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Abstract 

Biodegradable poly(lactic-co-glycolic acid) copolymer, PLGA nanoparticles (NPs) with a 

surface layer of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock 

copolymers, Pluronics, are promising drug carrier systems. With the aim to increase the 

potential of targeted drug delivery the end group derivative of Pluronics was synthesized in a 

straightforward way to obtain Pluronic-amines. The formation of functional amine groups was 

confirmed by fluorescamine method and NMR analysis of their Boc-Phe-OH and Fmoc-Phe-

OH conjugates. Pluronic and Pluronic-amine stabilized PLGA NPs prepared by 

nanoprecipitation were characterized by dynamic light scattering and zeta potential 

measurements. All of the systems showed high colloidal stability checked by electrolyte 

induced aggregation, although the presence of Pluronic-amine on the surface decreased the 

zeta potential in some extent. The introduction of reactive primary amine groups into the 

surface layer of PLGA NPs while preserving the aggregation stability, provides a possibility 

for coupling of various ligands allowing targeted delivery and also contributes to the 

improved membrane affinity of NPs. 
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1. Introduction 

 

Extensive research went into the development of drug delivery systems in the past decades to 

reduce the side effects and enhance the therapeutic efficacy of drugs [1]. Biodegradable 

polymeric nanoparticles (NPs) offer the possibility for prolonged drug release as well as 

targeted delivery. Poly(lactic-co-glycolic acid) copolymers (PLGA) are preferred biomaterials 

because of their nontoxicity, biocompatibility and biodegradability [2,3,4,5,6]. PLGA readily 

forms NPs via the nanoprecipitation method as described by Fessi et al [7]. In most cases the 

drug is encapsulated into the polymeric particle and released in a controlled way by diffusion 

and erosion of the polymeric matrix  [8,9,10,11]. It was found however, that the hydrophobic 

character of the PLGA triggers the nonspecific adsorption of plasma proteins leading to the 

uptake of the particles by the mononuclear phagocyte system and hence their fast clearance 

from the body [12,13,14]. This undesirable process can be prevented by forming a 

poly(ethylene oxide), PEO corona on the particle to improve its surface biocompatibility 

[15,16,17,18]. Among the various techniques developed for surface immobilization of PEO 

the adsorption of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock 

copolymers, Pluronics is a versatile and convenient method to obtain PEO-rich surface on 

PLGA NPs. The hydrophobic PPO part of the molecule facilitates the anchorage of the 

surface modifier to the PLGA while the PEO chains form an outer layer introducing steric 

stability to the NPs [19,20,21,22]. In addition to reduced protein adsorption and reasonable 

colloidal stability the capability of NPs to cross cell membranes and intracellular barriers is 

also a requirement in drug carrier applications. Previous studies demonstrated that the 

presence of certain Pluronics on the surface of the PLGA NPs enhances the nonspecific 

membrane affinity of the system [23].  

The specific targeting needs the conjugation of appropriate biospecies to the surface of NPs. 

PLGA particles contain chain end carboxylic groups on their surface but these are small in 

number and not easily accessible because of the presence of the Pluronic molecules on the 

surface. The surface Pluronic layer on the other hand contains only hydroxyl groups at the 

chain ends which have limited reactivity under normal conditions. Introduction of reactive 

amino groups onto the surface would provide a convenient way for immobilization of the 

desired ligand.  
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Transformation of Pluronic end groups into amine is the aim of our work and furthermore to 

reveal whether this change influences the physico-chemical and drug carrier properties of the 

Pluronic stabilized PLGA NPs.  

Formation of amine end groups on PEO molecules can be achieved by various methods which 

usually involve two or more reaction steps. One of those is the conversion of the hydroxyl 

groups to halide or sulfonyl ester, followed by a reaction with excess amount of ammonia 

[24,25]. Another strategy for the introduction of amine functionality is by activating the 

hydroxyl groups followed by conjugation with diamines and polyamines [26,27]. A problem 

with these reactions is the possibility for secondary amine side product formation as well as 

the risk of cross-linking [28]. Harris et al. described a straightforward, two step reaction for 

the preparation of PEO-amines that involved mild reaction conditions with relatively safe 

reactants. Hydroxyl group is oxydised to aldehyde followed by reaction with ammonia in the 

presence of sodium cyanoborohydride [29].  

