evidence of cellular toxicity: the cell membranes 
were found to remain intact and the cells viable. Fluorescently labelled model particles with 
thermosensitive PVCL coating were used in cellular interaction studies. Enhanced cellular 
attachment was achieved with PVCL-shell around the particles. This was found to be due to 
the polymer’s ability to bind to the cellular surfaces. Poly(N-isopropylacrylamide), PNIPAM, 
another thermosensitive polymer with similar characteristics, was compared to PVCL with 
respect to cellular interactions. It was found out that the attachment of PNIPAM coated 
particles to the cellular surfaces was inhibited, presumably by steric repulsion created by the 
PNIPAM-chains. Release profiles of different model drugs from the PVCL hydrogels were 
estimated, and the effect of physical cross-linking to the loading and release of drugs was 
further evaluated. Hydrogen bonding and hydrophobic interactions were found to be strongly 
involved in the loading and release of the drugs and the inhibitory effect of the increasing 
temperature on drug release was clearly demonstrated. Also, physico-chemical properties of 
the drugs and the surrounding environment affected the loading and release. By physical cross-
linking, stable thermosensitive hydrogel particles could be obtained by creating a tight net, 
which affected also the drug release. As hydrophilic poly(ethylene oxide), PEO, is known to 
improve circulation time and to increase the biocompatibility of polymeric systems, the in 
vitro cellular studies were performed also with the PEO-macromonomer grafted to the PVCL 
polymer or to the fluorescent model particles. It was concluded that the cellular interactions of 
PVCL were diminished when grafted with the PEO-macromonomer, presumably again by the 
creation of steric repulsion. The release of drugs from the physically cross-linked hydrogels 
containing PEO-grafts was also inhibited because of the ability of PEO to interact with the 
cross-linking agent by forming tight hydrogen bonds.
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1 Introduction

Polymer therapeutics in drug delivery refers to any polymer that is used in a drug product. 
This includes biologically active polymers, polymer-drug conjugates, polymer-protein 
conjugates, polymeric micelles and nanoparticles (Kabanov et al., 2002; Vicent and 
Duncan, 2006). In each case, a certain polymer is modified either to be an active agent 
itself or an inert part of a system, i.e. carrier for the drug. The use of polymeric carriers in 
controlled drug delivery is directed towards improving the efficacy and safety of the 
medical treatment. With the use of different polymers, it is possible to either target the 
drug or control and/or sustain the release with, e.g., longer circulation time in the body. 
The effects of the drugs do not burden the whole body, which reduces the side effects and 
consequently improves the patient compliance. In addition to favourable physical and 
chemical properties, also biocompatibility is essential for a polymeric material to be used 
in drug delivery systems. The polymer as a drug carrier needs to be water-dispersible, non-
toxic, non-immunogenic, and it needs to be safe from the beginning until the excretion and 
in most cases, be suitable for repeated administration (Schmaljohann, 2006; Vicent and 
Duncan, 2006). Further enhancement of biocompatibility of polymeric carriers is 
attempted nowadays, like with the use of poly(ethylene oxide), PEO, that provides stealth-
character creating steric repulsion around the polymeric system (Stolnik et al., 1995; Sofia 
and Merrill, 1997). 

Of great interest in polymer therapeutics are polymer materials, which respond to 
environmental changes. These intelligent, stimuli-sensitive materials respond to, for 
example, physical (temperature, magnetic field), chemical (pH, ionic strength), or 
biochemical (enzyme) stimulus (Jeong and Gutowska, 2002; Kopecek, 2003; Hoffman 
and Stayton, 2004). These materials undergo large physical changes in properties in 
response to small changes in the surrounding environmental conditions. Polymeric 
materials that are able to react to the environmental temperature changes are recently 
considered effective in many medical and drug delivery applications, bioseparation and 
diagnostics (Hoffman, 1987; Kost and Langer, 2001; Kopecek, 2003; Coughlan et al., 
2004; Piskin, 2004; Coughlan and Corrigan, 2006; Schmaljohann, 2006). These polymers 
have a temperature dependent solubility in water and they undergo phase transition at 
certain temperatures, where the polymers collapse, aggregate and phase separate. This 
phenomenon is reversible. 

Based on the controllable change of polymer conformation, various temperature-
sensitive structures have been created. Most of the synthetic polymers with temperature 
dependent phase transition behaviour belong to three types of polymers, namely 
poly(acrylamides), poly(N-vinylamides) and poly(ethylene oxide) containing polymers 
(Galaev and Mattiasson, 1993). Some natural polymers used in pharmacy also exhibit 
thermosensitive behaviour, like gelatin, cellulose derivatives and chitosan (Jeong et al., 
2002; Bhattarai et al., 2005). Elastin-like polypeptides (ELP’s) also have a thermally 
sensitive phase transition that has been utilized in targeting the drug to hyperthermic 
tumor cells or in thermogelling-injections (Raucher and Chilkoti, 2001; Betre et al., 2006).
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The use of cell cultures and tissue models is fundamental in the pre-clinical 
pharmaceutical research. In vitro cell culture models simulate the biological barriers, and 
with the aid of these, it is easy to examine biological reactions of new materials: important 
factors like cytotoxicity, permeability and absorption can be easily determined. Cell 
culture models allow ethically accepted and less expensive ways to study the properties of 
new materials and formulations. The results of in vitro-tests at the early stage of the 
development show important tendencies whether the studied materials are suitable for 
pharmaceutical use or not. 

The object of this study was to evaluate and characterize pharmaceutical properties and 
applicability of thermosensitive poly(N-vinylcaprolactam), PVCL, polymer. The studies 
included testing of drug loading and release, in vitro cellular toxicity and polymer-cell 
interactions at different environmental surroundings. The behaviour of PVCL in cellular 
contact was compared to another thermosensitive polymer, poly(N-isopropylacrylamide), 
PNIPAM. The effect of poly(ethylene oxide), PEO, -macromonomer grafting on the 
properties and behaviour of PVCL was further evaluated in vitro.
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2 Review of the literature

2.1 Thermosensitivity

Thermosensitive polymers respond to external stimulus, in this case temperature, by 
changing their properties. At certain temperature they exhibit a phase transition, which 
results in changes in conformation, solubility and hydrophilic-hydrophobic balance 
(Schmaljohann, 2006). Polymers, which become soluble upon heating, have a so-called 
upper critical solution temperature (UCST). Those polymers, which become insoluble in 
solutions upon heating, possess a lower critical solution temperature (LCST).

Thermosensitive polymers of special interest in this work are those, which are soluble 
and hydrophilic below the lower critical solution temperature (LCST) due to the hydrogen 
bonding with water. These water-soluble materials contain large number of hydrophilic 
groups, but also hydrophobic ones. When the temperature in aqueous polymer solution is 
increased, the transition from hydrophilic to hydrophobic occurs at a certain temperature, 
LCST, and the polymer phase separates.

Taylor and Cerankowski (1975) introduced a general rule for LCST phenomenon of 
aqueous polymer solutions:

As a polymer which is soluble in water at all temperatures, is made increasingly 
hydrophobic, before complete water insolubility is reached, a range of compositions will 
be found which will have temperature inverse solubility, and the more hydrophobic the 
increment, the lower the LCST.

At low temperatures, hydrogen bonding between the hydrophilic segments of the 
polymer chain and water molecules is dominant, leading to enhanced dissolution in water 
(Qiu and Park, 2001). The increase in temperature causes partial displacement of water 
from the polymer coil, weakening the hydrogen bonds, and an increase of the hydrophobic 
interactions between the hydrophobic segments of the polymer macromolecules 
(Markvicheva et al., 1991). Consequently, the polymers collapse, aggregate and phase 
separate because the intra- and intermolecular hydrogen bonds between the hydrophobic 
parts of the polymer molecules are favoured compared to the water molecules, which are 
re-organized around the non-polar polymer (Figure 1). The LCST phenomenon is 
reversible, upon cooling the thermosensitive polymers become soluble again. 
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Figure 1. The effect of temperature on the thermosensitive polymer chain.

LCST is dependent on molecular weight and concentration: increasing the polymer chain 
length or polymer concentration decreases the LCST of PNIPAM and PVCL (Schild and 
Tirrell, 1990; Kirsh, 1998; Chilkoti et al., 2002). LCST can be adjusted with different 
comonomers (Taylor and Cerankowski, 1975; Feil, et al., 1993). Hydrophilic and charged 
comonomers are increasing the LCST of NIPAM (N-isopropylacrylamide) copolymers due 
to the strong interactions between water and hydrophilic or charged groups on the polymer 
increasing the hydrophilicity, whereas hydrophobic comonomers decrease it. Salts are 
known to lower the LCST of PNIPAM and PVCL (Schild and Tirrell, 1990; Mikheeva et 
al., 1997; Eeckman et al., 2001 and 2002). As the salt concentration of the solution is 
increased, the LCST decreases, as more competing ions for H-bonding and hydrophobic 
interactions are available. Addition of small amount of alcohols has also been found to 
decrease the LCST in the case of PVCL (Kirsh, 1998). Presence of proteins, such as 
insulin and bovine serum albumin, has been found to increase the LCST of PNIPAM, 
because of the increased hydrophilicity of the polymer-protein complex (Wu et al., 2005). 
Certain surfactants have been found to either decrease or increase the LCST of PNIPAM 
depending on the hydrophobic chain length and the concentration of the surfactant 
(Eeckman et al., 2001). Anionic surfactant sodium dodecyl sulphate (SDS) has been found 
to increase the LCST in the cases of PVCL and PNIPAM; which has been utilized in 
induced drug delivery from a thermosensitive polymer (Mikheeva et al., 1997; Eeckman et 
al., 2001 and 2003). The effects of saliva and gastrointestinal secretions to the LCST were 
studied with PNIPAM (Eeckman et al., 2001). Only a slight decrease (less than 1 °C) was 
found to occur in the presence of saliva and about 2.5 °C decrease in the case of gastric 

Collapsed polymer

T < LCST T > LCST

Swollen polymer chain 
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juice, whereas more important decreasing effect was found with pancreatic secretions (2-
3.5 °C). Obviously, the dilution of the gastrointestinal fluids will diminish these effects.

