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Abstract 

In this thesis, the focus is Pluronic triblock copolymers and their properties in different 

conditions, in relation to the development of an in situ gel formulation for the delivery of 

naltrexone. Pluronic type polymers with the same length PPO blocks and varying PEO blocks 

were studied in PBS and pure water in terms of their overlap concentrations with an Ostwald 

viscometer, and it was found that using PBS as solvent increased the overlap concentrations.  

Phase diagrams were made for Pluronic F127, P123 and L121 with the tube inverting method, 

in both solvents, and PCL11-Pluronic F127-PCL11 in PBS, and showed the presence of salts 

lowered the sol-gel phase transition temperature and prevented the gelation of  

PCL11-Pluronic F127-PCL11. The phase behaviour of the polymer with the surfactant SDS 

present was also studied and was shown to affect the polymer systems in different manners. 

The duration of Pluronic gel plugs were studied through a dissolution test. Gel plugs of 

Pluronic L121 did not dissolve within the time frame of the study, Pluronic F127 and P123 

dissolved within days.  

The release of naltrexone from Pluronic L121 gel plugs was studied after developing an 

adapted basket method. The naltrexone was quickly released from the gels with an initial 

burst release of approximately 40 % of the naltrexone within the first hour of release. 
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1. Introduction 

The overall aim of the project that this paper is a part of, is to develop a pharmaceutical 

formulation of a soft, injectable implant for the sustained delivery of the drug naltrexone.  

 

Figure 1: Chemical structure of naltrexone 

Source: Wikipedia, 2019 

https://en.wikipedia.org/wiki/Naltrexone  

Naltrexone is an opioid antagonist, the structure of which is shown in figure 1. It has a longer 

elimination half-life than its sister drug Naloxone, which is used to counteract respiratory 

depression after an opioid overdose, and for this reason, Naltrexone is the preferred opioid 

antagonist for use in long lasting formulations [1-3].The main use of naltrexone is the 

treatment of addictions through medically assisted rehabilitation schemes, both opioid 

addictions and other types of substance abuse, like alcoholism [2, 4]. Naltrexone is an opioid 

antagonist that blocks the µ-receptors on the surface of neurons, thereby inhibiting the effect 

of agonists like heroin and other opioids, and endogenous endorphins. Used on its own, in 

healthy individuals who are not opioid users, naltrexone has few noticeable effects[2, 3]. The 

effects that have been reported includes nausea, erectile dysfunction, fatigue, sleepiness and 

emotional disturbances[2, 3, 5, 6]. Figure 2 is an illustration of the actions of opioids and 

naltrexone on opioid receptors.    

https://en.wikipedia.org/wiki/Naltrexone
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Figure 2: A general illustration of the action of opioid agonists and antagonists on an opioid receptor. 

Sustained release formulations of naltrexone have been studied for their suitability in drug 

assisted rehabilitation programs. A review of the available research on the subject, along with 

results from clinical trials of a sustained release pellet formulation of naltrexone, have been 

compiled by N. Kunøe in 2010 [7]. This paper reports local effects on the implantation site 

being the main adverse effect of the implants used, and that classic hard implants were 

generally disliked by the participants in the studies. These problems might be limited by a 

softer, gel-based implant. Otherwise, the treatment was well tolerated and accepted by the 

participants. The reason to create long-acting opioid antagonist formulations to begin with, is 

to circumvent the problem with poor compliance among rehabilitation patients. An obvious 

problem, considering opioid antagonists prevents the patient from getting a “high” from 

opioids in addition to preventing life-threatening respiratory depression in the event of an 

overdose [7-10].  

From the studies in this review [7], it becomes apparent that there is a need for a long-lasting 

sustained release formulation for naltrexone that does not require minor surgery for 
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administration. The strategy to achieve this is using a thermo-responsive polymer that causes 

the formulation to transform from a solution to a gel in situ, as a matrix for the implant. In 

essence, the polymer should form a gel-network in response to body temperature. For this 

design to work, the polymer needs to have a gel-transition temperature above room 

temperature and close to body temperature, and the gel that forms needs to remain 

undissolved at the site of injection preferably for several months. 

In the earlier papers related to this project, a lot of work have been done trying to identify a 

suitable polymer for this task. M. T. Calejo et al combined Ethyl (hydroxyethyl) cellulose 

(EHEC) and amino acid surfactants.  This resulted in a complex system that relied on the 

nature of the surfactant and that was potentially vulnerable to the effects of salts. The 

resulting system may still hold some promise, and the amino acid surfactants were found to 

not be particularly cytotoxic in the quantities necessary in the formulation [11, 12].  

Systems containing Pluronic F127 and Pluronic F127-based polymers have been studied for 

the formulation of injectable implant by A. L. Kjøniksen et al. Pluronic is a thermo-reversible 

triblock copolymer with blocks PEO-PPO-PEO, and in this study only the hydrophilic 

Pluronic F127 of these polymers was studied. Pluronic F127 was modified using 

hydroxyethyl cellulose (HEC) and other polysaccharides to stabilize the hydrogels, however, 

the gels were too hydrophilic and could not be maintained for a sufficient amount of time to 

be suitable as matrix for the implant [13] 

N. S. Gjerde et al studied a modified version of Pluronic F127 with Poly(Caprolactone) (PCL) 

segments of different lengths attached to each end to increase hydrophobicity. This study 

focused on the physiochemical properties of the polymers and found that the length of the 

PCL-segments significantly affected the properties of the polymers. The most hydrophobic 

modified polymer was thought to be the best candidate for an implant [14].  

poly(-caprolactone-co-lactide)-poly(ethylene glycol)-poly(-caprolactone-co-lactide) 

(PCLA-PEG-PCLA) polymers with PEG-segments of different lengths were studied by  

J.E. Nielsen et al [15]. The polymers used in this study were synthesized specifically for that 

purpose in a limited amount, and the study focused on characterization of their properties. The 

investigation did not conclude whether the polymers were suitable, only that they were 

promising and in need of further research. 
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Pluronic has its advantages. It is a biocompatible, widely studied polymer, inexpensive and 

readily available for purchase [16]. There are many different types of Pluronic, and though the 

most popular types, like Pluronic F127, may not be suitable, it is worth investigating if one of 

the more hydrophobic types may fit the purpose.  

Aim 

The purpose of this project was to determine whether increasing the hydrophobicity of a 

Pluronic type polymer could increase the stability of its gels enough to be suitable for the 

formulation of an injectable implant. The project aimed to observe the effects of using a 

phosphate buffer as solvent, simulating the physiological conditions in the body, on the 

behaviour of these systems, in particular regarding temperature response and gelation. The 

intent was to be able to compare different Pluronic polymers of increasing hydrophobicity in 

both solvents, pure water and buffer. Pluronic F127 was known to not possess the slow 

dissolution rate necessary, and this had been examined before in relation to the same project 

by N. S. Gjerde et al [14]. However, Pluronic F127 would be included as a point of 

comparison. 

If a polymer was found to be sufficiently stable, it would be desirable to determine the release 

rate of naltrexone from the polymer matrix. This would be the maximum release rate and it 

could only be reduced by future addition of particles to the formulation. 

A gel plug dissolution test would be conducted to assess the stability of the gels, phase 

diagrams were to be constructed both in pure water and in phosphate buffered saline (PBS) 

and the overlap concentration (C*) would be determined in both solvents to compare the 

solvents effects on the polymers and ensure comparability between gel plugs of different 

polymers. Lastly, a release study would be done to determine the release rate of naltrexone 

from the gel plug formulation.  

The hypothesis before the experiments was that increasing the hydrophobicity of the polymer 

would increase the stability of its gels and that PBS would have an effect on the properties of 

the polymer solutions. A prospective formulation consisting of only the polymer gel and 

naltrexone was expected release the naltrexone quickly and possibly with an initial burst 

release.  
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1 Theory 

Stimuli Responsive Polymers 

A polymer may be classified as stimuli responsive if it exhibits substantial chemical or 

physical changes in response to external changes. Stimuli such as changes in pH or ionic 

strength, or the addition of other chemicals, are seen as chemical stimuli. These stimuli assert 

their effect on the system on a molecular level, while physical stimuli affect molecular 

interactions at certain critical points of onset. Physical stimuli include temperature changes, 

electric fields and mechanical stress. Many biopolymers are stimuli responsive, and synthetic 

block polymers can be intentionally designed to include stimuli responsive blocks as to add 

the characteristic to the molecule [17].  