We adapted the latest procedure to the preparation of amine derivative of Pluronic block 

copolymers. The advantage of these cationic derivatives in surface modification can be 

twofold. The introduction of primary amine groups provides the possibility of further 

coupling allowing e.g. the surface immobilization of targeting ligands on the NP surface. In 

addition to that the presence of positively charged molecules on a nanoparticle surface 

enhances their nonspecific membrane affinity [23,30]. It is however, an open question how 

these cationic derivatives change the physico-chemical properties of PLGA NPs compared to 

the systems stabilized with Pluronics. The synthesis of Pluronic-amines and their application 

in the preparation of surface modified PLGA NPs relevant as drug carriers is described in the 

present work. The nanoparticles were characterized by their size, surface charge and colloidal 

stability. 

 

2. Experimental 

 

2.1.Materials 

Poly(ethylene oxide)/poly(propylene oxide)/poly(ethyleneoxide), PEO–PPO–PEO triblock 

copolymers, Pluronic F68 (M: 8400), Pluronic F127 (M:12 600) and Pluronic F108 

(M:14 600) (provided by BASF Hungaria Kft.), were applied as received. The composition of 

the polymers is characterized by the average length of the PPO chain (27, 56 and 44 
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monomeric units for F68, F127, and F108, respectively) and the length of the PEO chains (80, 

101, and 141 monomeric units for F68, F127, and F108, respectively). 

Poly(D,L-lactic-co-glycolic acid), PLGA with 50% of lactic and 50% of glycolic acid content 

(M: 50 000–75 000) was obtained from Sigma-Aldrich. Acetic anhydride, ammonium 

chloride, potassium hydroxide and sodium cyanoborohydride used for the chemical 

modification of the Pluronics were purchased from Reanal Ltd. Fluorescamine, hexylamine 

and pyrene used in the characterization of Pluronics were acquired from Sigma-Aldrich.  

N-(tert-butoxycarbonyl)-L-phenylalanine,9-fluorenylmethoxycarbonyl-L-phenylalanine, 

isobutyl-chloroformate(Sigma-Aldrich Kft, Budapest, Hungary) and N-methylmorpholine 

(Fluka,Buchs, Switzerland) were used for conjugation. Sodium chloride (Riedel de Haën), 

calcium acetate (Reanal Ltd) and all solvents were of analytical grade. 

 

2.2. Preparation of Pluronic-amines 

Primary amine terminated Pluronic derivatives were synthesized according to the method 

described by Harris et al. for the modification of polyethylene oxides [29]. First 0.4 mmol 

Pluronic was dissolved in 15 mL freshly distilled DMSO. Following complete dissolution 

3.7 mmol acetic anhydride was added and the reaction mixture was stirred for 30 h at room 

temperature. During this step the hydroxyl end groups of the Pluronic were oxidized into 

aldehyde form [31]. The reaction was stopped by precipitating the polymer in cold diethyl 

ether. After filtration the polymer was redissolved in dichloromethane then precipitated again 

in ether. The appearance of aldehyde groups was confirmed using Schiff reagent [32]. 

Pluronic sample was added to the reagent and the development of a rose color indicated the 

presence of aldehyde groups. 

0.15 mmol Pluronic-aldehyde with 3 mmol ammonium-chloride, and 0.02 g potassium 

hydroxide was dissolved in 5 mL methanol. 3 mmol sodium cyanoborohydride in 5 mL 

methanol was added to this solution slowly over 30 min. Then 0.1 g potassium hydroxide was 

added to the reaction mixture which was stirred for 24 h at room temperature. The reaction 

was stopped by precipitating the product in cold ether. After filtration the polymer was 

dissolved in water and purified by dialysis against double distilled water. The purified product 

was acquired following the liophilization of the aqueous solution. The Pluronic-amines were 

prepared in three independent batches. 