Hydrogels are crosslinked, hydrophilic and three-dimensional polymeric network 
structures that can take in large amounts of water. Hydrogels from thermosensitive 
polymers have been extensively studied and they undergo similar transition at certain 
temperature than the linear polymers. This transition in thermosensitive hydrogels is 
called the lower gel transition temperature (LGTT) or the volume phase transition 
temperature (VPTT), which causes a sudden change in the solvation state (Schmaljohann, 
2006; Li and D’Emanuele, 2003). These materials exhibit reversible swelling behaviour: 
they possess low viscosity at low temperatures and form a hydrogel at temperatures above 
their transition temperature. 

2.2 Pharmaceutical and biotechnological applications of 
thermosensitive materials

Below the phase transition temperature, the thermosensitive LCST polymers exist in 
extended and responsive conformation. Above that temperature, the polymers are 
collapsed and cannot interfere with the surroundings to a great extent. This property has 
been utilized in many ways in drug delivery and biotechnology applications. In drug 
delivery, the release of a drug could be in response to an endogenous temperature increase 
that makes the thermosensitive polymer collapse or to an externally applied temperature 
increase. Endogenously the local temperature is slightly higher for example in solid 
tumors, than the normal body temperature. By adjusting the LCST of the thermosensitive 
polymer between the body temperature and the higher temperature of the tumor, it is 
possible for the drug delivery system to accumulate into the tumor (Chilkoti et al., 2002).

Drug release from thermosensitive hydrogel matrices can occur either below or above 
the LCST, when the polymer is either in swollen or collapsed state (Figures 2 A and B). 
Above the LCST, the net effect of the drug release will be a function of thermosensitivity 
of the hydrogel (decreased swelling) and the increased diffusivity because of temperature 
rise (Bae et al., 1987). Usually the diffusion of drugs from the thermosensitive polymers 
diminishes when the temperature is risen, as water uptake is inhibited because of the 
collapsed state of the polymer, whereas at lower temperatures drug diffusion out of the 
hydrated and more porous polymer network is increased (Alvarez-Lorenzo et al., 2005). 
The inhibited release of a drug at higher temperatures can also be explained by formation 
of a dense, less permeable layer on the surface of a hydrogel, which is formed due to the 
faster collapse of the hydrogel surface than the interior upon temperature rise (Bromberg 
and Ron, 1998). On the other hand, this surface layer could also build up a hydrostatic 
pressure inside the hydrogel, which would eventually squeeze out the drug (Wu et al., 
2005). On-off release by altering the heating and cooling has been achieved with 
thermosensitive materials, and the release rate of hydrophobic model drug has been related 
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to the amount of drug in the matrix, the solubility of drug in the polymer, the hydration of 
the polymer gel, and the swelling-deswelling kinetics of the polymer (Bae et al., 1987). 
The size of the releasing agent affects also the release, as smaller molecules are known to 
release better than the larger ones (Wu et al., 2005). In the case of LCST hydrogels, the 
diffusion is stated to be affected also by physico-chemical properties such as porosity and 
tortuosity, as the increased temperature reduces drug release due to the membrane 
shrinking (Park and Hoffman, 1989). 

Figure 2. Drug release from the thermosensitive hydrogel matrices. Drug release can occur 
either below or above the LCST, when the polymer is either swollen (A) or collapsed (B). As 
the temperature is increased, the thermosensitive polymer shrinks and drug can be released 
through the pores from the copolymer (C). The polymer can also create a shell to the surface 
of the core particle as the temperature is increased, thus retarding the release (D). (Reprinted 
from Bromberg and Ron 1998, with the permission from Elsevier).

Valve-based thermosensitive systems that allow drug release at temperatures above the 
LCST of the polymer contain thermosensitive polymers that are anchored on a porous, 
inert material (Figure 2 C) or added inside a rigid capsule with the drug (Gutowska et al., 
1997). Below the LCST, the swollen polymer blocks the pores hindering the drug release. 
When the temperature rises above the LCST, the thermosensitive polymer shrinks and the 
drug can be released through the pores. The pulsatile on-off release of a model drug from 
this type of systems has been studied, and the release was found to correlate with different 
swelling rates at different temperatures (Dinarvand and D’Emanuele, 1995; Gutowska et 
al., 1997). Microcapsule shell composed of ethylcellulose matrix containing nano-sized 
thermosensitive hydrogels has been found to increase the drug release as a function of 
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temperature, when shrinking of the thermosensitive polymer creates pores to the coating 
(Ichikawa and Fukumori, 2000). Core-shell polymer particles and micelles consisting of 
temperature responsive polymers with an inner hydrophobic core and a hydrophilic shell 
have been utilized to control the drug release with temperature changes (Figure 2 D). The 
core has been loaded with hydrophobic drugs while the hydrophilic shell responds to the 
temperature and stabilizes the structure (Chung et al., 1999; Soga et al., 2005). As a result 
of the collapse of the shell, the structural deformation of the core controls the release of 
the drug. 

Selective removal or separation of substances from aqueous solutions can be obtained 
with thermosensitive polymers (Hoffman et al., 1986). Thermosensitive hydrogels may be 
used for example, to adsorp toxins from the solutions upon relatively small temperature 
changes. Biotechnology has taken advantage of thermosensitive polymers in protein 
separation processes, where small increase in temperature precipitates the polymer and the 
product can be isolated (Galaev and Mattiasson, 1993). Binding of an enzyme to an 
activated polymer that precipitates upon temperature can result in a biocatalyst, which can 
be also separated from the reaction medium after heat-induced precipitation. The activity 
of certain enzymes is lost with an increasing temperature, thus the thermal stabilization of 
an enzyme with the aid of thermosensitive materials has been proposed (Piskin, 2004). 
The immobilization of an enzyme can also be obtained with thermosensitive materials. As 
the temperature rises above the LCST, the activity of an enzyme can be suppressed and the 
enzyme can be re-activated after cooling below the LCST (Dong and Hoffman, 1986).

The in situ-forming thermosensitive hydrogels are aqueous solutions before 
administration that solidify or form a gel upon phase transition at physiological 
temperature (Ruel-Gariépy and Leroux, 2004). They have been used for example in drug 
delivery and tissue repair. The drugs can be entrapped inside the polymer suspension, 
which is injected into the body. At 37 °C the hydrogel shrinks and the release of the drug 
can be retarded. Besides injection, other administration routes for in situ-hydrogels have 
been proposed, such as percutaneous delivery of analgesic piroxicam (Shin et al., 2000)
and fentanyl (Liaw and Lin, 2000), as well as ophthalmic drug delivery applications (El-
Kamel, 2002 and Wei et al., 2002). One example of an in situ-hydrogel for drug delivery 
is thermosensitive chitosan-PEO-hydrogel that dehydrates and produces a gel near body 
temperature, thus making ideal sustained-release injections into the body cavities possible 
(Bhattarai et al., 2005). In tissue repair, in situ-hydrogels offer an advantageous alternative 
to surgery, as a solution can be injected in the body cavity that solidifies in the body 
temperature, shaping ideally (Jeong et al., 2002; Jeong and Gutowska, 2002). 
Pharmaceutically best-known group of thermosensitive polymers in in situ-administration 
are block copolymers of ethylene oxide and propylene oxide, known as Poloxamers 
(Pluronics®). They have an ability to form a gel at 25 °C to 40 °C depending on the 
polymer chain composition. Increased solubility, metabolic stability and enhanced 
circulation time for the drugs have been achieved with Pluronics® (Kabanov et al., 2002). 
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Poly(N-isopropylacrylamide)

Poly(N-isopropylacrylamide), PNIPAM, is a thermosensitive polymer that has been most 
extensively studied for many applications that take advantage of its thermosensitive 
properties in water (Table 1). Phase transition of PNIPAM takes place approximately at 32 
°C (Heskins and Guillet, 1968). It is soluble at room temperature and phase separates at 
physiological body temperature (37 °C), so it is a potential candidate as a pharmaceutical 
and biomedical carrier either as linear polymer, hydrogel, or copolymer (Chen and 
Hoffman, 1995; Zhang et al., 2002; Kopecek, 2003). The in vitro cytotoxicity of PNIPAM 
has been evaluated and neither linear nor crosslinked PNIPAM nanoparticles were toxic 
(Hsiue et al., 2002). At the same study, Hsiue et al. (2002) found out, that the effect of the 
glaucoma drug could be retarded remarkably with the aid of thermosensitive PNIPAM 
polymer formulation that precipitated when administrated into the eye. Also the in vivo
toxicity of PNIPAM has been evaluated, and no significant acute or subacute toxic signs 
in mice after oral administration of PNIPAM were observed even after 28 days (Malonne 
et al., 2005). 

When PNIPAM has been grafted onto the surfaces of commercial polystyrene cell 
culture dishes, cell attachment/detachment has been achieved with temperature changes 
(Okano et al., 1995). The surfaces of the dishes are hydrophobic at 37 °C, above the 
LCST, where cells can be attached and proliferated at the dishes. By lowering the 
temperature below LCST, the surfaces become hydrophilic and the cells are detached 
without damaging enzyme treatment. Park and Hoffman (1989) have immobilized living 
cells to protect them from environmental stresses by using thermosensitive hydrogel 
microencapsulation based on PNIPAM. The protection was suggested to take place by two 
mechanisms, with external boundary layer and internal hydrogel resistance. It was 
reported that the greater the temperature, the more rapid skin formation around the capsule 
was found after immersion to the preheated solution. PNIPAM copolymers have been 
found useful also in pH-induced thermosensitivity, because the pH-responsive groups of 
the copolymer switch their characteristics leading to the LCST change and, thus, the 
release of the drug can be altered (Liu et al., 2006; Seow et al., 2007). PNIPAM 
copolymers have been studied in dual-stimuli-responsive systems as well, where the phase 
transition is induced either with pH or temperature (Fang and Kawaguchi, 2002; Verestiuc 
et al., 2004). It has also been shown, that the surface of liposomes can be modified with 
PNIPAM and poly(ethylene) glycol, PEG, in order to increase the drug release by two 
ways: by temperature sensitive property at hyperthermic temperatures (by PNIPAM) and 
by preventing the protein adsorption (by PEG), (Han et al., 2006). 
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Table 1. Pharmaceutical and biotechnological applications of PNIPAM.