1.1.1 Thermo-responsive Polymers 

For some polymers, temperature is critically important to the phase a polymer solution of a 

given concentration is in. Systems containing such polymers will undergo rapid physical 

changes when the temperature changes. These systems may have a lower critical solution 

temperature (LCST) and/or an upper critical solution temperature (UCST). These 

temperatures correspond to the temperature above or below which the polymer is no longer 

soluble in a specific solvent. LCST and UCST will be affected by other factors affecting 

polymer solubility, such as branching and molecular weight, and is not a constant for a 

particular kind of polymer[18]. 

Polymer molecules capable of forming hydrogen bonds are sometimes found to exhibit a 

LCST, above which the system will phase separate, however hydrogen bonds are not 

necessary for a polymer to exhibit a LCST. In the cases where hydrogen bonds are present, 

the hydrogen bonds between the polymer chains and the water may create a hydration layer 

around the molecules at lower temperatures, keeping the molecules in solution. Increasing the 

temperature will break these hydrogen bonds and hydrophobic forces between polymer 

molecules (or different regions on the same polymer molecule) may dominate, causing a 

macroscopic phase separation. The LCST must not be confused with the concept of Cloud 

Point Temperature (CP), which refers to the temperature of which a polymer solution 

becomes turbid, in other words, aggregates are formed from dehydrated polymer chains. 
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Though the CP is a phase transition temperature marking a loss of homogeneity and thus 

microscopic phase separation,  it does not mean a macroscopic phase separation happens [18].  

Thermo-reversible hydrogels are physical gels. They are held together by weak bonds such as 

hydrophobic interactions and/or hydrogen bonds, that are easily broken and reformed if there 

are changes in temperature conditions. Permanent gels, on the other hand, are crosslinked 

with covalent bonds, and will not be able to revert back to a solution phase with a change in 

temperature [17, 19]. There has to be a balance between the connectivity in a network and 

swelling [17, 20]. The connectivity can be provided by crosslinking, hydrogen bonds, ionic 

interactions and hydrophobic interactions between hydrophobic domains on the polymer 

chains. If the connectivity is too dominant within the system, it will cause a macroscopic 

phase separation to occur. In this paper from here onward, the concept of macroscopic phase 

separations will simply be referred to as phase separations. Domains of hydrophobic knotting 

in polymer networks can be referred to as microscopic phase separations, but this nomination 

will not be used in this text. Swelling can be facilitated by hydrophilic regions retaining water 

and repulsion forces within the network. If swelling becomes too dominant, transient 

networks will form, and the system becomes liquid-like [17, 21].  

Hydrogel networks can be quite similar to macromolecular networks found in human tissue, 

and hydrogels are often considered biocompatible because of this. Hydrogels may have a 

water-content of upwards of 80 wt % or more [20], and the aqueous nature of the gels makes 

them able to persist in the human body without provoking a negative response from 

surrounding tissue [22].  

Entanglements appear when the solution of a thermo-responsive polymer of high molecular 

weight and/or high concentration is brought towards the phase transition temperature, and the 

entanglement couplings may cause a hysteresis effect [23]. 
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Figure 3: An illustration of the self-assembly of triblock ABA copolymers in solution. Green sections 
represent hydrophilic blocks and red sections represent hydrophobic blocks. 

The triblock ABA conformation copolymers will form a gel first through forming micelles. 

Hydrophilic ends of the polymer chains will sprawl out from the micelles, and can work like 

arms, linking together adjacent micelles (See figure 3). When the solvent used is a good 

solvent for the A blocks, and a poor solvent for the B block, the B block will retract from the 

solvent, and B-domains from different polymer molecules will band into nodules, or micelles. 

Meanwhile, the A-blocks will remain relaxed in the solvent. As solubility of the polymer 

decreases due to temperature changes, inter-micellar interactions appear, and the micelles will 

start packing together in a network forming a gel. The solubility of the A-blocks decreases as 

the temperature gets closer to the critical solution temperature, causing the polymer chains to 

favour interactions with other polymer chains over contact with the water, increasing inter-

micellar interactions [17-19, 21, 24-33]. If the temperature is increased further above the 

solution-gel transition temperature towards the LCST, micelles will continue to grow denser, 

until the A-blocks are no longer sufficiently hydrated to keep the micelles dissolved, and a 

macroscopic phase separation occurs [17, 21, 33]. 
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1.1.2 In Situ Gelation 

Pharmaceutical formulations can be designed to form gels after entering the body by using 

materials that form gels in response to stimuli present in situ such as body temperature or pH. 

Several different polymers have been studied for this purpose including Pluronic, Poly (N-

isopropylacrylamide) (PNIPAAM), Chitosan, Alginate and Cellulose derivates [34].   

In situ gelation can be applied to deliver drugs locally and can be useful in pharmaceutical 

formulations, for example when targeting the eye. Formulations based on Pluronic F127 for 

intraocular injection have been investigated for sustained release of drugs to the eye, as these 

formulations can potentially deliver a higher dose over time than achievable with repeated 

administrations of traditional eye drops or ointments [35, 36]. In situ gel formulations have 

also been studied for systemic drug delivery. Injectable subcutaneous and intramuscular 

formulations have the potential to provide sustained release of drug substances and are less 

invasive than surgically implanted devices [34].   

The main difficulties facing the efforts to develop sustained release in situ gel formulations 

for parenteral use has been the stability or dissolution time of the gels, avoiding burst release 

of the drug substance and some issues with toxicity. The polymer solution used has to have a 

gelation temperature above room temperature and below 37 °C to ensure gelation happens 

after the injection of the drug formulation, in addition to unique challenges with each 

individual pharmaceutical formulation [37]. The sum of these issues can make developing 

these pharmaceutical formulations quite challenging. 
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1.1.3 Poloxamers 

 

Figure 4: Chemical structure of PEO-PPO-PEO triblock copolymer. Source: Wikipedia, 2019 

https://en.wikipedia.org/wiki/Poloxamer 

Poloxamers are triblock copolymer with the ABA configuration, of poly(ethylene oxide) and 

poly(propylene oxide). A hydrophobic PPO block is flanked by two hydrophilic PEO blocks 

(See Figure 4 for structure). There are many types of Poloxamers. The length of the different 

blocks, branching or stereoregularity can be customized to yield different properties. Pluronic, 

Synperonic and Kolliphor are tradenames for these polymers, and because Pluronic is the 

brand of poloxamer utilized in the experimental section of this work, Pluronic will be used to 

refer to poloxamers throughout the paper. Pluronic has a classification system based on the 

length of the different blocks and whether or not they contain stereoregular blocks etc. The 

name Pluronic will be followed by a letter to show the state of the pure polymer at room 

temperature, and a number indicating the molecular weight of the blocks and the ratio 

between them. The first two digits relate to the approximate weight of the hydrophobic block 

divided by 300. The third digit is the percentage PEO content divided by 10. For Pluronic 

F127 this means that the hydrophobic block weighs 3600 Da, and that PEO contributes to 70 

% of the total molecular weight.  

The toxicity of Pluronic has been evaluated, and it has been found to be a biocompatible 

polymer [16, 22, 38, 39]. However, it is not a biodegradable polymer, but it has been 

determined to be safe for medical use, as Pluronic F127 weighing 10-15 kDa or less are 

filtered by the kidney and thus eliminated through urine [40, 41], and it is reasonable to 

expect that other Pluronic polymers are eliminated the same way, provided the molecular 

weight is low. Solutions of Pluronic manifest different characteristics depending on the type 

of Pluronic polymer and solvent. Many types of Pluronic are surface active and self-assemble 

into micelles in aqueous solutions [21, 25, 27, 29]. For Pluronic solutions of sufficient 

concentration gelation can occur when temperature is increased, in other words, Pluronic 

forms thermo-responsive hydrogels. The gels formed by Pluronic are thermo-reversible, 

meaning they will revert to solutions when temperature is decreased [21, 26, 27].  

https://en.wikipedia.org/wiki/Poloxamer
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It is possible to modify Pluronic polymers further by attaching additional blocks to the 

polymer. PCL-Pluronic F127-PCL is such a modified polymer, where Poly(caprolactone) 

PCL blocks has been attached to both ends of Pluronic F127 molecules. In this case, the PCL 

segments has the length of 11 monomers. The details of this polymer are described in the 

work of N. S. Gjerde et al [14]. 