As a comparison the reactions were also carried out using water as a solvent instead of 

methanol. 
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2.2.1. Fluorescamine assay 

The transformation of hydroxyl groups of Pluronic into amine groups was detected with the 

aid of the fluorescamine assay, which is a sensitive method for the surveying of primary 

amines [33,34,35]. Samples were prepared in 0.1 M borat buffer at pH 9 with a polymer 

concentration of 0.2 g/L. 150 µL fluorescamine solution in aceton with a concentration of 

0.3 g/L was added to 3 mL of sample solution. The solution was vortexed for 10 s at 

1000 rpm. Fluorescent spectra of the samples were recorded with a Varian Cary Eclipse 

fluorescence spectrophotometer (right-angle geometry, 1×1 cm2 quartz cell). Monochromator 

slits were set to 5 nm and the excitation wavelength was 390 nm. Emission of the 

fluorescamin derivative of the Pluronic-amine was recorded at 486 nm. Degree of conversion 

of the end groups to amine was estimated from measurements using hexylamine as reference 

material. The measurements were carried out in triplicates. 

 

2.2.2. NMR assay 

All NMR spectra were obtained using a BRUKER AVANCE III 500 spectrometer operating 

at 500.131 MHz for the observation of 1H nuclei in a 5 mm inverse probe. All spectra were 

recorded at 27 °C in deuterated chloroform as the lock solvent. To quantify the spectra a long 

repetition time of 8.3 s and 30° pulse angle were used. 4096 transients were accumulated in 

order to get excellent sensitivity. 

 

2.2.3. Conjugation with amino acid 

The N-(tert-butoxycarbonyl)-L-phenylalanine (Boc-Phe-OH) and 9-

fluorenylmethoxycarbonyl-L-phenylalanine (Fmoc-Phe-OH) analogue of Pluronic F127-

amine were synthesized manually using mixed anhydride method. The polymer was dissolved 

in ice cold dimethylformamide (~20 wt%) and 500 equiv of the N-terminus protected amino 

acid and 550 equiv isobutyl-chloroformate and 4-methylmorpholinein dimethylformamide 

were added. The mixture was stirred for 2 h at room temperature then left in refrigerator 

overnight at 4 °C. The resulting polymer-derivatives were purified by repeated dialysis 

against doubly distilled water (Slide-A-Lyzer G2 Dialysis Casette, MWCO: 10 kDa, 

ThermoScientic, USA). 

 

 

https://www.google.hu/search?q=refrigerator&spell=1&sa=X&ei=vC5HVcaGCMGiyAPbooHQDg&ved=0CBkQvwUoAA
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2.2.4. Determination of critical micelle concentration 

The critical micelle concentration (CMC) of Pluronics and Pluronic-amines was determined 

by fluorimetric method using pyrene as fluorescence probe. Pyrene is a hydrophobic 

fluorescence dye which shows different spectral pattern in micellar and non micellar solution 

due its sensitivity to the polarity of the medium. 500 µL of pyrene solution in aceton with a 

concentration of 1.2 mM was added to 1 L of doubly distilled water and left overnight under 

stirring. A series of Pluronic solutions with increasing concentration were prepared using the 

filtered pyrene solution as medium. The concentration range was selected according to the 

CMC of the various Pluronics reported previously (Table 1) [36]. Samples were allowed to 

equilibrate for 1 h. The measurements were carried out with a Varian Cary Eclipse 

fluorescence spectrophotometer (right-angle geometry, 1×1 cm2 quartz cell) at 25 and 37 °C. 

The excitation wavelength was 320 nm with a monochromator slit width of 5 nm while 

emission slit was set to 2 nm. Ratio of intensity of the first (I1 at 373 nm) and third peaks (I3 at 

383 nm) is a sensitive parameter characterizing the polarity of the probe’s environment. 

Strong emission at 383 nm with low I1/I3 value indicates low polarity of the environment. 

Hence I1/I3 is expected to decrease at the onset of the micelle formation, reflecting a 

preferential solubilization of pyrene into a less polar microenvironment [37,38]. 