Application Type of PNIPAM Reference

Drug targeting for solid tumors 
with local hyperthermia

Copolymer of NIPAAM and acrylamide Meyer et al., 2001; Chilkoti et al., 2002

Oral peptide drug delivery 
vehicle 

PNIPAM-co-butylmethacrylate-co-acrylic acid Serres et al., 1996

Carrier of therapeutic proteins 
(polymer-protein conjugate)

PNIPAM containing protein-reactive N-
acryloxysuccinimide and hydrophobic alkylmethacrylates

Uludag et al., 2001

Drug-loaded wound dressing
Combination of a self-adhesive Eudragit E film and an 
antibacterial drug-loaded PNIPAM microgel beads

Lin et al., 2001

Thermosensitive coating for 
controlled release of drug

Blend of Biomer (multiple block copolyether-urethane 
urea) and PNIPAM 

Gutowska et al., 1995 

Thermosensitive micelle for 
controlled release of drug

Block copolymer of PNIPAM and poly(butylmethacrylate) Chung et al., 1999

Squeezing hydrogel for oral 
delivery based on 
swelling/deswelling

Copolymer of NIPAAM and acrylic acid Gutowska et al., 1997

Cell attachment/detachment 
surface

PNIPAM or PNIPAM grafted onto the surfaces of 
polystyrene cell culture dishes

Okano et al., 1995

Cellular adhesion and 
proliferation on insulin- and 
cell adhesive peptide (RGDS)- 
immobilized culture dishes

Copolymer of NIPAM and poly(2-
carboxyisopropylacrylamide) grafted onto polystyrene cell 
culture dishes

Ebara et al., 2004; Hatakeyama et al., 
2005 and 2006

Controlling the attachment of 
common pathogens and 
bacteria to the surfaces

Copolymer of NIPAM and butylacrylamide or 6-
acryloylaminohexanoic acid at the surfaces of silica slides

de las Heras Alarcón et al., 2005

Tablet coatings
Linear PNIPAM or copolymer of NIPAM and N-
vinylacetamide, acrylamide or N-vinyl-2-pyrrolidone

Eeckman et al., 2002, 2003, 2004

Eye drop preparations
Linear PNIPAM, mixture of linear PNIPAM and 
crosslinked PNIPAM nanoparticles, or PNIPAM-graft-
poly(2-hydroxyethyl methacrylate)

Hsiue et al., 2002, 2003

Embolic material for 
intravascular neurosurgery

Copolymer of NIPAAM and N-propylacrylamide Matsumaru et al, 1996

Tissue regeneration PNIPAM modified with peptides Stile and Healy, 2001; Smith et al., 2005

 DNA delivery

PNIPAM modified with cationic polymers, copolymer of 
poly(ethyleneimine) or copolymer of poly(2-
(dimethylamino)ethyl methacrylate or copolymer with cell-
penetrating peptide (poly-L-arginine)

Hinrichs et al., 1999; Twaites et al., 2004 
and 2005;  Cheng et al., 2006

Drug delivery system 
responding to cellular signal

PNIPAM grafted with PKA substrate peptide and PEG Sonoda et al., 2005

Liposomal drug delivery 
system

PNIPAM fixed on liposome membranes made from 
naturally occurring lipids

Han et al., 2006

Cell immobilization Copolymer of NIPAM and ethylene glycol Kwon and Matsuda, 2006

Microspheres/Hydrogels with 
dual sensitivity to both pH and 
temperature for protein 

PNIPAM introduced onto styrene-glycidyl methacrylate 
copolymer seed microspheres  or PNIPAM-chitosan semi-
interpenetrating network

Fang and Kawaguchi, 2002; Verestiuc et 
al., 2004
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Although temperature controlled materials have been investigated in drug delivery 
applications, limitations on the utilization of these systems still exist. Major disadvantage 
of both the Pluronics® and PNIPAM is their non-biodegradability. To increase the 
biodegradability in the case of Pluronics®, the poly(propylene oxide) group of the 
copolymer has been replaced by a biodegradable poly(L-lactic acid) segment (Jeong et al., 
1997). Another problem of the Pluronics® polymers is that the retarding effect in drug 
release does not last long, as the in situ formed gel is dissolved in few days (Ruel-Gariépy 
and Leroux, 2004). As the residual monomers, like NIPAM, are known to be toxic 
(Hashimoto et al., 1981; Bromberg and Ron, 1998; Qiu and Park, 2001), extensive 
purification of these materials is essential. One possible drawback of PNIPAM hydrogels 
is that the rate of volume change is slow (Dinarvand and D’Emanuele, 1995; Hoffman et 
al., 1986; Ichikawa and Fukumori, 1997). This can be seen as a lag time before the release 
starts, followed by a rapid burst. This makes the thermal control of the release difficult. 
The poor mechanical properties also limit the applications of PNIPAM (Bae et al., 1987). 
This has been improved with the aid of copolymerization. Moreover, complete release of 
hydrophobic drugs from the thermosensitive hydrogels might be difficult to achieve, as 
strong hydrophobic interactions prevent the release at temperatures above the LCST (Wu 
et al., 2005).

2.3 Thermosensitive poly(N-vinylcaprolactam) 

Poly(N-vinylcaprolactam), PVCL, is a non-ionic, water-soluble, thermosensitive polymer 
that belongs to the group of poly-N-vinylamide polymers (Figure 3). Best known of poly-
N-vinylamides is poly-N-vinylpyrrolidone, PVP, which has various applications in 
pharmaceuticals and in cosmetics as a viscosity modulating and emulsion-stabilizing 
polymer (Kirsh, 1998; Goddard and Gruber, 1999). PVCL has LCST-value in aqueous 
solution that takes place approximately at 32 °C (Kirsh, 1998), at the same temperature as 
PNIPAM. Thus, also PVCL is considered to be suitable for biomedical applications, as the 
collapsing temperature is close to the physiological temperature. Although these two 
water-soluble, non-ionic polymers, PVCL and PNIPAM, exhibit LCST at similar 
temperatures, they have significant differences in the mechanisms and thermodynamics of 
the phase transitions (Makhaeva et al., 1998; Laukkanen et al., 2004).

Figure 3. Poly(N-vinylcaprolactam).

N O
n
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PVCL is known to be very stable against hydrolysis (Eisele and Burchard, 1990; Kirsh, 
1998; Lau and Wu, 1999), and owing to the stability, PVCL is expected to be a 
biocompatible polymer. The amide group in the lactam ring is directly connected to the 
carbon-backbone chain. PVCL does not break easily hydrolytically, but if the PVCL is 
hydrolysed, a polymeric carboxylic acid builds up and small toxic amide compounds will 
not form, like is the case with PNIPAM. Major disadvantage, however, also for PVCL, is the 
non-biodegradable nature. Like PVP, PVCL is known to absorb numerous organic 
compounds from water (Kirsh, 1998; Makhaeva et al., 2000). Charged surfactants have 
been shown to bind to the PVCL due to hydrophobic interactions. Upon binding of the 
surfactants the polymer starts to behave as a polyelectrolyte, thus swelling the polymer 
coil (Makhaeva et al., 1996). The additional swelling of the PVCL with surfactants is a 
consequence of increasing osmotic pressure of counter ions, which penetrate the polymer 
together with the surfactants.

Although it is less known than PNIPAM, characteristics of PVCL have been studied 
and some applications of PVCL in the area of biotechnology and biomedicine are 
available (Makhaeva et al., 1996; Kirsh, 1998; Gao et al., 1999; Lau and Wu, 1999; 
Makhaeva et al., 2000). Enzyme immobilization has been achieved with the aid of PVCL, 
and the stability of enzymes has been increased with the PVCL-based hydrogel that 
protects the enzymes from denaturation by entrapment (Markvicheva et al., 1996; Kirsh, 
1998; Peng and Wu, 2000). PVCL has been utilized in multi-layered glass materials in the 
1960’s (Patent, 1968), as an ingredient in wound-healing film (Patent, 1998), and as a 
separation material in specific membranes (Lequieu et al., 2005). Selective determination 
of some opiate drugs in aqueous media has been achieved with the aid of PVCL 
(Kuznetzov et al., 2003). Recently, self-assembling thermosensitive containers prepared of 
thin films of PVCL deposited onto porous support membranes have been studied for 
controlled delivery applications (Kharlampieva et al., 2005). Commercially, PVCL is 
available as a hair-fixative excipient by the trade name Luviskol® Plus by the BASF-
company (Goddard and Gruber, 1999). 

PVCL macromolecules can take up biomolecules from aqueous solution together with 
water molecules creating hydrogel-like structures. While precipitating and collapsing at 
temperatures above the LCST, PVCL macromolecules capture the biomolecules, like 
proteins (Kirsh, 1998). Interactions of PVCL and proteins are stated to occur through 
water molecules, creating a so-called intermediate hydrate layer between the polymer and 
protein molecule. Animal cell immobilization in specific nitrate-removal processes has 
been tried by capturing the cells into the alginate-PVCL composites, although that has not 
been found very effective (Vilchez et al., 2001). Instead, hybridoma cells have been 
efficiently entrapped in the thermally reversible PVCL-hydrogel, when the structure of the 
hydrogel was stabilized with certain stabilizers (Markvicheva et al., 1991). At high 
temperatures, the hydrogels made from PVCL were also found to remain stable after 
stabilization with cross-linking phenols (Laukkanen et al., 2005). It has been suggested, 
that with the heated stabilizer solution, PVCL macromolecules are precipitated and 
simultaneously form complexes with the stabilizer, thus forming particles with a core of 
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gel-like structure (nucleus) and a dense superficial layer originating from the complex of 
PVCL and stabilizer (Kirsh, 1998). This layer fixes the form of the particles and probably 
also prevents the penetration of large molecules from inside and from within the granules.