The Higuchi Theory 

Takeru Higuchi studied the rate of release of a solute, or drug from a matrix system. He 

visualized a system in which there were two regions, a region containing undissolved drug 

particles, surrounded by a region in which the drug was dissolved, with a gradient between 

them. In accordance with Fick’s law, this gradient would determine the release rate. As the 

particles of undissolved drug dissolved, this gradient would move as the particles reduced in 

size. This creates a “moving boundary” problem [42] . The equation his studies resulted in 

can be written as follows: 

𝑄 =  √𝐷𝐶𝑠(2𝐴 − 𝐶𝑠)𝑡  or  𝑄 =  
𝑑𝑀𝑡

𝑑𝑡
=  √

𝐷𝐶𝑠(𝐴−
1

2𝐶𝑠
)

2𝑡
 

Where Q is the cumulative amount of drug released from unit area surface at the time t, Cs is 

the solubility of the drug in the matrix, D is the diffusion coefficient and A the loading of the 

solute. The model describes the release rate when diffusion is the main mode of release from 

the matrix. This theory makes a few assumptions, including: 

- The loading of the drug (A) is greater than its solubility in the matrix (Cs). 

- The solvents resistance to mass transfer of drug away from the matrix is negligible.  

- The dissolution rate of the drug is higher than its diffusion rate. 

Since then, the model has been adjusted to fit different purposes and formulations, and there 

are many versions of this model that have been adjusted to situations where the assumptions 

above cannot be made. The model has also been adjusted to fit systems of different physical 

shapes, and membrane systems [42, 43]. 
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Intrinsic Viscosity and the Overlap Concentration 

The viscosity of a liquid can be described as the liquid’s resistance to flow and was defined 

by Newton as the relationship between the rate of flow and the stress applied to the liquid. 

This value is the dynamic viscosity of a liquid, however, viscosity can also be described in 

other manners. The intrinsic viscosity is related to the molecular weight of the polymer 

through the Mark-Houwink relationship: 

[ƞ] = KMα  α and K are constants for the polymer at a specific temperature.  

   M – Molecular mass 

The constants α and K in this equation can be determined using light scattering analysis or 

determined through the equation if the molecular weight is known [44]. 

One method for determining the intrinsic viscosity of a polymer is the Ostwald capillary 

viscometer, using dilute solutions of the polymer. An Ostwald viscometer is depicted in figure 

5. The liquid is being let flow down by the force of gravity 

through the capillary and the Time of flow between two menisci 

(A and B on fig. 9) is measured for both the solution and the 

solvent and the results are used to calculate the relative viscosity, 

which is the ratio between the viscosity of the solution and the 

solvent. The relative viscosity is calculated by: 

ƞ𝑟 =
𝑡1

𝑡2
  Where ƞr is the relative viscosity of the liquid, 

and t is the flow time.  

The intrinsic viscosity can be found by plotting (ƞr-1)/C against 

the concentration (C) and extrapolating the line to the zero-

concentration. The slope of this line divided by [ƞ]2 is known as 

Huggins constant, kH [45]. Huggins equation states: 

ƞ𝑟 − 1

𝐶
= [ƞ] + 𝑘𝐻[ƞ]2𝐶 

Where [ƞ] is the intrinsic viscosity. The equation is only valid for dilute concentrations, when 

[ƞ]C is much smaller than 1. The value of the Huggins constant indicates how strongly the 

polymer interacts with the solvent. Strongly positive relationships indicate a weak interaction 

Figure 5: An illustration of a 
micro-Ostwald Viscometer. 
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between polymer and solvent and vice versa. The overlap concentration C* can be calculated 

from the intrinsic viscosity [46]: 

𝐶∗ =  
1

[ƞ]
 

When the polymer concentration is higher than the overlap concentration, the concentration of 

the solution is in the semi-dilute range. Below the overlap concentration, the solution can be 

considered to be in the dilute concentration range. 

UV-VIS-Spectrometry 

Ultraviolet-Visible light spectrometry is an optical method for quantitative chemical analysis. 

The basic concept behind UV-VIS-spectrometry is based on measuring the difference in the 

intensity of light before and after a sample, where the substance of interest absorbs UV-VIS 

light to a higher degree than the solvent. Light can be described as a wave motion where the 

frequency v is the number of wave peaks passing a point during one second, and the distance 

between the peaks is the wavelength λ. 

𝑉𝑙𝑖𝑔ℎ𝑡 = 𝑣𝜆   

Where Vlight is the speed of light in a vacuum. 

Light in the UV-VIS spectrum has wavelengths between 10 and 780 nm, where the 10-200 

nm is known as the far-ultraviolet region, 200-380 nm the near-ultraviolet region and 380-780 

nm is the region of visible light.  

Light broken down into its smallest component, the photon, can be thought to behave like 

particles rather than waves. Atoms and molecules exist in energy states that may be changed 

through the absorbance or emission of photons, and the energy of the photon will depend on 

the frequency of the light, which is related to the wavelength as described above. Shorter 

wavelengths yield higher energy photons and vice versa.  
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Complex molecules with a high electronic energy density may be excited to another energy 

level by absorbing photons in the UV-VIS spectrum, while simple molecules, like those 

constituting most solvents, will to a far lesser degree absorb light in this spectrum. Different 

regions within the same molecule will absorb light of different wavelengths, depending on the 

energy contained in the region of the molecule. Samples can also scatter light, meaning the 

photons are nearly absorbed, but then re-emitted instantly in all directions. Figure 6 is an 

illustration of how a sample may interact with an incident light beam. In UV-VIS-

spectrometry, only absorbance and transmittance are of interest and scattering should be 

minimized, as the detector cannot tell the difference between scattering and absorbance. 

 

 

Beer-Lamberts Law states that the absorbance of light of a solution is proportional to the 

concentration of that solution. The law is only applicable for light of a very narrow band of 

wavelengths (monochromatic light).  

𝐴 = log (
𝐼

𝐼0
) = 𝑎 × 𝑏 × 𝑐 

Where A is the absorbance, I is the transmitted light intensity, I0 is the incident light intensity, 

a is the molar absorptivity coefficient which is a constant dependant on the nature of the 

molecule and the lights wavelength, b is the path length of the light through the sample and c 

is the concentration in the sample [47].  

Figure 6: Illustration of the incident light (I0) hitting a sample with concentration c, in a 
cuvette of width b, the transmitted light (I), and the scattered and reflected light from 
the sample. 



14 

 

Beer-Lamberts law can also be used to determine the turbidity of a sample. Turbidity is the 

degree of cloudiness of a sample, solutions may be turbid if they contain particles that scatter 

light. For polymer solutions, conditions that promote aggregation in the sample, such as 

unfavourable temperature, pH or solvent, may cause the solution to become turbid. Turbid or 

white gels are in a sense, not a gel phase, but almost a state of phase separation, as the 

network is made up of sedimented aggregates in addition to micelles [21]. The network is too 

dense and disordered to allow light to pass through without becoming reflected, absorbed or 

scattered, and the gel appears opaque or white. 

The UV-VIS-spectrophotometer uses a tungsten lamp as light source. These lamps emit a 

bright white light, that contains a wide range of wavelengths. The instrument has a 

monochromator situated before the sample space, which uses a series of mirrors and a 

dispersive grid element that filters out very narrow bands of wavelengths from the light. The 

entrance to the monochromator is a narrow slit to avoid over-exposure of the monochromator. 

The light leaves the monochromator. The monochromatic light is then sent through another 

narrow slit, moderating the beam sent towards the sample space, through the sample and 

towards the detector. The light intensity detected is amplified before the signal is treated by a 

computer and the result displayed to the operator [48]. Figure 7 is an illustration of the 

instrumentation. 

 

Figure 7: Illustration of how a UV-VIS-Spectrophotometer is configured. 
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2 Materials 

Chemicals 

The chemicals used were obtained from Sigma Aldrich and used without further purifications 

or alterations. The chemicals are listed in Table 1. 

Table 1: A list of chemicals used during the studies described and their lot/batch numbers. 