 

2.3. Preparation of Pluronic stabilized PLGA NPs 

PLGA NPs were prepared in triplicates by the nanoprecipitation method similar to that 

employed previously [23,39]. Briefly PLGA was dissolved in acetone at a concentration of 

10 g/L. 6 mL of the organic solution was added to 24 mL aqueous solution of Pluronic or 

Pluronic-amine under magnetic stirring (500 rpm). Pluronic concentration in the aqueous 

phase was 2 g/L. NPs were formed and stirring was continued overnight to achieve the 

complete evaporation of acetone. The aqueous PLGA sol was centrifuged at 3500g for 10 min 

to remove the possible polymer aggregates. The sol obtained as supernatant was further 

purified by centrifugation at 12 000g for 15 min where the supernatant was removed and the 

pellet containing the NPs was redispersed in doubly distilled water. This procedure was 

repeated three times in order to remove the dissolved Pluronic from the aqueous medium. 

 

2.3.1. Characterization of the size of NPs 

Average hydrodynamic size and polydispersity of the PLGA NPs were determined using a 

dynamic light scattering (DLS) system (Brookhaven Instruments, USA) consisting of a BI-
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200SM goniometer and a BI-9000AT digital autocorrelator. As a light source a Coherent 

Genesis MX488-1000STM laser-diode system operating at 488 nm wavelength and emitting 

vertically polarized light was used. Measurements were carried out at a detection angle of 90° 

and a temperature of 25 °C with nanoparticle sample appropriately diluted with doubly 

distilled water. The recorded autocorrelation functions were analyzed by the second order 

cumulant expansion method. 

 

2.3.2. Determination of zeta potential of NPs 

The measurement of electrophoretic mobility of nanoparticles was carried out by means of 

Malvern Zetasizer Nano Z apparatus at 25 and 37 °C. Smoluchowski approximation was used 

to calculate zeta potential from mobility values. Particles were surveyed in aqueous salt 

solution with constant ionic strength (2 mM NaCl). 

 

2.3.3. Characterization of colloidal stability of NPs 

The effect of ionic strength on the colloidal stability of PLGA nanoparticles was investigated 

by adding salt solutions with increasing concentration to the sols. Sodium chloride and 

calcium acetate solutions were used as coagulation media. Experiments were carried out at 25 

and 37 °C. Turbidity was measured with a spectrophotometer at a wavelength of 400 nm after 

incubation time of 15 min. The concentration of electrolyte which resulted in three times 

higher absorbance comparing to that of the original sol was used to estimate the critical 

aggregation concentrations (CAC). Higher CAC indicates the better colloidal stability of NP 

system. The electrolyte concentration was increased in 0.1 M steps during the experiments. 

No deviation was found in CAC during measurements of three separated batches. 

 

 

3. Results and discussion 

 

3.1. Preparation and characterization of Pluronic-amines 

Amine end group derivatives of Pluronic F68, F127 and F108 were prepared via reductive 

amination of the partially oxidized hydroxyl end groups (Fig. 1). Products were acquired with 

60–80% yield following the two step reaction. The exact determination of the conversion of 

the end groups of Pluronics poses a significant challenge. Mass spectrometry could not be 

employed due to the similarity in the mass of the amine and hydroxyl groups. Classical 
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analytical methods based on the determination of total nitrogen content were also not feasible 

because of the low nitrogen content (appr. 0.1 wt %) of the polymeric compound. 

Fluorescamine assay was employed as a selective and sensitive technique to obtain the amine 

content of the products. Fluorescamine, a nonfluorescent compound, reacts with primary 

amines to form pyrrolinones. Upon excitation at 390 nm these compounds exhibit strong 

fluorescence in the 450 to 550 nm range. Addition of fluorescamine to the products resulted in 

the formation of fluorescent species indicating the presence of primary amines. For the 

quantitative determination a calibration curve was recorded with hexylamine in the 

concentration range of 0–60 µmol/L while the Pluronic samples were measured at 0.2 g/L 

concentration (Fig. 2). The fluorescent spectra of the fluorophores formed from the Pluronics 

and hexylamine had similar shape. Only a slight shift of around 3 nm was observed between 

the intensity maxima of the two amine functional materials (Fig. 3). The method proved to be 

robust enough for the determination of the amine content of the samples as measured 

intensities were within 5% error range for the triplicate measurements. 