2.4 Drug delivery with polymeric carriers

2.4.1 Characteristics of drug delivery at cellular level 

For optimal drug delivery, the objective is targeting of the drug to the site of action 
(cellular internalization) or, alternatively, sustained circulation in the bloodstream thus 
retarding the release of the drug. One of the main problems to the efficient intracellular 
delivery of drugs is the barrier created by plasma membrane of the cells. Different 
materials, including drugs, are delivered through the cell membranes in different ways, 
either passively or actively. Passive delivery is based on diffusion through the cell 
membrane and is utilized mainly by small molecules and particles (< 100 nm). Active 
delivery demands energy, like endocytosis. Endocytosis takes place by phagocytosis 
(particles ≥ 500 nm) and pinocytosis (liquids and particles < 200 nm), (Maassen et al., 
1993; Mellman, 1996; Huth et al., 2006). Phagocytosis is triggered first by binding of 
opsonin proteins to the particle surfaces, followed by binding of the opsonized particles to 
the cell surface receptors (Owens and Peppas, 2006). In pinocytosis, small vesicles are 
carrying extracellular fluid and molecules specifically or non-specifically bound to the 
plasma membrane. Besides the phagocytosis (only to cells with phagocytic activity like 
macrophages) and pinocytosis, active drug delivery to the cells can take place via the cell 
membrane carrier proteins. 

Targeted drug delivery is affected by both the characteristics of the delivery system 
and the properties and the surface of the target cells. Cellular attachment, uptake and 
biodistribution of different particles depend on the properties of the materials used, like 
the size and concentration, as well as on the cell type in question (Florence et al., 1995; 
Desai et al., 1997; Zauner et al., 2001; Kidane et al., 2002; Panyam and Labhasetwar, 
2003; Win and Feng, 2005). The cell membrane is lipophilic and negatively charged; thus 
the surface charge and the hydrophobicity of the delivery system play important roles in 
drug delivery. When the drugs are bound to different polymers the molecular weight of the 
complex increases significantly, resulting in an altering of cellular uptake (Nori and 
Kopecek, 2005). Also external stimuli, like temperature and/or pH, can affect the cellular 
uptake of polymeric materials (Weigel and Oka, 1981; Fretz et al., 2004; Twaites et al, 
2004), as well as cell membrane or extracellular matrix proteins that regulate the adhesion 
of certain polymers (Drotleff et al., 2004). 

The drug concentration and the therapeutic effects of the drug can be increased in the 
disease state, and the side effects on normal tissues can be decreased with enhanced site-
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and/or tissue-specific targeting. By varying drug carrier components, altering the surface 
charge or sensitivity, attaching specific ligands or adjusting the particles to more 
monodisperse and spherical shape this goal can be obtained (Xiao et al., 2005; Huth et al., 
2006). Various non-toxic, non-antigenic and stable targeting ligands, like liposomes, 
proteins and enzymes attached to the polymeric carriers have been studied (Duncan 1999; 
Torchilin, 2006; Vicent and Duncan, 2006). Antibodies and carbohydrates for certain 
specific receptors at cell surfaces and folic acid, whose receptor is overexpressed in cancer 
cells, have been also evaluated as drug targeting ligands (Kopecek and Duncan, 1987; 
Zhang et al., 2004).

2.4.2 Poly(ethylene oxide) in drug delivery systems 

Drugs and their carriers are foreign materials in the body. They trigger an elimination 
reaction, which involves macrophages that recognize the xenobiotics and remove them 
from the body. This has resulted in attempts to enhance the pharmacological effects of 
drugs by particulate carrier systems, called stealth drug carriers, which possess stealth 
action against the defense mechanisms in the body, e.g. the macrophages (Stolnik et al., 
1995; Cruz et al., 1997). The surface of drug carrier particles can be modified in order to 
prevent the recognition by macrophages and to sustain the circulation in bloodstream. This 
can be attained, for example, by coating with natural agents, like polysaccharides 
(Lemarchand et al., 2006), or by grafting polymer materials on the particle surface. 
Typically, polymers that could be used for these kinds of systems should be 
biocompatible, soluble, hydrophilic, neutral, and possess a highly flexible main chain 
(Torchilin et al., 1994; Owens and Peppas, 2006). 

The most studied polymer in this field is poly(ethylene oxide), PEO. Due to its 
biocompatibility, PEO is one of the few synthetic polymers approved by the U.S. Food 
and Drug Administration Agency. PEO is known to be non-toxic, non-immunogenic, non-
antigenic and higly water-soluble (Veronese and Pasut, 2005). Incorporation of PEO-
chains by grafting, entrapping or adsorbing induces stealth-effect character that creates 
steric repulsion around the macromolecule or particle and, thus, increases further the 
biocompatibility of the material (Sofia and Merrill, 1997; Mosqueira et al., 2001; Ameller 
et al., 2003; Owens and Peppas, 2006). The PEO-chains are expected to shield the core 
from the adhesion of opsonin proteins onto the particle surface and preventing the 
phagocytosis (Figure 4). The stealth-effect and protection created by PEO is stated to be a 
combined effect of hydrophilicity, repulsive interactions (preventing the penetration of 
opsonizing proteins) and flexibility, i.e. free rotation of the individual polymer units that 
provide a shielding “cloud” over the surface of a particle, which prevents other 
macromolecules from interactions with the surface (Torchilin and Trubetskoy, 1995). 

PEO has been widely studied in biomedical applications and in pharmaceutical drug 
delivery due to the stealth-effect, which leads to prolonged residence time of a drug in the 
body (Stolnik et al., 1995; Otsuka et al., 2003). For example, PEO has been conjugated 
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with proteins or peptides that decrease the immunogenicity and increase the stability of 
proteins against degrading enzymes (Hershfield et al., 1991). Copolymers containing PEO 
have been used as low molecular weight drug-carriers (Cammas-Marion et al., 1999; Na et 
al., 2006; Hu et al., 2007). PEO has also been utilized as a diagnostic carrier (Duewell et 
al., 1991), and it has been bound with oligonucleotides, thus enhancing their stability and 
intracellular permeation (Jäschke et al., 1993). One limitation for use of PEO, like with all 
synthetic polymers, is its polydispersity (Veronese and Pasut, 2005). 

Figure 4. Advantages of PEO-chains (Modified from Veronese and Pasut, 2005).

Stabilization of the polymer particles against aggregation can be achieved by the aid of 
PEO (Otsuka et al., 2003). PEO has been shown to sterically stabilize also particles made 
from the thermosensitive PNIPAM (Virtanen et al., 2000) and PVCL (Laukkanen et al., 
2002; Verbrugghe et al., 2003a) at elevated temperatures. The influence of PEO-grafting 
on the phase behaviour of PVCL has been previously studied, and PEO has been found to 
decrease the phase transition temperature of PVCL (Yanul et al., 2001; Verbrugghe et al., 
2003b; Van Durme et al., 2004). This phenomenon has been explained by the fact that the 
hydrogen bonds between water and PVCL are weakened by PEO, which competitively 
interacts with water. However, the influence of PEO on the phase behaviour of PVCL 
weakens with increasing PEO content and crosslinking density (Verbrugghe et al., 2003b).

Increase in size reduces 
the regocnition 
and clearance

Increased solubility 
due to PEO hydrophilicity

Flexible
PEO-chain
increases the stability

The adsorption of opsonizing proteins is avoided and the core is shielded
with the steric repulsion, that prolongs the circulation time in the body 
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3 Aims of the study

The purpose of this work was to study the pharmaceutical properties and applicability of 
thermosensitive PVCL, poly(N-vinylcaprolactam) polymer. The experimental studies 
included preparation and characterization of drug loaded thermosensitive hydrogel 
particles, in vitro drug release experiments, polymer-cell interaction studies and 
cytotoxicity determinations. More specifically, the aims of this thesis were:

1. To study the in vitro toxicity of PVCL by using epithelial cell cultures.

2. To study the in vitro cellular interactions of PVCL-coated particles.

3. To study the effect of temperature on the drug release behaviour from the 
PVCL hydrogels; especially to study the loading and release of model drugs 
with different physico-chemical properties into and from the PVCL at different 
surroundings. The effect of physical stabilization to the release was also 
evaluated.

4. To study the effect of grafting the PVCL with PEO-macromonomers on 
cellular interactions and release behaviour of the model drugs. 

Properties and behaviour of the PVCL in cellular contact were compared to a more 
well-known thermosensitive polymer, poly(N-isopropylacrylamide), PNIPAM.
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4 Experimental

More detailed descriptions of the methods, the suppliers of the materials and the 
equipments used can be found in the respective papers (I-IV). The polymerizations and 
polymer characterization were performed in co-operation with the Laboratory of Polymer 
Chemistry, University of Helsinki. 

4.1 Materials

4.1.1 Model drugs (I, IV)

Model drugs in the drug loading and release tests with the PVCL-microgel (I) were 
nadolol, propranolol (hydrochloride) and tacrine (hydrochloride). In the release studies 
based on physical stabilization (IV), three different model drugs were used: nadolol, 
propranolol (hydrochloride), and ketoprofen. Chemical structures and physico-chemical 
properties of the model drugs are presented in Table 2. 

Table 2. Physicochemical properties of the model drugs used in the studies (I, IV); (Drayton, 1990; 
Hänninen et al., 2003; Jaskari et al., 2000; Kaliszan et al., 2002).