Chemical Specifications 

Naltrexone USP Standard Sigma Aldrich, Steinheim Germany, Lot: R064M0 

Sodium Dodecyl Sulphate 
Sigma Aldrich, Steinheim Germany. Batch nr:  

1297356 33406181 

Milli-Q Ultrapure (type I) 

water 

Produced locally using a Merck Millipore water treatment 

machine, Oslo, Norway 

KH2PO4 Merck KGaA, Darmstadt, Germany, KA6663780 533 

Na2HPO4 × H2O Merck KGaA, Darmstadt, Germany, Batch nr: A317873 

NaCl VWR Chemicals, Leuven, Belgium, Batch nr:13F130010 

NaN3 Sigma, Steinheim, Germany, Lot:123H0333 

 

Polymers 

The polymers used are listed in Table 2. The PCL-Pluronic F127-PCL used is the same as 

was synthesized for the work of N. S. Gjerde et al and the details of this can be found in their 

work [14]. These Pluronic polymers were chosen because they have the same PPO-block 

length and altering PEO-block lengths. The Pluronic polymers were purchased from Sigma 

Aldrich and used without further purifications or alterations. Information about the polymers 

is listed in table 3, lot/batch numbers and place of origin is listed in Appendix 1. 
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Table 2: Polymer specifications for PEO-PPO-PEO triblock copolymers Pluronic F126, Pluronic P123 
and Pluronic L121, and PCL-PEO-PPO-PEO-PCL. 

Physical 

State 
Formula 

PEO 

blocks 

weight 

(Da) 

PPO 

block 

weight 

(Da) 

Total 

Mw (Da) 
Name 

Flakes PEO106PPO70PEO106 8400 3600 12000 
Pluronic 

F127 

Paste PEO20PPO70PEO20 1740 3600 5800 
Pluronic 

P123 

Liquid PEO5PPO70PEO5 400 3600 4000 
Pluronic 

L121 

Flakes PCL11PEO106PPO70PEO106PCL11 8400 3600 14500 N11 

Solutions 

2.1.1 Phosphate buffered saline (PBS) pH 7.4 

The buffers used all contained 2.38 g/L Na2HPO4 ∙ 2H2O, 0.19 g/L KH2PO4, 8 g/L NaCl. In 

addition, a preserved version of the buffer, containing in addition 0.2 g/L NaN3, was also 

utilized in situations where preventing microbial growth was necessary. These were prepared 

by weighing each component and dissolving them in 1 L MilliQ water. After dissolution, pH 

was measured and, when necessary, adjusted to 7.4 using 0.1 M HCl. 

2.1.2 Polymer Solutions 

PCL-Pluronic F127-PCL Solutions 

 

Figure 8: The molecular structure of PCL-PEO-PPO-PEO-PCL pentablock copolymer n11. 

Solutions containing PCL-Pluronic F127-PCL (Structure shown in figure 8) with PCL length 

11 (n11) were prepared by weighing the amounts of n11 and solvent into a beaker containing 

a magnet, and then placing the mixture to stir on a magnetic stirrer in an ice bath for 2 days. 

These solutions were prepared prior to receiving a battery-operated magnetic stirrer which 
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could be placed inside a refrigerator, and the temperature in the ice bath was variable. The 

maximum soluble amount of this polymer in pure water was 10 wt %. 

Pluronic Solutions 

General Pluronic Solutions 

All solutions containing Pluronic had to be prepared partially at low temperatures. Pure 

polymer and solvent were weighed, a stirring magnet added, and the mixture set to stir on a 

battery-operated magnetic stirrer inside a refrigerator for 2-4 days, depending on the type of 

polymer and its concentration. If stirring could not be achieved, either due to the magnetic 

stirrer running out of battery power, or because multiple solutions were to be prepared at the 

same time, the mixtures could be placed in a refrigerator for 4-7 days without stirring to 

dissolve. Refrigerators had temperatures set to 4 - 6 °C. Gels were made by placing Pluronic 

solutions in an incubator at 37 °C. 

Pluronic Solutions Containing Sodium Dodecyl Sulphate 

Sodium Dodecyl Sulphate (SDS) was weighed and added to pre-prepared Pluronic solutions 

and stirred at room temperature until all the SDS had dissolved. Solutions containing low 

concentrations of SDS (5, 2.5 and 1 mM) were prepared by first dissolving SDS in MilliQ 

water, and then adding polymer, before placing the mixture in the refrigerator to dissolve the 

polymer.  

Pluronic Solutions Containing Naltrexone 

First, naltrexone would be dissolved in 250 µl – 350 µl 96 % ethanol, before being added to 

the PBS, and then heating the solution to 80 °C for 20 min to remove the alcohol. Lost water 

would be replaced, and the solution would then be cooled before polymer was added and 

dissolved at 4 °C as described in a previous section. 

2.1.3 Naltrexone Solutions 

Solutions without polymer, but containing naltrexone were prepared by first preparing a stock 

solution by weighing 70 mg naltrexone and 70 g PBS into a beaker, adding a stirring magnet 

and 2 ml 96 % ethanol (giving an ethanol concentration of 2.1 %, or 1.5 g of ethanol in total), 
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and heating the mixture to 80 °C while stirring until all naltrexone had dissolved. To ensure a 

close to complete evaporation of ethanol from the solution, it was kept at 80 °C for 90 

minutes. Lost water was then replaced.  

This method came into use after attempts to dissolve naltrexone without using alcohol had 

been found to be too time consuming and ineffective. The naltrexone concentrations used 

were no higher than 1 mg/ml, while the solubility reported by online resources [49] were 3 

mg/ml, and thus not expected to precipitate after the ethanol was removed. The ethanol 

evaporation rate is approximately 1 g/h in concentrations of 2 wt % ethanol, and 90 minutes 

were therefore considered to be adequate evaporation time [50]. The stock solution would 

then be diluted to the desired concentrations or used directly.  

Solutions were stored at 4 °C.  
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3 Methods 

Overlap Concentration Determination 

The intrinsic viscosity of the triblock copolymers Pluronic F127, P123 and L121 was 

determined using an micro-Ostwald viscometer method [51]. A list of the single use 

equipment and technical equipment used in this, and other experiments in this paper, are 

detailed in Appendix 1. 

Samples of different concentrations were prepared both in MilliQ Water and in PBS. Polymer 

concentrations in PBS ranged from 0.5 wt % to 4.5 wt % and in MilliQ water from 1 wt % to 

7 wt %. The analysis was done at 9 °C to ensure dissolution of the polymer. The 

concentrations were chosen through trial and error, to find concentrations that would give 

adequate differences in flow-times. 

The capillary was cleaned with distilled water and ethanol and dried with N2 gas prior to 

measurement and between each measurement. Solutions were filtered using a 5 µm 

membrane filter before they were loaded into the capillary. 2 ml solution was used in each 

measurement, and the solution was given a temperature adjustment period of 10 min before 

each measurement. An automated detection device was used to record the flow time. Each 

measurement had four runs, where the same solution was pumped back up the capillary and 

re-measured. Measurements on the pure solvents consisted of three replicates with four runs 

in each replicate for both solvents. 

Flow times were used to determine the intrinsic viscosity ([ƞ]) to calculate the overlap 

concentrations (C*) as described in the Theory Section.  

To determine the variance within the obtained C* values, the variance from the determination 

of [ƞ] was used, and the max-min values of [ƞ] by ± 1 × SE used to calculate the max-min C*. 

Because the overlap concentration is determined by [ƞ], it would be reasonable to think that 

the variance in [ƞ] would be representative of the variance in C*. If the difference in [ƞ] 

would be significant, it can be assumed that the same is true for the difference in C*. The 

significance of the difference in [ƞ] between solutions of the same polymer with different 

solvents was determined at a 95 % level. It has to be kept in mind that the power of these 

significance tests is low, because of the small number of samples. 
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Phase Diagrams 

The phase diagrams for the Pluronic triblock copolymers and modified Pluronic polymer were 

determined by the tube inverting method [52]. 

Solutions of different concentrations were prepared and transferred to 4 ml HPLC-vials. Each 

vial was fitted with a sealing cap and a piece of thick tape to keep the vials from sliding out of 

the rack. The water bath was cooled to 5 °C, and racks were stacked at the bottom of the bath 

to support the vials, while keeping their caps above the waterline to prevent water from 

seeping into the vials. The vials were then placed in the water for 10 min to ensure 

temperature equilibrium. 

After the 10 min had passed, each vial was removed and turned, and gelation was determined 

on the criterion of flow or no-flow over a period of 60 seconds. Turbidity was determined 

based on visual inspection in front of a coloured background. Phase separation was 

determined based on visual inspection of formation of a separate liquid phase. The transition 

temperatures were monitored at an accuracy of ± 1 °C. After inspection, the vials were placed 

back into the water and the temperature increased by 1 °C. The process was repeated at 1 °C 

intervals to 40 °C. 