Taking into consideration the average molar masses and structure of the Pluronics the 

obtained end group amine conversions were 38%, 41% and 22% for F68, F127 and F108 

respectively with a standard deviation of 1-2%. The batch to batch reproducibility of 

conversion was also within 5% error. Since the chemical yield of the fluorophore is dependent 

to some extent on the structure of the amine [40] the acquired conversion values can be 

considered as approximates.  

The transformation reaction to prepare amino-functional Pluronic was repeated in aqueous 

medium instead of methanol. Only 8% and 14% conversion was determined for F68 and F127 

and practically none for F108. These findings indicate that the presence of water reduces the 

proceeding of the reaction. 

The presence and reactivity of functional amino groups on Pluronic molecules were 

investigated by conjugation with Boc- or Fmoc-L-phenylalanine. The success of the 

conjugation reaction was checked by ninhydrine test and TLC. 1H NMR spectra of the Boc-

Phe and Fmoc-Phe-coupled Pluronic-amines clearly indicated the appearance of aromatic 

hydrogens in the range of 6.5–7.8 ppm. The 1H NMR spectra of the Pluronic F127-amine and 

its Fmoc-Phe derivative is shown in Fig. 4. 

The strong singlet peak at 3.65 ppm belongs to the CH2 groups of the PEO blocks. The two 

complex multiplets with 2:1 intensity ratio in the range of 3.3–3.6 ppm are the signals of -CH-

CH2- protons of the PPO block while the peak at 1.14 ppm belongs to PPO methyl groups. 
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The amine derived Pluronic F127 exhibits a broad signal at 2.434 ppm, which indicates the 

presence of terminal amine groups. 

Pluronic F127-Phe-Fmoc shows very similar signals to the amine derived F127 in the 

spectrum ranges given above. The major difference is the vanishing amine signal at 

2.434 ppm and the new aromatic protons in the range of 7–8 ppm. There are new weak proton 

signals in the 4.0–5.5 ppm and 2.5–3.3 ppm regions which belong to the aliphatic protons of 

the terminal Phe-Fmoc groups. 

The aromatic region contains the multiplets of the ABCD spin systems of the two terminal 

fluorenyl groups and a strongly overlapping signal of the AA'BB'C system of the phenyl 

groups. The well separated doublet at 7.763 ppm belongs to the overlapping aromatic protons 

in positions 4 and 5 of the fluorenyl group. 

 

As amphiphatic block copolymers Pluronics self-associate in aqueous solution forming 

micellar type aggregates. The concentration range where this association becomes dominant is 

a characteristic parameter depending on the composition of the molecule and environmental 

conditions as well. The critical micelle concentration (CMC) of Pluronic F68, F127 and F108 

and their amine derivatives were determined in aqueous solution at two temperatures using 

the pyrene fluorescent probe method. Increasing the concentration of Pluronics a large 

decrease begins in the I1/I3 values after a given point indicating the appearance of 

hydrophobic domains due to the formation of micelles (Fig. 5). At the end of this transition 

concentration range the solubilization of pyrene reaches the saturation which is represented by 

steady low value of I1/I3.  

To resolve a definite concentration value of CMC the measured points were fitted with a 

decreasing Boltzmann type sigmoid, which is given by 

  2/
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where the variable y corresponds to the I1/I3 values, while x is the total Pluronic concentration. 

A1 and A2 are the upper and lower limiting values, x0 is the centre of the sigmoid and Δx is the 

width of the sigmoid. According to Aguiar et al. the CMC should be given as x0 if the ratio 

x0/Δx < 10 and as (x0 + 2Δx) otherwise [41]. Since the x0/Δx < 10 condition was valid in all of 

our cases x0 was selected as CMC. The determined CMC values are shown in Table 1. 

CMC values obtained for Pluronics F127 and F108 at 25 °C are in accordance with the results 

of other studies being within the range reported previously [36,42,43]. That is valid for 
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Pluronic F68 too, which did not show association in the investigated concentration range up 

to 100 g/L. 