Model drug Chemical formula Molecular weight 
(g/mol)

pKa Log P

Nadolol

OH

OCH2CHCH2NHC
OH

OH

CH3

CH3

CH3

309 9.39 0.71

Propranolol
OCH2CHCH2NHCHCH3

OH CH3

259 9.45 3.65

Ketoprofen
O

CH3

OH

O

254 4.6 3.12

Tacrine

N

NH2

198 9.8 3.3
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4.1.2 Polymers (I-IV)

Materials 

The monomers, N-vinylcaprolactam, VCL, and N-isopropylacrylamide, NIPAM, (Figure 
5), were purified before use. The amphiphilic, non-ionic PEO-macromonomer, 
MAC11EO42, was prepared as described by Laukkanen et al. (2000). The surfactant used 
was sodium dodecyl sulphate (SDS) and the crosslinker was N,N-methylenebisacrylamide 
(BA). The initiator in the case of the PVCL microgel (I) was anionic potassium 
persulphate (KPS) that produced a charge to the polymer. The initiators used in the PVCL 
polymerizations in papers II-IV were 2,2’-Azo-bis-isobutyronitrile (AIBN) and 2,2’-Azo-
bis[2-methyl-N-(2-hydroxyethyl)propionamide] (VA-086). In the cases of fluorescent 
particles (III), styrene was used as a monomer in the particle core, and the fluorescent label in 
the core was fluorescein dimethacrylate (FDMA). 

Figure 5. Top: Chemical structures of the monomers, VCL, PEO-macromonomer (MAC11EO42,
composed of a hydrophilic PEO chain [42 ethylene oxide units], hydrophobic alkyl chain [11 
methylene units], and reactive methacrylate that is located at the hydrophobic end of the 
molecule), and NIPAM. Bottom: Chemical structures of the polymers, PVCL, the graft copolymer 
of VCL and the PEO-macromonomer (PVCL-graft-C11EO42) and PNIPAM. The PEO-
macromonomer content in the PVCL-graft-C11EO42 was 18 wt%, i.e. 1.5 mol%. The 
hydrophobic part of the PEO-macromonomer is located next to the main chain leaving the 
PEO-segment to the outer part of the polymer.
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Polymerizations and polymer characterization

PVCL microgel (I) was prepared by batch emulsion polymerisation. The VCL monomer, 
the surfactant (SDS), the crosslinker (BA) and water were transferred to the reactor and 
the initiator, KPS, was added to the solution to start the reaction. The polymerisation was 
carried out at 70 °C for 20 h. The resulting particles were purified by dialysis for 1 week. 
The synthesis is described in more detailed by Laukkanen et al. (2000 and 2002). In the 
cases of the linear polymers PVCL (II, IV), PVCL-graft-C11EO42 (II, IV) and PNIPAM 
(II), (Figure 5), solutions of the monomers were degassed with nitrogen. At appropriate 
polymerization temperature, the selected initiator (II) was injected into the solution. At the 
end of the polymerization, the mixture was cooled down and the polymer was isolated by 
extensive precipitations, purified by dialysis and freeze-dried. 

Size distributions and temperature-induced collapse of the microgel nanoparticles were 
measured by dynamic light scattering, DLS, (I). The molecular weights and molecular 
weight distributions of the polymers were determined by static light scattering (SLS) and 
by size exclusion chromatography (SEC), respectively (I, II). The phase transitions were 
defined with high-sensitivity differential scanning calorimetry (HS-DSC), (II). Nuclear 
magnetic resonance spectroscopy (1H-NMR) was used to ascertain the structure and purity 
of the polymers (II).

4.1.3 Preparation of fluorescent particles (III)

The fluorescent model core particles, (fluorescent polystyrene, FPS), were prepared by 
radical copolymerisation of styrene and FDMA in an aqueous emulsion. Surfactant, SDS, 
was dissolved in water and the monomers were added. The polymerisation was initiated 
by adding KPS to the reaction mixture. The PEO-macromonomer grafted particles, FPS-
PEO, were prepared by dissolving KPS and the macromonomer, MAC11EO42 in water, 
and styrene and FDMA were added. In the synthesis of FPS-PNIPAM, NIPAM and the 
crosslinking monomer (BA) were separately dissolved in the aqueous FPS seed particle 
dispersion and mixed. The polymerisation was initiated and carried out by following the 
procedure for the synthesis of FPS. In the synthesis of FPS-PVCL, VCL, BA, initiator 
(VA-086) and the FPS-dispersion were mixed. All the polymerisation reactions were 
allowed to proceed at 70-80 °C for 3 hours with stirring and stopped by cooling. The 
products were filtered and purified by dialysis. Schematic representation of the model 
particles can be seen in Figure 6. The incorporation of PNIPAM, PVCL or PEO-
macromonomer on the fluorescent particles was defined by infrared spectroscopy (IR), 
and zeta potential analyzer was used to determine the surface charges of the particles.
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Figure 6. Fluorescent polystyrene model particles used in the cellular interactions-studies (III). In 
FPS-PEO (left), the hydrophobic end of the macromonomer is located at the hydrophobic 
polystyrene core after grafting, leaving the hydrophilic PEO-part of the macromonomer at the 
surface of the particle.

4.1.4 Preparation of physically cross-linked PVCL-particles (IV)

Freeze-dried PVCL or PVCL-graft-C11EO42 (see section 4.1.2.) was added to the drug 
solutions (polymer concentration 150 mg/ml). Aqueous drug solutions contained 0.05, 
0.25 and 1.5 mg/ml of propranolol and nadolol, and 0.05 and 0.25 mg/ml of ketoprofen. 
Pure polymer solutions (150 mg/ml) without the added drugs were also prepared. The 
particles were formed when injecting the polymer-drug solution (23 °C) drop by drop into 
a preheated Hank’s balanced salt solution (HBSS)- N-2-hydroxyethyl piperazine-N’-2-
ethanesulfonic acid (Hepes, 10mM) buffer solution (37 °C, pH 7.4) containing a cross-
linker that stabilized the network structures (Figure 7). Salicylic acid as a model cross-
linker (2.5 mg/ml) was found to produce the most stable particles from all the cross-
linkers tested, and it could also be easily detected simultaneously from the same samples 
as the model drugs studied. The prepared polymeric particles were allowed to stand for 2 
hours at 37 °C in the cross-linker solution with a gentle agitation prior to the use in release 
experiments.



20

Figure 7. Schematic representation of the formation of physically cross-linked and stabilized 
PVCL-hydrogel particles (IV).

4.1.5 Cell cultures (II, III)

In vitro cytotoxicity (II) of the polymers was tested using intestinal Caco-2 and bronchial 
Calu-3 cell lines. Cellular interactions with the fluorescent model particles (III) were 
studied by using RAW 264.7 macrophages and the Caco-2 cells. All the cells were 
cultured in 75 cm2 culture flasks and maintained at 37 °C, at 95% relative humidity and 
5% CO2. Caco-2 and RAW 264.7 cells were cultured using Dulbecco’s modified Eagle 
medium (DMEM) supplemented with 10% fetal bovine serum, 1% L-glutamine, penicillin 
and streptomycin (both 100 µg/ml). Nonessential amino acids (1%) were further added to 
the medium for Caco-2 cells. Eagle’s Minimal Essential medium with Earle’s salts 
(EMEM) supplemented with 10% fetal bovine serum, 1% nonessential amino acids, 1% L-
glutamine, 1% sodium pyruvate, penicillin and streptomycin (both 100 µg/ml) and 1.5 g/l 
of sodium bicarbonate was used as a culture medium for the Calu-3 cells. Caco-2 cells of 
passages 32-45 and Calu-3 cells of passages 31-34 were used in the cytotoxicity tests and 
Caco-2 cells of the passage 36 were used in the cellular interaction studies. The cells were 
harvested using trypsin-ethylenediamine tetra-acetic acid (EDTA)-phosphate buffered 
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saline (PBS without Ca2+ and Mg2+). The cell suspensions were diluted at a density of 
5x105 cells/ml in MTT-assays, 2-2.5x105 cells/ml in LDH-assays, and 5x105 cells/ml in 
the cellular interactions studies. After dilution, the cell suspensions were seeded into 
sterile 96-well plates, 100µl/well. 

4.2 Methods

4.2.1 Cytotoxicity tests (II)

Cytotoxicity of the polymers was evaluated by using two different colorimetric methods, 
MTT- and LDH-tests, and the tests were performed with three PVCL-polymers of varying 
molecular weight, PVCL-graft-C11EO42, PNIPAM, and with the monomers NIPAM, VCL 
and PEO-macromonomer (MAC11EO42). 

MTT-test 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is a yellow 
tetrazolium salt that is reduced only in living, metabolically active cell mitochondria 
(Mossman, 1983; Hansen et al., 1989). After reduction, a violet formazan dye is formed 
and the amount of living cells can be quantitated spectrophotometrically. MTT-test has 
been found simple, sensitive and reproducible in the primary evaluation of the cytotoxicity 
(Sgouras and Duncan, 1990). In the MTT-tests, Caco-2 or Calu-3 cells were attached to 
the 96-wells, the plates were washed and the test solutions were added to the wells. The 
polymers or monomers were dissolved in HBSS, at concentrations between 0.1-10 mg/ml. 
The wells were incubated either for 3 or 12 hours at 23 °C or at 37 °C. After incubation, 
the samples were removed and 50µl of MTT-solution (2 mg/ml) was added. After 90 
minutes incubation at 37 °C the MTT-solution was removed. The blue crystals formed in 
each well were dissolved with 100µl of dissolving solution (11g of SDS dissolved in 
isobutanol-0.02M HCl; 50 ml both). Positive (SDS-HBSS solution at the range of 0.05-5 
mM) and negative (HBSS) control wells were treated similarly. Absorbance values from 
the wells were measured at λ= 550 nm with plate reader. Cell viability (as a % of the 
negative control) was calculated from the absorbance values.