Comparable phase diagrams of the Pluronic used in pure water solutions are available in 

literature [33], and a simplified method where 2 °C temperature intervals could be utilized 

when constructing phase diagrams for these polymers instead of 1 °C. The concentrations of 

the different polymers were based on the concentrations used in comparable phase diagrams 

from literature [33]. For PCL-Pluronic F127-PCL these ranged from 1 wt% to 10 wt %, for 

Pluronic F127 and P123 from 12.5 wt % to 30 wt % and for Pluronic L121 from 9 wt % to 

17.5 wt %. 

The phase diagrams for PCL-Pluronic F127-PCL n11 were constructed using the same 

method as with the pure Pluronic, but with 1 °C temperature intervals, to match the method 

used by N. S. Gjerde et al [14] and ensure easy comparability between the phase diagrams of 

the polymer in water made by them, and the ones constructed for this work in PBS. The 

concentrations were chosen to zoom in on an interesting area in the phase diagram by N. S. 

Gjerde et al, the concentration-range between 5 and 10 %, where there is a gel region and a 

solution region at different temperatures within the same concentration range. 
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3.1.1 Sodium Dodecyl Sulphate trials 

As it was theorized that an addition of sodium dodecyl sulphate (SDS) might clear up the 

turbid gels of Pluronic L121, an attempt was made to determine a concentration of SDS at 

which L121 gels would become clear. SDS was also incorporated into solutions of Pluronic 

F127 and Pluronic P123 out of curiosity. Solutions described in table 3 were prepared as 

written in the solutions section and placed in an incubator at 37 °C for first 1 hour. Gelation 

was determined on the basis of flow/no flow over 60 seconds, and the state of turbidity by 

visually inspecting the samples in front of a coloured background. 

Table 3: The solutions of PEO-PPO-PEO triblock copolymers Pluronic and Sodium Dodecyl Sulphate 
used to investigate a surfactants effect on the gelation of these polymers. 

Sodium Dodecyl Sulphate trials - Solutions 

Polymer solution  SDS Concentration mM 

Pluronic L121 17.5 % 1 mM 

Pluronic L121 17.5 % 2.5 mM 

Pluronic L121 17.5 % 5 mM 

Pluronic L121 17.5 % 10 mM 

Pluronic L121 17.5 % 25 mM 

Pluronic L121 17.5 % 50 mM 

Pluronic P123 25 mM 

Pluronic P123 50 mM 

Pluronic F127 25 mM 

Pluronic F127 50 mM 

Gel Dissolution Test 

To determine the dissolution time of the Pluronic triblock copolymer gels, the method 

described by A. Kjøniksen et al [13] was used, with the volume of PBS placed on gels 

adjusted to 10 ml to accommodate the swelling and floating properties of Pluronic L121. 

Solutions of Pluronic F127, P123 and L121 in PBS were divided into four parallels weighing 

5 g each in screw-capped 25 ml glass bottles and placed in an incubator at 37 °C until gels 

had formed in each of the bottles. Using an auto pipette, 10 ml PBS were then placed on top 

of the gels, and the gels returned to the incubator. At increasing time intervals, the PBS was 

removed, the bottles weighed and corrected for weight of the empty bottles, and fresh PBS 

placed back on before placing the bottles back in the incubator. This process was kept up until 

the gel had completely dissolved, or until 5 months had passed. 

The concentrations of the polymer solutions used to form the gel plugs are listed in table 4. 
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Table 4: PEO-PPO-PEO triblock copolymer solutions used to form gels for a gel dissolution study. 
Phosphate saline buffer (PBS) is the solvent in all solutions. 

Dissolution Test - Gels 

Polymer Concentration (wt%) 

Pluronic F127 20 % 

Pluronic F127 20 % 

Pluronic F127 35 % 

Pluronic P123 35 % 

Pluronic P123 35 % 

Pluronic L121 17.5 % 

  

Developing a Method to Study the Release of 

Naltrexone 

An issue with Pluronic L121 is the fragility of its gels. Using a conventional basket method 

would most likely destroy the gel plugs completely. The solubility of naltrexone is poor, and 

to achieve sufficient loading, the gel plugs had to be quite large, therefore another method had 

to be devised with the standard basket method as a model. The method was developed first in 

a separate trial, and the experiences from this trial was used in the final release study. 

It was decided that the gels should be stationary in 

their baskets, while the PBS solution would be in 

motion by slow stirring with a small magnet at the 

bottom of the container. To accomplish this, holes 

that fit the rods of the basket-hooks were drilled in 

caps of 100 ml bottles. The rods were secured in 

place with rubber rings on each side of the caps, 

ensuring that the baskets would not slide down to 

the bottom of the bottles, hitting the stirring magnet 

(see Figure 9). These bottles would then be placed 

in a water bath with a magnetic stirrer underneath 

at 37 °C and the lowest possible stirring setting.  

UV-spectrometry was used to determine the 

naltrexone content of the samples. A standard 

curve of naltrexone in PBS was constructed using 

Figure 9: Illustration of the set-up of each 
flask used in a release study of naltrexone 
from a gel plug formulation. 
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the naltrexone concentrations listed in table 5. To avoid possible turbidity of samples 

containing Pluronic L121, these had to be kept refrigerated, thus all samples were kept 

refrigerated, and because a hydrophobic polymer might have an affinity for the surfaces of a 

cuvette, single use cuvettes were used to ensure no cross contamination occurred between 

samples. The samples were analysed at 281 nm as had been identified in literature [53].  

Table 5: The standard solutions of naltrexone expressed as percentage  
of the total amount of naltrexone loaded into gel plugs in a  
release study, and as concentration in mg/ml 

 

 

 

 

 

 

The presence of L121 in the solution caused some difficulties, mainly to distinguish the 

signals from naltrexone and Pluronic L121. Therefore, all the samples were analysed anew 

with an additional wavelength, 232 nm, where the second absorption peak for naltrexone is 

located, as determined by reanalysing the standard solutions. The hope was that the 

interference from Pluronic L121 could be quantified and thus subtracted from the absorbance 

of the parallels.  

Spectrums of the 0.046 mg/ml naltrexone standard solutions and three standard solutions of 

Pluronic L121 were taken from wavelengths 200 to 700 nm. Side by side comparison of the 

standard naltrexone solution and 0.05 % Pluronic L121 solution can be viewed in Figure 10. 

A polymer concentration of 0.05 % is far higher than what could possibly arise in a sample 

from the release study, the concentration was chosen to gain an easily readable spectrum. In 

addition to these spectra, spectra of standard Pluronic solutions with concentrations 0.01 %, 

0.025 % and 0.05 % were also taken. The measurements on these standard solutions were 

repeated once. 

Standard Naltrexone Solutions 

Percentage of loaded 

naltrexone 

Concentration (mg/ml) 

133 % 0.0611 

120.8 % 0.0556 

100 % 0.046 

90.7 % 0.0417 

60.4 % 0.0278 

30.2 % 0.0139 

18 % 0.0083 
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These showed that the signal obtained from Pluronic L121 would not comply with Beers 

Law, as increasing the concentration did not proportionally increase the absorbance. Halving 

the concentration did not result in half the absorbance, as can be seen in figure 11. This might 

have been caused by micelles in the solutions scattering the light. The standards used were 

probably above the CMC for Pluronic L121, as hydrophobic polymers tend to have low 

CMCs, however 0.01 % was the lowest possible concentration to use for the standard curve, 

as a lower concentration would probably fall below the detection limit. If particles or 

macrostructures like micelles scatter the UV-light during UV-analysis, the scattered light is 

registered as absorbance by the detector. Using Beers Law to determine the relationship 

between measured absorbance and concentration relies on the signal being caused by 

absorbance and not scattering [47].  

One observation was that the “absorbance” obtained from Pluronic L121, be it from the 

standards or the blank parallels, remained at a constant low level at 281 nm (See Appendix 3 

for details). It was decided that the best way to isolate the approximate absorbance from 

naltrexone from the absorbance obtained from the samples, was to subtract the average 

“absorbance” of Pluronic L121 as measured of the standards at 281 nm. The second 

wavelength of 232 nm was no longer necessary. The purpose of the experiment was only to 

gain a basic understanding of whether or not the Pluronic L121 gel matrix could retain 

naltrexone, and a detailed release study was not required. The concentrations of naltrexone in 

the samples could then be calculated using Beer-Lamberts Law, though it must be stated that 

these calculations are not accurate, but adequate, in relation to the purpose of the experiment. 
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Figure 10: The UV-spectrums of 0.046 mg/ml naltrexone (top) and triblock copolymer Pluronic L121 (bottom). 