Considering the Pluronic-amines the CMC of the amine derivatives were found to be in the 

same concentration range as the corresponding starting material signifying that the present 

chemical modification of the end groups does not change the association behavior of the 

Pluronics. Comparing the shapes of I1/I3 vs concentration curves for the Pluronics and their 

amine derivatives however some differences can be observed (Fig.5). The transition of the 

pyrene probe from a hydrophilic to a hydrophobic environment occurs over a relatively wide 

concentration range especially for the amine derivatives which could be related to the 

dispersity of the polymer. This makes the determination of the CMC defined as the centre of 

the fitted sigmoid somewhat ambiguous. That might be the explanation for the shift of CMC 

values given in Table 1.  

As it is characteristic for PEO-containing surfactants in general a decrease in the micellization 

concentration was observed at higher temperature. The decrease of CMC is about one order of 

magnitude in the 25-37oC temperature range studied here.  

 

3.2. Preparation and characterization Pluronic stabilized nanoparticles 

Pluronic and Pluronic-amine stabilized PLGA nanoparticles were prepared by 

nanoprecipitation. The NPs obtained applying Pluronic F127 and Pluronic F108 as well as 

their amine derivatives were characterized by dynamic light scattering and zeta potential 

measurements. The average hydrodynamic diameter (d), polydispersity (PD) and zeta 

potential (ζ) of the particles are collected in Table 2. 

Mean diameter of the particles was around 115 nm regardless of the stabilizer used. All 

samples showed a narrow size distribution with PD values below 0.1. The particles had a 

negative zeta potential due to the carboxylic end groups of the PLGA chains located on the 

particle surface and partly covered by Pluronic layer. The usage of Pluronic-amine decreased 

the potential which was valid for both Pluronics and at both temperatures investigated. That 

decrease in zeta potential is clearly due to the presence of protonated amine groups of 

Pluronic-amine.  

Bare PLGA particles are stabilized in aqueous solution by electrostatic interactions due to 

their negative surface charge [44]. The stability of such systems vanishes above a certain 

electrolyte concentration due to the screening effect of ionic strength. Aggregation in these 

systems happens at as low NaCl concentration as 0.03 M [23]. The role of Pluronic stabilizer 



13 

 

however, is to give steric stability of NPs, making the colloidal system less sensitive to the 

variation of electrolyte concentration in the medium.  

Colloidal stability of the Pluronic stabilized PLGA NPs was tested by measuring the turbidity 

of sols at different electrolyte concentrations in their aqueous media. The determined CAC 

values are listed in Table 3. 

All samples showed a highly increased colloidal stability compared to the pure PLGA NP 

system. This is due to the steric stabilization by the Pluronic adsorption layer on the NP 

surface. Particles stabilized by Pluronic F127 and its amine derivative retained their stability 

at all concentrations that were tested, with NaCl up till 2.5 M regardless of temperature. The 

particles stabilized with Pluronic F108 and F108-amine showed a slightly reduced but still 

remarkably high CAC values. These systems aggregated only around 2 M NaCl. 

Destabilization occurred earlier at 37 °C due to the fact that the hydrophobic interactions 

become more prominent between PEO chains with increasing temperature leading to a 

decrease in the hydration of the Pluronic adsorption layer [45,46]. Ca-acetate was also used as 

electrolyte to test the effect of divalent ions on the colloidal stability of the NPs. Due to its 

lower solubility the concentrations up till 1.0 M were tested. NP systems stabilized by 

Pluronic F127 were stable, but aggregation occurred in systems where Pluronic F108 was 

applied. The slightly less stability obtained for all NP systems with Pluronic F108 or Pluronic 

F108-amine comparing to the corresponding Pluronic F127 samples is probably due to the 

difference in chemical composition, the block ratio and hence in the structure of adsorption 

layers. It is important to note, however that practically no difference was observed in the 

stabilization potential of Pluronics and their amine derivatives, both forms were effective. 

 

4. Conclusions 

End group derivative of various Pluronics were synthesized in a simple chemical procedure to 

obtain Pluronic-amine. The formation of the product was confirmed by the fluorescamine 

method and NMR analysis of the Boc-Phe-OH and Fmoc-Phe-OH coupled derivatives.  

As verified by the CMC measurements the chemical modification did not alter significantly 

the polarity and association property of the molecules in aqueous environment. 