LDH-test 

Lactate dehydrogenase (LDH) is a cytoplasmic enzyme that is not secreted outside the 
intact cells, but upon damage of cell membrane LDH leaks out. The release of LDH can be 
measured based on a colorimetric quantitation after an enzymatic reaction (Korzeniewski 
and Callewaert, 1983; Konjevic et al., 1997). LDH leakage was measured from the Caco-2 
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and Calu-3 cells by using CytoTox 96® Non-Radioactive Cytotoxicity Assay-kit. The cells 
in the 96-well plates were washed and the test solutions similar to the MTT-tests were 
added. The plates were incubated at 37 °C for 3 hours. After incubation, 50 µl samples 
were withdrawn from each well to a new plate and 50 µl of substrate mix -solution that 
initiated the enzymatic reactions was added, and the wells were incubated for 30 minutes. 
After that, the reactions in the cells were stopped by 1 M acetic acid. Absorbance values 
were measured at λ= 490 nm with the plate reader. Maximum LDH release after cell lysis 
and spontaneously released LDH in intact cells were also measured. Cytotoxicity of the 
samples was calculated as follows: 

Cytotoxicity (%) = (Asample–Aspontaneous) / (Amaximum–Aspontaneous) x 100, 

where Asample is the absorbance value for the cells that were treated with polymer samples, 
Aspontaneous is the absorbance value for the spontaneous release of LDH and Amaximum is the 
absorbance value for maximum LDH release in the lysed cells.

4.2.2 Cellular interaction studies (III)

The fluorescent polymer samples were diluted to a concentration of 20% (v/v) of original 
polymer dispersion with HBSS-Hepes (10mM, pH 7.4). The fluorescent core particles 
were observed to aggregate with divalent cations, so the uptake experiments were 
performed in HBSS solutions without calcium and magnesium. The RAW 264.7 
macrophages were exposed to the polymer dispersions for 3 hours either at 4 °C, 23 °C or 
37 °C, and the Caco-2 cells at 37 °C for comparison. After incubation, the polymer 
dispersions were removed and each well was washed properly with HBSS-Hepes. The 
cells were lysed with 20%(w/v) SDS in dimethylformamide-H2O (1:1). The polymer 
dispersions, washing solutions and lysing media were collected individually to new plates, 
and the amount of fluorescence was measured by fluorescence plate-reader at exitation 
and emission wavelengths of 485 nm and 535 nm, respectively. The results were 
calculated as µg of polymer particles per well surface area (µg/mm2) taking into account 
each initial amount of the polymer samples, which allowed comparisons between the 
polymers at different temperatures and between the two different cell lines. Cellular 
autofluorescence and the signals from the solvents were subtracted. For confocal 
microscope imaging, the RAW 264.7 cells were incubated with the polymer samples for 3 
hours at 37 °C on glass coverslips. After incubation, the cells were washed and incubated 
with fixative (PBS containing 1% paraformaldehyde, 100 mM L-lysine and 10 mM 
sodium metaperiodate). After that, the cells were rinsed and the glass coverslips were 
inverted the cell side down and the images were captured.



23

4.2.3 Drug loading and drug release tests (I, IV)

Loading and release into and from the microgel (I)

In vitro release tests with the PVCL microgel were performed using vertical Franz-type 
diffusion chambers. The drug-polymer-solutions (10: 100 µg/ml, respectively) were in the 
donor chamber (1 ml) and deionized water was in the receiver chamber (6.5 ml). Between 
the chambers was a semipermeable hydrated cellulose membrane (molecular weight cut 
off-value 3500). The release tests were performed at 20 oC and 40 oC, and the drug release 
across the membrane was measured for six hours. The withdrawn samples from the 
receiver chamber (300 µl at 15 min, 30 min and 1-6 hours) were replaced by deionized 
water. Diffusion of the drugs with no PVCL was also tested. The cumulatively released 
amount in six hours was calculated from the concentrations measured in the chambers in 
micrograms and as a percentage from the initial solution. 

Loading and release into and from the physically stabilized particles (IV)

After stabilization in the cross-linker (salicylic acid) solution, the PVCL or PVCL-graft-
C11EO42 particles were carefully transferred into a new vessel containing fresh release 
buffer, HBSS-Hepes (10 mM, pH 7.4). The temperature was adjusted to either 23 °C or 37 
°C, and the pH to either 7.4 or 3.0 depending on the experiment. The release of the drugs 
from the particles was monitored for six hours; at appropriate time intervals (10, 20, 30, 
45 min and 1-6 h) 100 µl aliquots were withdrawn from the release medium, and replaced 
with fresh buffer. The cumulatively released amounts of both the drug and the cross-linker 
were determined and the results were calculated as nanomoles and as percentages released 
with respect to the initial state. 
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4.2.4 Analysis of the drugs by HPLC (I, IV)

Drug concentrations in all the loading and release experiments were analysed by high 
performance liquid chromatography, HPLC. Descriptions of the HPLC-equipment used can 
be found in the respective papers (I, IV). HPLC-methods for the model drugs are shown in 
Table 3. 

Table 3. HPLC- methods for the model drugs used (I, IV). The flow rate was 1.0 ml/min., except in 
the case of ketoprofen-salicylic acid (1.5ml/min.).

Model drug Buffer (%) Organic phase (%) pH Wavelength (λ) Column"

Nadolol (I)*
25 mM Phosphate buffer 

(75) ACN (25)  3.4 223 Supelcosil-LC-18-DB 

Nadolol-Salicylic acid (IV)*
0.01% Trifluoroacetic 

acid (60) ACN (40)  2.1 270/240 Discovery-C-18

Propranolol (I)** 
2% Triethylamine-acetate 

buffer (65) ACN (35) 4.0 289 Supelcosil-LC-18-DB 

Propranolol-Salicylic acid (IV)*
0.01% Trifluoroacetic 

acid (78) ACN (22)  2.1 220 Discovery-C-18

Tacrine (I)*** 
1% Triethylamine in mQ-

water (78) ACN (22)  6.5 240 Supelcosil-LC-18-DB 

Ketoprofen-Salicylic acid (IV)*
0.01% Trifluoroacetic 

acid (44) ACN (56)  2.1 240 Zorbax Eclipse-XDB C-8
* A new method

** modified from Sutinen et al., 1990

***modified from Forsyth et al., 1998

"Supelcosil-LC-18-DB and Discovery-C-18: 150x4.6mm, particle size 5 µm.
"Zorbax: 150x4.6mm, particle size 5 µm.
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5 Results and discussion

5.1 Properties of the thermosensitive PVCL polymers (I-IV)

Linear polymers: The endothermic heat effect was detected with HS-DSC for the PVCL, 
PVCL-graft-C11EO42 and PNIPAM in dilute aqueous solutions indicating dehydration of 
the polymer chains upon heating above the critical temperature (Table 4), (II). The onset 
temperature, Tonset, of the endotherms was closely related to the cloud points of the 
polymers, where the polymer chains lose the majority of the water molecules bound to the 
polymer and the chains collapse, as described e.g. by Laukkanen et al. (2004). The 
aggregation temperature of PVCL is known to increase when the molecular weight 
decreases (Kirsh, 1998). This was detectable also for the PVCL samples; Tonset was 
slightly higher for the shorter PVCL. In general, hydrophilic comonomers, like the PEO, 
are known to increase the LCST, whereas hydrophobic comonomers have an opposite 
effect (Taylor and Cerankowski, 1975). This was the case also with the PVCL-graft-
C11EO42, as the Tonset was measured at a few degrees higher than with the PVCL-330. 
Although opposite results have been found with PEO as stated previously (Yanul et al., 
2001; Verbrugghe et al., 2003b; Van Durme et al., 2004), in this study the PEO was part 
of the macromonomer that contained also the alkyl chain, which inhibited the competing 
effect of PEO. Replacement of water by the cell culture buffer media was found to lower 
the phase transition temperatures of the polymer solutions. This finding is in good 
agreement with those by Schild and Tirrell (1990) and Schmaljohann et al. (2003), who 
found out that added salts lower the LCST of the polymer in solution.

Table 4. Characteristics of the linear polymers (II, IV). 

Microgel: The results of DLS measurements showed that the hydrodynamic radii (Rh) of 
the pure PVCL microgel particles were approximately 100 nm at 20 °C. It was found out 
that the more hydrophilic drug, nadolol, caused the PVCL microgel to swell less and to 
collapse at a much lower temperature than was the case with the more hydrophobic drugs, 
propranolol and tacrine (Figure 8). Also, nadolol was found to decrease the VPTT of the 
PVCL microgel. Moreover, the microgel particles that contained nadolol were compressed 

Sample Mw (g/mol) PDIa Tonset
b in H2O/in HBSS-Hepes

PVCL-1500 1 500 000  2.3  30.9/-
PVCL-1300 1 300 000  1.8  30.8/-
PVCL-330 330 000  1.6 31.7/30.3

PVCL-graft-C11EO42 300 000  1.7 33.6/-
PNIPAM 156 000  1.4 32.0/29.3

a Polydispersity index (PDI) 
b Tonset is the onset temperature of the DSC endotherms ± 0.1 °C
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into much smaller entities than the ones containing propranolol or tacrine. Both the 
hydrophobic drugs caused the polymer particles to swell considerably and the collapse 
occurred in a comparatively narrow temperature range (Figure 8). The charge of a drug 
has been found to affect the swelling and collapse of the thermosensitive polymer (Lowe 
et al., 1999), and now also the hydrophobicity of a drug was shown to play an important 
role as well. 

Figure 8. Effect of added drugs to the hydrodynamic radii (Rh) of the PVCL microgel as a 
function of temperature (I).