Figure 11: UV spectrums of triblock copolymer Pluronic L121 of different concentrations, green: 0.05 wt %, red: 
0.025 wt % and black: 0.01 wt % 
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Naltrexone   Release – Final Method 

Six bottles with caps were prepared as 

described in the previous section. Five 

of these were intended for gels 

containing naltrexone, and one for a 

blank sample.  

The blank was included to monitor any 

possible cross-contamination, as there 

was a risk of fluid from the parallels 

mixing during the transferring process. 

It was also included to monitor the 

levels of Pluronic L121 in the samples, 

as it was unknown whether small 

amounts of polymer would dissolve 

and accumulate in the parallels, 

possibly interfering more with the 

analysis. The bottles were filled with 

90 ml PBS and given a magnet, before 

being placed in an incubator at 37 °C. 

The empty baskets were also placed in 

the incubator before use to avoid 

having the gel plugs hitting cold metal 

during transfer. 

Samples with Pluronic L121 and Naltrexone weighing 5 g each were prepared as described in 

the Solutions section with a Pluronic L121 concentration of 17.5 % and naltrexone 

concentration of 1 mg/ml. Gels of these solutions were formed inside 10 ml glass bottles 

inside an incubator at 37 °C.  

The gel plugs were then transferred into baskets above petri dishes inside the incubator to 

avoid cooling the gels and catch solution dripping from the gels during transfer. The baskets 

were then attached to their rods and the caps screwed onto the bottles of PBS, which were 

then placed in the water bath at 37 °C (See Figure 12). The petri dishes and bottles were then 

Figure 12: Photograph of a test of naltrexone release from 
gels. The metal rods poking through the caps of the 
bottles are connected to baskets inside the bottles that 
holds the gels. The aluminium foil on the sides of the 
water bath protect the drug from light. The entire set up 
would usually be covered with an additional blanket of 
foil. 
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weighed to determine the total loss of material during the transfer process. Stirring was set to 

250 rpm, the lowest setting on the magnetic stirrer that could be kept regular.  

Samples were taken at increasing time intervals, the first after 1, 2 and 6 hours and then 

roughly every 24 hours up to 120 hours, using an auto pipette. Samples were placed in 

Eppendorf tubes. The samples were then centrifuged at 14000 rcf for 5 min at 22 °C, and the 

supernatant moved to new tubes which were placed in a refrigerator. After 15 min 

refrigeration, the samples were analysed by UV-spectrometry at 281 nm. 

The mechanism of release was expected to be based on diffusion, and because of this, the 

Higuchi model was chosen as a basis for the modelling of the data. The model includes 

factors not determined in the study, and thus a simplified Higuchi model was chosen. To 

accommodate the expected burst release, a burst release-factor was added to the model. The 

following model was fitted to the data:  

𝑓 = 𝑄 = 𝐾𝐻 × 𝑡
1

2 + 𝐵𝑅     

Where Q is the cumulative drug released per unit area over time, KH is the Higuchi diffusion 

constant (The Higuchi constant is comprised of the diffusion constant and polymer matrix 

properties, like porosity and tortuosity), BR the burst release and t is the time in hours [42]. 

The fitting procedure was repeated with different starting BR values (% released at t = 1 h, 

and t = 2 h) in order to ensure that the optimal result was obtained. 

This was the only model used, because other modes of release, like erosion was thought to be 

insignificant for this formulation, and the formulation did not contain undissolved drug, thus a 

dissolution step would not be needed in the model.  
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4 Results and Discussion 

Overlap Concentration 

The reduced viscosities determined by the measurements were used to obtain the intrinsic 

viscosities, which in turn was used to calculate the polymer overlap concentrations. The 

overall results are listed in table 6.  

Figure 13 shows the linear relationships between reduced viscosity and concentration for all 

polymers. Parallel linear relationships on the plots of reduced viscosity vs. concentration were 

what was expected and obtained from the pairs of Pluronic F127 and L121 polymer solutions. 

It is reasonable to expect this, as the properties of PBS as a solvent for these polymers cannot 

be widely different from that of pure water. Issues around instrumentation may have affected 

the measurement of Pluronic P123 in MilliQ water, as these measurements resulted in ƞr and 

C* values lower than expected, and a non-parallel relationship with its PBS counterpart. 

Inadequate temperature control is the probable cause of the problem. Most likely, the 

temperature in the bath at the time of these measurements, was closer to 6-7 °C than 9 °C, 

resulting in lower flow times (See Appendix 2 for details). 
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Figure 13: Plots of the reduced viscosities of triblock copolymers Pluronic F127 (a), P123 (b) and L121 
(c) plotted against the concentration in g/ml. 

  

Pluronic P123 in MilliQ water aside, using PBS as a solvent decreased the viscosity of the 

solutions and the overlap concentrations obtained where higher in PBS than in MilliQ water 

for all other polymers. The addition of the salts present in the buffer reduces the solubility of 

the polymer through the Hofmeister effect. The reduction in viscosity is probably due to 

contraction of polymer coils in the solution decreasing the resistance to flow through the 

capillary, compared to the more extended state of the coils in pure water. There would also be 

micelles present in the solution, and those would also be subject to contraction or swelling 

based on the solvent in the same manner. Micellar properties like the aggregation number was 

not determined for this work, because of time constraints. The effect on the overlap 
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concentration probably has the same cause. When polymer coils contract due to the presence 

of salts, a higher concentration will be required for the polymer chains to overlap.  

The Huggins constants calculated were high, indicating a weak degree of interaction between 

the polymer and the solvent. This is unsurprising considering both are polar solvents, and the 

polymers don’t have any hydrogen bond donors. Thus, a high Huggins constant indicates 

strong interactions within and between polymer molecules and often the formation of 

aggregates. 

The effect of the solvent on the intrinsic viscosity, and through it, the overlap concentration 

was found to be significantly different at a 95 % level for Pluronic P123 and L121, and not 

significantly different for F127. This should not be considered an absolute truth however, 

because of the low power of the test and the error in the Pluronic P123 MilliQ water data. 

This is also true for the span of C*max and min, which expectedly shows a broad range when 

based on few samples. 

Table 6: Results of measurements on triblock copolymers Pluronic F127, P123 and L121 using a Micro-
Ostwald Viscometer. The table includes (left to right): Polymer type, Type of Solvent, Intrinsic 
Viscosities ([ƞ]) and its standard error (SE), Huggins constants (K), Overlap concentrations (C*) and 
their maximum and minimum values, and p-value of the significance of the difference between 
solvents for each polymer at the 95 % level. 

Pluronic Solvent [ƞ] SE [ƞ] KH C* C*Max C*Min p 

F127 PBS 0.178 0.0011 0.87 5.63 6.97 3.05 0.233 

 F127 MilliQ 

W. 

0.185 0.0049 0.87 5.41 6.71 2.93 

P123 PBS 0.091 0.0052 3.83 10.96 13.58 5.94 
0.0068 

P123 MilliQ 

W. 

0.056 0.0007 1.95 17.86 22.13 9.67 

L121 PBS 0.099 0.0009 1.22 10.06 12.47 5.45 0.00008 

L121 MilliQ 

W. 

0.114 0.0002 0.8 8.74 10.83 4.73 
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Phase Diagrams 

The phase diagram of the PCL-Pluronic F127-PCL polymer n11 showed that this polymer did 

not form typical thermo-reversible gel in PBS. The connection between temperature and 

gelation was weak, and gelation depended mostly on concentration. Figure 14 shows the 

phase diagram constructed for n11 in PBS (a) and the phase diagram constructed by N. S. 

Gjerde et al of n11 in MilliQ water (b). The PBS diagram showed the phase transitions 

occurring at lower temperatures and concentrations compared to when pure water is used as a 

solvent in the phase diagrams by N. S. Gjerde et al [14]. The region N. S. Gjerde et al 

reported in their phase diagram for this polymer, where there are solution and gel phases at 

the same concentrations at different temperatures, was not found. In addition, the gel phase 

they found for concentrations of 10 % at low temperatures, were just regions of higher 

viscosity when PBS was used as solvent. It seems that the increase in polymer chain 

contraction, and thus loss of connectivity, with ions present prevents this polymer from 

gelation all together in PBS, even at the maximum concentration soluble, 10 wt %, the gel 

phase simply isn’t present in PBS.   