The Pluronic-amines were applied as steric stabilizers for PLGA NPs prepared by the 

nanoprecipitation technique. The particles formed were in the 110–120 nm range making 

them ideal for drug delivery applications. No significant changes were observed in the size of 

the particles when the original Pluronics and their amine derivatives were applied. The 
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presence of the positively charged end groups were however detectable in electrophoretic 

mobility measurements by a shift in the zeta potential. The colloidal stability of the PLGA 

NPs was sufficiently high at 25 and 37 °C making them suitable for use in biological 

environments with high ionic strengths.  

The possibility for further chemical modifications of the Pluronic-amines was also 

demonstrated through the chemical binding of Boc-Phe-OH and Fmoc-Phe-OH to the amine 

terminal. Such type of modifications open the way for convenient conjugation with e.g. host 

cell specific peptides as selective targeting moieties making achievable efficient drug 

delivery.  

Direct experimental data support the conclusion that the membrane affinity of Pluronic 

derivatives (i.e. Pluronic-polyamine) was improved when compared to that of Pluronic 

[27,47]. Based on these data we may assume that this feature will be present when Pluronic-

amines are on the surface of PLGA NPs. Therefore we may expect that NPs containing 

Pluronic-amine surface layer show higher cellular uptake rate. This assumption was supported 

by our experimental data on drug loaded PLGA NPs [48]. When the carriers were 

functionalized by Pluronic F127 and Pluronic-F127-amine highly increased in vitro efficiency 

was achieved for an antituberculotic drug candidate. The reason was shown to be the ability 

for the particles to enter the host cells of the bacteria. When the Pluronic-amine derivative 

was used for the stabilization of the particles increased internalization and intracellular 

antibacterial effect was obtained. The presence of cationic charges on the particle surface was 

shown to increase the non-specific cell membrane affinity of the particles leading to increased 

cellular uptake rate [48].  
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Fig. 1. Two step conversion of Pluronics into Pluronic-amines 

 

Fig. 2. Fluorescence intensity calibration curve recorded with the hexylamine fluorophore 

 

Fig. 3. Fluorescent spectra of the hexylamine and Pluronic F127-amine fluorophores 

 

Fig. 4. 1H NMR spectra of the Pluronic F127-amine (A) and Pluronic F127-Phe-Fmoc (B) 

 

Fig. 5. Pyrene I1/I3 values as a function of Pluronic concentration at 37 °C. 
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Table 2. Average hydrodynamic diameter (d), polydispersity (PD) and zeta potential (ζ) of 

PLGA NPs * 
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Pluronics and Pluronic-amines checked by NaCl and Ca-acetate at 25 and 37 °C 
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Table 1. Critical micelle concentration of Pluronics and their amine derivatives 

Sample 

CMC* (25 °C) 

g/L 

CMC (25 °C) 

g/L 

CMC (37 °C) 

g/L 

Pluronic F68 190 >100 >100 

Pluronic F68-amine - >100 >100 

Pluronic F127 1–7 3.3 0.09 

Pluronic F127-amine - 2.4 0.07 

Pluronic F108 7–45 33.4 2.0 

Pluronic F108-amine - 27.1 0.90 

* from [36,42,43] 
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Table 2. Average hydrodynamic diameter (d), polydispersity (PD) and zeta potential (ζ) of 

PLGA NPs * 

Stabilizer d / nm PD 
ζ / mV 

25 °C 37 °C 

Pluronic F127 114 0.05 -11.3 -11.9 

Pluronic F127-amine 116 0.08 -6.5 -5.7 

Pluronic F108 115 0.06 -14.2 -13.4 

Pluronic F108-amine 118 0.06 -10.2 -10.9 

*Data were reproducible within 5% error between batches 
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Table 3. Critical aggregation concentration (CAC) of PLGA NP systems stabilized by 

Pluronics and Pluronic-amines checked by NaCl and Ca-acetate at 25 and 37 °C 

 

Stabilizer 

CAC / M  CAC / M 

NaCl electrolyte  Ca-acetate electrolyte 

25 °C 37 °C  25 °C 37 °C 

Pluronic F127 >2.5 >2.5  >1 0.9 

Pluronic F127-amine >2.5 >2.5  >1 1 

Pluronic F108 2.0 1.8  0.6 0.6 

Pluronic F108-amine 2.3 1.8  0.6 0.6 

 

 