Core-shell particles: Coating and grafting had clear impacts on the surface charge and on 
the size of the fluorescent polymer particles (Table 5), (III). The FPS core particles were 
clearly anionic, whereas the grafted FPS-PEO and coated FPS-PNIPAM and FPS-PVCL 
particles were found to be virtually neutral. These measurements support the assumption 
that the PEO-macromonomer, PNIPAM and PVCL were bound to the FPS-core during the 
manufacture. Their incorporation on the fluorescent particles was ascertained also with IR. 
The particle size of the FPS was increased during the coating polymerisation by PNIPAM, 
and temperature dependent phase behaviour of PNIPAM was also observed from the DLS 
data. After the coating with PVCL, the size of the FPS-PVCL particles was only slightly 
increased, and no typical reduction of the size as a function of temperature was observed. 
The reason to the different behaviour of FPS-PVCL compared to FPS-PNIPAM may be 
related to the more hydrophobic nature of the VCL compared to the NIPAM. 
Consequently, a considerable amount of the VCL is most probably distributed into the 
FPS core before the initiation, and the formed polymeric coating layer is partially 
interpenetrated within the FPS matrix.
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Table 5. Characteristics of the fluorescent polymer particles (III).

5.2 Cellular toxicity (II)

MTT-tests demonstrated that an increase in polymer concentration from 0.01 mg/ml to 10 
mg/ml was not harmful for the cell survival in the cases of PVCL, PVCL-graft-C11EO42

and PNIPAM (Figure 9). At higher concentrations the phase-separated polymers at 37 °C 
were found to obscure the detection to some extent, as the values exceeded 100%. This 
was not seen at 23 °C. The cell membrane could also be concluded to be intact after the 
treatments with the polymers, evidenced by the low LDH-cytotoxicity values (less than 
10% at polymer concentrations up to 10 mg/ml). Different molecular weight of the PVCL 
samples did not cause any detectable effect on the cytotoxicity.

Figure 9. Cellular viability (%) of the Caco-2 cells. The cells were incubated 3h at 37 °C with 
the polymers or the monomers (n=3 ±SEM).

Sample Rh (nm, mean)a ζ (mV)b

FPS 22 -40±0.5
FPS-PEO 23 3±1.4

FPS-PNIPAM 58 3±0.6
FPS-PVCL 24 -1±0.9

a) Hydrodynamic radius, measured by DLS at 20 °C in pure water (n=3).
b) Zetapotential, measured by Zetasizer at 25 °C in HBSS-Hepes (mean ± sd, n=3).
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Concentration dependent decrease in cell viability was observed in the cases of VCL and 
NIPAM monomers (Figure 9). An evident reduction in cell survival in the MTT-test was 
found also in the case of PEO-macromonomer when the monomer concentration was 
increased above 0.5 mg/ml. Also when the temperature was raised (from 23 to 37 °C), a 
dramatic increase in the cytotoxicity of the monomers was noticed. The obvious high 
cytotoxicity of the monomers was increased even further, when the incubation time was 
raised to 12 hours. The isotonicity of HBSS after the addition of the monomers was not 
changed remarkably, therefore the effect of the solution osmolality to the cytotoxicity was 
considered as insignificant (Lindmark et al., 1995). The limited solubility of VCL in 
water, approximately 5 mg/ml (Kirsh, 1998), can partly explain the increased cytotoxicity 
compared to NIPAM. The more lipophilic VCL was attached more tightly to the cell 
membranes, thus decreasing the viability of the cells. Results of the LDH-tests with the 
monomers showed also severe damage for the cell membranes. However, no distinct 
cytotoxicity in the case of PEO-macromonomer was seen in the LDH-test. The apparent 
cause of the cytotoxicity was the ability of the amphiphilic macromonomer to act as a 
surfactant and to adsorb to the cellular surface and irritate the normal enzymatic cellular 
functions. However, the cell membrane itself remained intact, as could be concluded from 
the clear differences between the MTT- and LDH-test results. 

The viability of the cells was increased in the cases of PVCL and PVCL-graft-
C11EO42, when the tests were performed at 37 °C, above the LCST of the polymers
(Figure 10). Particles with a less hydrophilic surface, i.e. PNIPAM at 37 °C, behaved in a 
different manner: the cell viability was decreased compared to the situation at 23 °C.
(Figure 10). After a longer exposure time (12 h), a reduction in the cell survival was 
observed in the cases of PVCL and PNIPAM at 37 °C, while the viability remained at a 
high level with the PVCL-graft-C11EO42. PVCL and PVCL-graft-C11EO42 induced 
mitochondrial activity at 37 °C, which was seen as increased viability values compared to 
the control. This might have been a sign of subtoxic effects (Tötterman et al., 1997). The 
cytotoxicity of PVCL-graft-C11EO42 at 37 °C was even lower than with PVCL. This most 
probably was caused by the amphiphilic PEO-grafts on the surface of the collapsed and 
aggregated PVCL-graft-C11EO42. The grafted PEO-chains could create effective steric 
repulsion at the outer part of the polymer, which diminished the cell attachment and cell-
polymer interactions (Sofia and Merrill, 1997). 

Overall, neither of the cytotoxicity methods used gave any alarming evidence of 
cytotoxicity, so the thermosensitive PVCL polymers could be regarded relatively non-
toxic during the short exposure times at concentrations below 10.0 mg/ml. When 
comparing the different assays, however, one must keep in mind that the sensitivity of the 
assay is dependent on the mechanism of cell death; the LDH assay gives responses for cell 
membrane damaging agents, while the MTT assay shows responses to intracellular effects 
(Weyermann et al., 2005). It was further observed, that no significant differences in the 
cytotoxicities of the polymers were found between the Caco-2 and Calu-3 cells.
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Figure 10. Viability (%) at a concentration of 5.0 mg/ml, as measured by MTT-test using 
Caco-2 cells (n=3 ±sem). Incubation of the cells was performed either at 23 °C or 37 °C, for 
either 3 hours or 12 hours. 

5.3 Cellular interactions (III)

Cellular adhesion of the PVCL-coated FPS-particles with the RAW 264.7 macrophages 
was more than two-fold compared to that of the FPS core or the FPS-PNIPAM particles at 
37 °C (Figure 11). As the temperature was decreased, the interactions between the cells 
and the particles diminished, but again the highest cell association was found with the 
FPS-PVCL particles. Attachment of the FPS-PEO particles to the RAW 264.7 cell 
membranes was essentially negligible. 

Confocal microscope images suggested that the FPS-PVCL was associated mainly 
with the cell membranes and had not been internalized into the cytoplasm (Figure 12). In 
the case of FPS-PNIPAM, some fluorescent particles were seen evenly distributed inside 
individual cells, although most of the label was seen attached to the plasma membranes of 
the macrophages. In the case of FPS-PEO, hardly any fluorescence was detected, as the 
polymer particles were not attached to the cells, demonstrating the steric repulsion and 
rejection created by the PEO on the FPS-particles, which prevents the attachment onto the 
surface of the cells and the adsorption of proteins onto the surface of the polymer.
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Figure 11. The effect of temperature on the amount of fluorescently labelled polymer particles 
associated with the RAW 264.7 macrophages (µg/mm2) after 3 hours of incubation (n=10-18 ± 
SEM).

PVCL is known to adsorb many proteins (Kirsh, 1998), which may explain the stronger 
interactions. The cell membranes are full of proteins that could interact and form hydrogen 
bonds with the FPS-PVCL. Increase in the temperature induced dehydration and increased 
hydrophobicity of the PVCL, which could be observed as increased cellular associations 
of the FPS-PVCL at 37 °C. The lipophilic segments and hydrophobic surface on the 
polymer particles are known to contribute to hydrophobic interactions with the lipophilic 
cell membranes (Maassen et al., 1993; Sahoo et al., 2002; Nori and Kopecek, 2005). 
Another polyvinylamide, PVP, instead has shown only weak interactions with the cell 
surfaces (Kirsh, 1998). It was also found out that despite the negative charge repulsion, the 
FPS core particles displayed some attachment to the cell membranes. This was most likely 
also due to hydrophobic nature of the FPS core.

The relatively weak attachment of FPS-PNIPAM to the cells can be explained by the 
steric repulsion similar to FPS-PEO. In the case of FPS-PNIPAM, the reactivity of the 
crosslinker (BA) is higher than that of NIPAM, and the rate of radical polymerisation is 
faster (Wu et al., 1994). Thus, the amount of crosslinker at the surface of the FPS-
PNIPAM particles may be lower than in the core. As a consequence, linear, dangling 
chain segments with no crosslinker are most likely formed on the surface of the particles 
creating steric repulsion (Ballauf, 2003).

FPS FPS-PNIPAM FPS-PVCL FPS-PEO

C
e

ll-
a

ss
oc

ia
te

d 
p

ol
ym

er
 (

µ
g/

m
m

2 )

-5

0

5

10

15

20

25

30

4 °C 
23 °C 
37 °C 



31

Figure 12. Confocal scanning microscope images from the RAW 264.7 macrophages after 
incubation with the fluorescent samples. FPS-PVCL (a), FPS-PNIPAM (b), FPS-PEO (c), the 
control for the endocytotic pathway, fluorescein dextran (Lencer et al., 1990), (d). Scale bar 
20 µm.

It has been found out, that the steric repulsion of PNIPAM remains effective at 37 °C, 
although it could have been assumed that as the chains are compressed the repulsion is 
weakened (Laukkanen et al., 2002). PNIPAM chains at the outer surface did not entirely
collapse, although most of the PNIPAM layer was collapsed at 37 °C, as indicated by the 
DLS data. Recent results of other PNIPAM coated particles have shown that the phase 
transition shifts towards higher temperatures and that the temperature ranges of the phase 
transition are broader (Nuopponen et al., 2004; Shan et al., 2004; Andersson et al., 2006; 
Xu et al., 2006). Moreover, in PNIPAM microgel particles a shell of slightly cross-linked 
polymer chains containing more ionic groups than the core (coronal polyelectrolyte layer) 
has been linked to higher collapse temperature (Daly and Saunders, 2000). It was found 
out that also the FPS-PNIPAM was slightly anionic at 37 °C (zetapotential -7.0 mV at 37 
°C vs. +3.0 mV at 25 °C), thus assisting the maintenance of effective repulsion. 
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The magnitude of interactions of the FPS-PVCL and FPS-PNIPAM particles with the 
Caco-2 cells were significantly less than with the RAW 264.7 macrophages (37 °C, 3 h 
incubation). This most likely resulted from the barrier properties of the Caco-2 cells and 
from the surface characteristics of the macrophages that are rich in cell membrane proteins 
enabling opsonization, secrete cytokines and contain vacuoles in their cytoplasms (Nacife 
et al., 2000), thus being more responsive for the attachment of the thermosensitive 
polymers. No clear difference was seen between the cell lines in the cases of FPS 
(relatively high cell association) and FPS-PEO (negligible cell association).