 

 

Figure 14:  a) Phase diagram of PCL(11)-Pluronic F127-PCL(11) polymer (n11) in phosphate buffered 
saline (PBS), b) Phase diagram of PCL(11)-Pluronic F127-PCL(11) polymer n11 in milliQ water from 
[14]. 
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The phase diagrams of the PEO-PPO-PEO triblock copolymers differed slightly between 

different solvents. Figure 15 shows the different phase diagrams obtained. The figures of the 

phase diagrams of Pluronic P123 indicates temperature intervals in which it was difficult 

telling whether or not there was a macroscopic phase separation happening. The solutions 

became turbid slowly, over a wide temperature range, making it hard to see whether a 

separate polymer phase had developed. This was easier for F127 and L121, as a gel phase 

preceded the phase separation for these polymers, and a separate liquid phase atop the gels 

was easier to spot.  
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Figure 15:    Phase diagrams of triblock PEO-PPO-PEO copolymers. a) Pluronic F127 in MilliQ water, b) Pluronic F127 in PBS, 
c) Pluronic P123 in MilliQ water, d) Pluronic P123 in PBS, e) Pluronic L121 in MilliQ water, f) Pluronic L121 in PBS.  
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When comparing the phase diagrams for the polymer solutions in MilliQ water and PBS, 

some differences become clear, in particular for the more hydrophobic polymers. The phase 

diagrams for Pluronic F127 seems quite similar. Since no significant difference in C* could 

be found for this polymer, it is probable that addition of salt in the quantities that are present 

in the PBS, have little effect on the system.  

The use of PBS as solvent seems to “move” the phase transitions to lower temperatures for 

Pluronic P123 and L121. The phase transition starts at lower temperatures and concentrations 

than when MilliQ water is used as solvent. This might be because of the Hofmeister effect. 

The solubility of the polymer is in essence reduced with the salt present, thus the temperature 

windows of each phase grows narrower. It may then seem contradictory that the phase 

diagrams show the sol-gel phase transition happening at lower temperatures when the C* is 

higher for Pluronic solutions in PBS than in MilliQ water, but a possible explanation for this 

could be that reduction in polymer chain hydration and thus solubility promote gelation after 

the connections between polymer chains have been established, because the conditions favour 

the hydrophobic interactions. Another aspect is that when the temperature is increased in 

PEO-PPO-PEO copolymers, the CMC decreases, and this is an effect related to the degree of 

hydration of the polymer chains the micelles consist of. In addition, the solubility of the 

hydrophobic block increases with temperature, which might partially hydrate the micelle 

cores [21], enlarging the micelles. This reduces the concentration and temperature necessary 

for gelation and the salts present in solution enhances this effect. Similarly, phase separation 

will occur sooner in PBS when increasing the temperature, because the loss of the hydration 

layer happens at a lower temperature. [25, 32, 33].  

Some support can be found in a study using the same three Pluronic polymers, comparing 

solutions in pure water and a solution containing Ethyl ammonium nitrate, which will have a 

salting-in effect. The opposite effect was found, the LCST was discovered at higher 

concentrations and temperatures in the ionic liquid than in pure water [54]. 

Based on the maximum soluble amount of Pluronic L121, to create gel plugs of the three 

Pluronic polymers in PBS with comparable concentrations as of C*, the ratio between the 

concentration and C* could be no higher than 1.7. This resulted in Pluronic F127 9.6 wt %, 

P123 18.6 wt % and L121 17.1 wt %, of which only the L121 solution had a high enough 

concentration to gel when heated to 37 °C. Because of this, using C* as a guide to ensure that 
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gel samples of all three polymers are of a comparable concentration turned out to be 

impossible. 

4.1.1 Sodium Dodecyl Sulfate trials 

Pluronic L121 being a white gel was hoped to be remedied by clearing the gel up using a 

surfactant. Though if surfactants were to be incorporated in a finished formulation, it must 

have been a non-toxic one, but it was not necessary to use a non-toxic surfactant for these 

simple tests. A well-known and easily accessible surfactant like sodium dodecyl sulphate 

would be adequate. The aim was to find an SDS concentration high enough to clear up the 

gels, but low enough that the gel still formed without losing too much apparent strength. The 

addition of SDS to solutions of Pluronic L121 inhibited gelation, even at SDS concentrations 

down to 1 mM. No amount of SDS achieved a clear gel, nor any gel at all. Figure 16 shows 

the samples of L121 17.5 % in PBS with different concentrations of SDS added, all of these 

samples had a low viscosity.  

Figure 16: Photograph of solutions of 17.5 wt % Pluronic L121 and differing concentrations of 
sodium dodecyl sulphate (SDS) in mM at 37 °C. 
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The effects of SDS on the Pluronic F127 solutions were unremarkable and produced no 

visible changes to the solution with 50 mM SDS, and an unstable gel/viscous liquid with 25 

mM SDS.  

SDS had a curious effect on solutions containing Pluronic P123, as the addition of SDS 

seemed to promote gelation, rather than inhibit it. When SDS was added to existing Pluronic 

P123 solutions, gelation would happen around the grains of SDS and slow the dissolution of 

the SDS. The effect was only centred around undissolved particles of SDS, indicating that the 

SDS was the cause rather than it being caused by some unknown factor. When Pluronic P123 

was dissolved in premade SDS solutions, the solutions would form gels at lower temperatures 

and concentrations than the solutions without SDS would. This is an interesting observation, 

but not strictly relevant to the subject of the project, as Pluronic P123 had already been 

excluded as a possible matrix for the formulation. However, out of curiosity, some searching 

in literature for the phenomenon was done. In one article was found that adding Span 65 to a 

Pluronic P123 solution increased the size of the vesicles formed [55]. Support for whether or 

not the same is true with ionic surfactants could not be found in this literature search. Though 

it is interesting to speculate if it is possible for surfactants of a certain size or type are able to 

“join” the micelles of triblock copolymers of a certain molecular weight without breaking 

them up, but rather enlarging them, thus lowering the CMC, not increasing it.  
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Gel Dissolution Test 

Figure 16 shows how the Pluronic gels dissolved over time. Gels of Pluronic F127 dissolved 

within four days and P123 dissolved within ten days, while gels of Pluronic L121 did not 

dissolve within the allotted time of 5 months.  

 

Figure 16: Dissolution of triblock copolymers Pluronic F127 (Black), P123 (Red) and L121 (blue) as 
expressed by the percentage remaining gel by weight against time in hours.  

It was expected that the Pluronic F127 gels would dissolve quickly, because it is such a 

hydrophilic polymer. It was thought that the Pluronic P123 gels would dissolve slightly 

slower, because even though P123 is more hydrophobic, it has less than half the molecular 

weight of F127, the entanglements in this gel might also unravel easily, and the dissolution 

profiles of these two polymers would be similar. 
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The polymer 

concentration of the 

plugs was chosen based 

on what was possible to 

dissolve according to a 

phase diagram found in 

literature [33] and that 

still would give a gel at 

37 °C, as the C*-

adjusted concentrations 

would not give a 

coherent gel for all 

polymers.   

The Pluronic L121 gels 

swelled when PBS was added, and this is why the gels gained weight above 100 % of the 

original weights before the first measurement. The Pluronic L121 gel plugs would sometimes 

float, suspended in the PBS (see Figure 17). Fraying of the gels could be seen after 336 hours, 

and would grow with the continued handeling of the gels. While the fraying of the gel was a 

problem during this experiment, it is not likely that it would cause any problems in vivo, as 

the gel would be compartmentalized, locked in by the surrounding tissue. Fluctuations of the 

weight of the L121 gel plugs as shown in figure 16 (Blue) was caused mainly by the difficulty 

with removing the PBS at each weighing. There is a possibility that frayed particles from the 

gels were picked up when removing the PBS, though care was taken to avoid this. The 

cloudiness of the PBS around the Pluronic L121 gel plugs that can be seen on figure 17, is 

caused by dissolved polymer, solutions of Pluronic L121 will become opaque even at very 

dilute concentrations at 37 °C.  

The difference in dissolution time between Pluronic P123 and L121 can be attributed to the 

hydrophobicity of the polymers. The more hydrophobic polymer will have stronger 

connectivity within the network.  

This study did not determine the actual duration of the Pluronic L121 gels. The lack of 

dissolution of the Pluronic L121 gel plugs means that a prospective gel formulation based on 

this polymer must be cleared from tissue by other means than simple dissolution, unless 

Figure 17: Photograph of the four Pluronic L121 17.5 wt % gel plug 
parallels at the end of the gel dissolution test, after 5 months in a 37 °C 
incubator. The placement of the gel plugs in the parallels to the right is 
coincidental, as all parallels had been floating at several points 
throughout the experiment. 
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another study finds that the duration of the gels has a reasonable limit, as the polymer has to 

be dissolved completely to be eliminated by the kidneys [40]. If no mode of dissolution or 

disintegration of the gel plugs at 37 °C can be found, the polymer would be unsuitable for use 

in a parenteral formulation.  

Naltrexone Release 

The results showed that the naltrexone loaded into gel plugs of Pluronic L121 17.5 % was 

rapidly released from the gels, first through a quick burst release of about 40 % of the 

naltrexone within the first hour, before a slower release of the remainder over the subsequent 

five days. Figure 18 shows the average results in this study, the equivalent graphs for each of 

the parallels can be viewed in Appendix 3. 

 

In general, the results reflected the expectations. The burst release was anticipated, as it was 

thought that there would be naltrexone dissolved in PBS on the surface of the gel plugs that 

would not be bound to any gel structure and would mix with the medium instantly after the 

gel plugs were submerged in it. The rapid release of naltrexone aside from the burst release 
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Figure 18: The release profile and model fit of the average naltrexone release from a Pluronic L121 17.5 % gel formulation, in percent 
released over time in hours. 
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effect were thought to have two causes. Firstly, the naltrexone was incorporated into the gels 

in a dissolved state, so there would be no dissolution step, the release would rely mostly on 

diffusion. Secondly, the size of the pores or openings in the polymer mesh in the swollen 

Pluronic L121 gels were thought to be so large compared to the size of naltrexone molecules, 

that it could not be a cause for significant retention of the molecules. It was expected that 

there would be some degree of hydrophobic interactions between the polymer and naltrexone 

that could cause some delay in the release rate. 

The model used was chosen based on the assumption that the mode of release would be 

mostly diffusion, and the model was adjusted to incorporate the burst release effect. Though 

the model fits for the first 55-60 % of the release or so. After this, the model underestimates 

the release until around 80 % released and then overestimates the rate of release of the 

remainder. According to the model, 100 % of the naltrexone will be released within 75 hours, 

while the number presented by the data themselves after 75 hours, is closer to 90 %. This is 

probably because the model is based solely on diffusion [42], while other effects that might 

have played a minor role in the release, like the naltrexone molecules sticking to the polymer 

chains through hydrophobic interactions, thus slowing the release. Erosion of the polymer 

matrix probably occurred as well. The break-down of the gel matrix was probably an 

accumulative effect, as the fraying of the gel increased over time. This damaging of the gel 

might have facilitated a faster release after a few hours had passed than what the model is able 

to anticipate. The sum of these effects can explain the systematic deviances from, and 

generally poor fit of the model.  

The method of the study of the release of naltrexone developed, as detailed in chapter 4.4, has 

a need for some improvements. Primarily, changing the method of analysis from a UV-

spectrometry method to a HPLC method would probably increase the accuracy of the results, 

but a HPLC method could not be investigated for this study due to time constraints. Another 

flaw with this study was its low number of samples. Increasing the number of samples 

through sampling every hour with an automatic sampling device would probably make the 

release profile easier to interpret and model, it is the 12-24-hour time period especially where 

more data would have been of interest.     
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5 Conclusion 

Increasing the hydrophobicity of the Pluronic polymers was found to increase the duration of 

its gels when submerged in or topped with PBS, and for one of the polymers, Pluronic L121, 

this increase was significant enough for the gel to be considered as a possible matrix for an in 

situ gel injectable implant. Using PBS as a solvent for the polymers reduced the sol-gel 

transition temperature, but also disturbed the gelation of one of the polymers, the modified 

Pluronic PCL-Pluronic F127-PCL. PBS also increased the overlap concentration of the 

polymer solutions compared to in pure water. 

The stability of Pluronic L121 plugs submerged in PBS made it possible to examine the 

release rate of naltrexone from these plugs. This study showed that, as expected, naltrexone 

was quickly released from the gels, with a burst release of around 40 % within the first hour, 

and the remainder over five days. 

Future Perspectives  

The duration of the Pluronic L121 gel makes it a good candidate for drug delivery, but more 

research needs to be done on the rheological properties of this gel, and a system containing 

particles has to be studied before it may be considered for any further steps in the process of 

creating the desired formulation. Another aspect about this gel that requires study, is how it 

would be eliminated from the tissue, and a longer study of the duration of the Pluronic L121 

gels may be necessary to determine whether or not the gel dissolves within a reasonable time 

frame for use in implants. 

The effects of the solvent on the micelles in the solutions were not studied specifically, and 

more research is needed to acquire the full picture regarding the effect of PBS on Pluronic 

micelles. To the best of the author’s knowledge, the effect of ionic surfactants on the self-

assembly of Pluronic P123 has not been studied in detail, and the observed effects in this 

study could be an interesting topic for future studies. 
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 Appendix 1 

Polymer specifications - Pluronic 

Polymer Supplier Batch/lot number 

Pluronic F127  Sigma Aldrich, Steinheim, 

Germany 

BCBW5376 

Pluronic P123 Sigma Aldrich, Steinheim, 

Germany 

MKCH4008 

Pluronic L121 Sigma Aldrich, Steinheim, 

Germany 

MKCD7016 

 

Technical Equipment 

Instrument Supplier Specifications 

pH-meter Mettler Toledo, Nänikon, Switzerland SevenCompact S220 

Magnetic Stirrer IKA, Staufen, Germany Topolino Mobil 36 172 00 

Magnetic Stirrer/Heater IKA, Staufen, Germany RCT Basic 

Viscometer System SCHOTT GERATE, Mainz, Germany AVS 310 

Micro-Ostwald Capillary SCHOTT Instruments, Mainz, Germany Osw.51610, Type 285404 203 

Incubator Termaks, Bergen, Norway Older Device, Sp. Unknown 

Incubator Termaks, Bergen, Norway B 9025 

Water bath SCHOTT GERATE, Mainz, Germany CT 050 

Water bath Julabo, Seelbach, Germany F12 

Water bath Julabo, Seelbach, Germany ED (v.2) 

Water bath IKA, Staufen, Germany EH2/ER Lauda 

Scale Mettler Toledo, Nänikon, Switzerland AG204 DeltaRange 

Centrifuge Eppendorf AG, Hamburg, Germany 5428  

UV-VIS Spectrophotometer Shimadzu, Suzhou, Jiangsu, China UV-2550 

Automatic Pipette Thermo Electron, Waltham, MA, USA U31661 4500 

Automatic Pipette Thermo Electron, Waltham, MA, USA U27916 4500 

Automatic Pipette Thermo Electron, Waltham, MA, USA U31616 4500 

 

Single use equipment 

Equipment Supplier Specifications 

Membrane Filter PALL, Prague, Austria 25 mm, 5 µm Versapor Membrane, 

6094184 

Syringe BD Plastipak, Madrid, Spain 10 ml, 302188 
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Appendix 2 

Comments on the Micro-Ostwald method for determination of the Overlap 

Concentration 

Determining the overlap concentrations for the Pluronic polymers was a time-consuming task 

with issues that might have affected the final results.  

Ostwald methods are meant to be used on dilute concentrations, and so measurements were 

first made on polymer solutions in the 0.01-0.1 wt % concentration range at 25 °C. In this 

range, all polymers will produce apparently non-turbid solutions. The flow times of these 

concentrations did not differ from those of the pure solvents. 

New solutions in the 0.5-7 wt % concentration range were made, and to avoid turbidity, the 

temperature was lowered to 11-12 °C, which was the lowest possible temperature for the glass 

water bath. This water bath had no cooling capacity, and the lowest temperature would be that 

of the tap water combined with the room temperature. However, the Pluronic L121 were still 

turbid at this temperature. It was decided to reduce the temperature another few degrees, but 

not too low, as this would again make the flow times too similar to those of the solvents. 

Another, smaller water bath with cooling capabilities was then hooked up to the circulation 

system of the glass water bath. The water from the smaller bath held a temperature of 5 °C 

and this gave a temperature of 9 °C in the glass water bath. The temperature control at this 

stage may have been lacking in vigor. The glass bath was refilled with cold water after the 

water in the other bath had been cooled to 5 °C. This might have made the temperature in the 

glass water bath as cold as 6 or 7 °C at first, before being brought the bath to 9 °C, which was 

the setting on the thermostat on the glass water bath. The first solutions to be measured with 

this system was the Pluronic P123 in MilliQ water solutions, and the results of these show 

evidence of error (This is described in chapter 5.1), probably due to this lapse in temperature 

control.  
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Appendix 3 
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