5.4 Drug loading and release into and from the thermosensitive 
PVCL materials (I, IV)

5.4.1 Drug loading and release into and from the microgel (I)

The rate and amount of drug diffusion from the PVCL microgel across the cellulose 
membrane was found to be relatively constant for 6 hours. Incorporation of nadolol and 
propranolol into the PVCL microgel resulted in altered particle sizes and VPTT (Figure 
8), but the release and diffusion patterns across the cellulose membrane were similar. A 
clearly reduced drug release from the PVCL microgel was evident at temperatures above 
the phase transition temperature. The release at 40 °C was less than 1/3 of the amount 
released at 20 °C, where the PVCL microgel was in a swollen state. Without the microgel, 
the total released amount of pure nadolol across the membrane was clearly higher than that 
of the more hydrophobic propranolol at both temperatures (appr. 80% vs. 40%, 
respectively). When the drugs were incorporated in PVCL microgel, the effect of 
temperature was even more pronounced and the hydrophilic nadolol was still released 
more efficiently than propranolol in 6 hours (appr. 60% of nadolol released at 20 °C and 
15% at 40 °C vs. 55% of propranolol released at 20 °C and 10% at 40 °C, respectively). 
Tacrine differed from the two other drugs, as the release across the membrane was 
improved when the PVCL was present. At 20 °C, the amount of the released tacrine with 
PVCL was approximately 4-fold compared to the released tacrine alone, whereas at 40 ºC 
the increase was moderate, 1.5-fold. The result indicated that also the relative affinity of 
tacrine towards the polymer was increased with the temperature. 

The enhanced release of tacrine was because of the lack of interactions and H-bond 
formation between the tacrine and PVCL. Like tacrine, also propranolol (as a 
hydrochloride), produced high ionic strength and osmotic pressure of the polymer. 
However, lipophilic propranolol could bind to the polymer owing to hydrophobic
interactions and because of the hydroxyl and amino groups in the chemical structure. 
PVCL is known to bind alcohols well (Makhaeva et al., 1998 and 2000) and, thus, 
hydrogen bonds can be formed between the polar groups and PVCL. Because the 
hydrophobic interactions increase in strength with an increasing temperature, propranolol 
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was found more strongly bound to the PVCL-microgel above the VPTT. The interaction 
between nadolol and PVCL got also stronger with increasing temperature, showing the 
binding to be due to both hydrogen bonding and hydrophobic interactions as well. 

5.4.2 Drug loading and release into and from the physically stabilized PVCL 
particles (IV)

At 37 °C, the concentrated polymer solution droplets were solidified due to the partial 
dehydration and phase transition of the polymer chains above their LCST; water was 
squeezed out and the polymer droplets were collapsed, thus creating a physical network. 
At the same time, the drug was entrapped in the hydrogel. High concentration of the 
polymers was a prerequisite for the formation of the particles allowing the entanglement 
of the polymer chains already at lower temperatures. At high temperatures, the chains did 
not aggregate just by colliding to each other, but were already entangled and the whole 
droplet was held together forming a stable hydrogel (Kirsh, 1998). In pure water or HBSS-
Hepes buffer (no cross-linking agent) the unstable granules were aggregated over time and 
dissolved completely when the temperature was decreased. Aggregation is proposed to be 
due to absence of the electrostatic charge on the particle surface because of the non-ionic 
PVCL and the presence of potential hydrophobic interactions between the aggregated 
macromolecules (Markvicheva et al., 1991). 

Drug release from the particles was related to the concentration gradient. With all the 
drugs, the higher the concentration was in the drug-polymer loading solution, the higher 
was the release. The amount and rate of drug release were affected also by pH (drug 
ionization). At higher pH (7.4), more ketoprofen was released from both the particles than 
at pH 3.0 (Figure 13). The opposite effect could be detected in the case of propranolol 
base. The more lipophilic drugs, ketoprofen and propranolol, were released more 
efficiently from the PVCL and PVCL-graft-C11EO42 particles into the buffer solution at 37 
°C compared to the hydrophilic nadolol. The released amount of the cationic propranolol 
from the particles at pH 7.4 was of the same order of magnitude than the corresponding 
release of the anionic ketoprofen, so the different charge of the model drugs did not seem 
to affect the total amount of drug release.
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Figure 13. Ketoprofen release from the PVCL or PVCL-graft-C11EO42 particles at 37 °C at pH 
values of 7.4 and 3.0 (n = 3 ± SEM). Initial drug loading concentration was 0.25 mg/ml.

The drug release from the PVCL-graft-C11EO42 particles during the 6 h experiments was 
clearly attenuated when compared to the PVCL-particles with every drug studied. Also, 
the release rates of the drugs from the PVCL particles were faster with a burst-like effect, 
whereas the release rates of the PEO-grafted particles were relatively constant already 
from the beginning of the experiments, as can be seen in Figure 13. During the release 
experiments, also the cross-linker (salicylic acid) diffused out from the particles. Also the 
salicylic acid was released more efficiently from the PVCL particles in 6 hours than from 
the PVCL-graft-C11EO42 particles. The total amount of salicylic acid release from the 
particles was found to be less when the drugs were present. The release of the salicylic 
acid from the particles was found more efficient at pH 7.4 than at pH 3 due to higher 
ionization at the higher pH. If the particles were kept in the cross-linker solution, they 
remained intact also at room temperature. However, at 23 °C the release of the drugs to 
the buffer was instantaneous, as the stabilizing effect was not strong enough to prevent 
fast disintegration/dissolution of the particles below the phase transition temperature. 

The amount of model drugs entrapped in the particles was found to be higher in the 
PVCL-particles (55-80% from the initial amount), than in the PEO-grafted particles (10-
30%) in the cases of nadolol and propranolol. The particle-drug interaction was found to 
be stronger in the case of ketoprofen, as it was not released to the salicylic acid-solution 
from the particles within the two-hour stabilization. The recovery values (neutral pH) of 
propranolol and nadolol were from >70% up to 100%, whereas the recovery values for 
ketoprofen, especially in the cases of grafted particles and lower pH (3.0), were smaller. 
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Hydrogen bonding and hydrophobic interactions are known to have an important role 
in stabilizing the structures of thermosensitive interpenetrating polymer networks (Aoki et 
al., 1994) and in the formation of microspheres composing of pH/temperature-sensitive 
polymer complexes (Kim et al., 2001). Association of carboxylic acids and non-ionic 
polymers via hydrogen bonding forms interpolymer complexes that are recently 
considered as potential materials for pharmaceutical applications (Khutoryanskiy, 2007). 
It has been suggested that the carboxylic acids in different polymers form hydrogen 
bonded complexes with ether oxygens of PEO at acidic conditions (Miyoshi et al., 1996 
and Wang et al., 2005). Therefore, salicylic acid can also form complexes with the PVCL 
via the H-bonding of the carboxylic acid and hydroxylic groups of the salicylic acid and 
the carbonyl groups of the lactam ring of PVCL (Figure 7). As a consequence, a tight 
crosslinked net is formed. Hydrogen bonds between the stabilizer and PVCL-graft-
C11EO42 retarded the drug release even further. In that case the forming network was 
tighter, because the H-bonds could occur between the salicylic acid and PVCL, but also 
between the salicylic acid and ether oxygens of PEO, thus retarding the release. The dense 
structure of PVCL-graft-C11EO42 particles decreased also the released amount as 
compared to the more gel-like PVCL particles. 

Large number of PEO-macromonomer chains is buried inside the core of the particles 
(Figure 7). These chains bound the drugs in the core with hydrogen bonds, but also with 
hydrophobic interactions resulting from the attraction between the hydrophobic molecules 
in water, and this phenomenon was increased with increasing temperature. Moreover, the 
alkyl segments of the PEO-macromonomers could create hydrophobic pockets for the 
lipophilic drugs in the PVCL-graft-C11EO42 structures that retarded their release 
(Laukkanen et al., 2005). The release of nadolol was assumed to be retarded even further 
because it was bound to the polymers via phenolic groups (Laukkanen et al., 2005), 
forming similar tight complexes like salicylic acid.
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6 Conclusions

Various thermosensitive PVCL polymers were studied in the field of pharmaceutical and 
biomedical applications. The effect of PEO-macromonomer grafting on the properties of 
PVCL was evaluated and the PVCL was compared to another thermosensitive polymer, 
PNIPAM. The main conclusions drawn from the results of this study are: 

1. Thermosensitive PVCL is non-toxic in cellular contact during short exposure times, 
and enhanced cellular attachment is achieved with the PVCL coated particles 
(compared to PNIPAM).

2. By grafting PVCL with the amphiphilic PEO-macromonomer, the cellular toxicity is 
further diminished, because the polymer-cell contact is inhibited due to the steric 
repulsion created by PEO-macromonomer chains at the surface of the PVCL particles. 

3. Binding of various model drugs to the PVCL and PEO-macromonomer grafted 
PVCL polymers occurs via hydrogen bonding and via hydrophobic interactions. 
Temperature dependence to inhibit the release of the drugs was clearly 
demonstrated. Physico-chemical properties of the drugs and the environment affect 
the loading and release into and from the PVCL. 

4. Stable thermosensitive hydrogel particles of PVCL can be obtained by creating a 
tight net with physical cross-linking, thus affecting the release properties of the 
PVCL particles.

The thermosensitive nature and low cellular toxicity may open up several 
pharmaceutical applications for the PVCL and PVCL-graft-C11EO42 polymer materials 
in the forms of either enhanced cellular contact or stealth-carrier behaviour. 
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