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Abstract 

The aim of this study was to better understand the underlying drug release mechanisms in 

poly(lactic-co-glycolic acid) (PLGA) microparticles in which the drug is dispersed in the form 

of tiny particles (“monolithic dispersions”). Differently sized diprophylline-loaded 

microparticles were prepared using a solid-in-oil-in-water solvent extraction/evaporation 

technique. The microparticles were characterized before and after exposure to phosphate buffer 

pH 7.4 at 4, 20 and 37 °C. In vitro drug release was measured from ensembles and single 

microparticles. GPC, DSC, SEM, gravimetric analysis, drug solubility measurements and 

optical microscopy were used to elucidate the importance of polymer swelling & degradation, 

drug dissolution and diffusion. The diprophylline was initially homogeneously distributed 

throughout the microparticles in the form of tiny crystals. The burst release (1st phase) was 

strongly temperature-dependent and likely attributable to the dissolution of drug crystals with 

direct surface access (potentially via tiny pores). The about constant release rate during the 2nd 

phase also strongly depended on the temperature. It can probably be explained by the 

dissolution of drug crystals in surface near regions undergoing local swelling. During the 

observation period, the 3rd (again rapid) drug release phase was only observed at 37 °C, and 

seems to be caused by substantial PLGA swelling throughout the entire microparticles. This 

phase starts as soon as a critical polymer molecular weight of about 25 kDa is reached: 

Significant amounts of water penetrate into the systems, dissolving the remaining diprophylline 

crystals and substantially increasing the mobility of the dissolved drug molecules. Thus, this 

study provides additional experimental evidence (obtained at lower temperatures) confirming 

the hypothesized root causes for drug release from PLGA microparticles containing dispersed 

drug particles. 

Keywords: PLGA; microparticle; drug release mechanism; diffusion; dissolution; 

diprophylline  
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1. Introduction 

Poly(lactic-co-glycolic acid) (PLGA)–based microparticles offer an interesting potential 

as parenteral controlled drug delivery systems, because they: (i) are biodegradable (avoiding 

the removal of empty remnants upon drug exhaust) (Acharya et al., 2010; Bragani et al., 2018; 

Mylonaki et al., 2018; Liu et al., 2019a), (ii) are biocompatible (Anderson et al., 1997), 

(iii) allow for the control of drug release during flexible periods of time (ranging from a few 

days up to several months) (Pradal et al., 2015; Ruan et al., 2018; Nanaki et al., 2018), and 

(iv) are rather easily administered (injected), compared to macroscopic implants. Since decades 

different types of controlled release PLGA microparticles are commercially available, in 

particular for the treatment of cancer. A variety of manufacturing methods can be used to 

prepare this type of advanced drug delivery systems, including emulsion solvent 

extraction/evaporation techniques, hot melt extrusion & grinding, and spray-draying (Jiang et 

al., 2005; Riehl et al., 2015; Arrighi et al., 2019). 

Numerous types of PLGA-based microparticles have been reported in the literature, 

exhibiting broad ranges of drug release kinetics (Ibrahim et al., 2005; Berkland et al., 2007; 

Luan and Bodmeier, 2006; Wang et al., 2019a-c; Fraguas-Sanchez et al., 2020). In general, the 

observed drug release patterns are either mono-, bi- or tri-phasic (Fredenberg et al., 2015; Liu 

et al., 2019b; Fang et al., 2019). In the latter case an initial rapid drug release phase (also called 

“burst effect” = 1st release phase) is followed by a period with an about constant drug release 

rate (= 2nd release phase) and a final (again rapid) 3rd release phase (which leads to complete 

drug exhaust). Certain PLGA microparticles exhibit only mono- or bi-phasic drug release 

patterns (because all drug is released before the 2nd or 3rd release phase would set on). 

It has to be pointed out that despite the steadily increasing practical importance of PLGA 

microparticles, the underlying mass transport mechanisms controlling drug release are often not 

fully understood. Thus, product optimization is generally based on time-consuming and cost-
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intensive series of trial-and-error experiments. The lack of a thorough understanding of how 

the drug is released from PLGA microparticles can at least partially be explained by the 

potential complexity of the involved chemical and physical phenomena (Siepmann and 

Goepferich, 2001; Huang and Brazel, 2001; Blasi et al., 2005). A variety of processes might be 

involved, such as water diffusion, drug dissolution, drug diffusion, polymer degradation & 

erosion, drug-polymer interactions (e.g., plasticizing effects), polymer swelling and 

autocatalytic effects (Friess and Schlapp, 2002; Doty et al., 2017; Busatto et al., 2018; Wang et 

al., 2019a). The latter can occur, because the degradation products of PLGA are acids. 

Importantly, water penetrates relatively rapidly into the entire systems upon exposure to 

aqueous fluids. Thus, polymer degradation occurs throughout the microparticles and shorter 

chain acids are generated within the entire devices (“bulk erosion”). The rate at which the acids 

are generated can be higher than the rate at which they diffuse out into the surrounding release 

medium, or at which they are neutralized by bases from the environment, diffusing into the 

microparticles (Brunner et al., 1999; Fu et al., 2000; Schaedlich et al., 2014; Liu et al., 2019c). 

Consequently, the pH within PLGA microparticles might locally significantly drop. Since ester 

hydrolysis is catalyzed by protons, this can lead to autocatalysis: Polymer degradation is 

accelerated. The importance of this effect has been reported to depend on the microparticle size 

and porosity, both affecting the rates at which acids and bases diffuse into and out of the systems 

(Grizzi et al., 1995; Klose et al., 2006). 

Based on drug release and swelling studies of single PLGA microparticles (instead of 

ensembles of microparticles), it has recently been hypothesized that the role of PLGA swelling 

is often underestimated (Gasmi et al., 2015a,b; 2016; Tamani et al., 2019a,b). This is also true 

for PLGA implants (Bode et al., 2019a,b). In brief, it has been suggested that PLGA swelling 

is not negligible, as often assumed, but in contrast plays an “orchestrating role” for the control 

of drug release from PLGA-based drug delivery systems. The theory is as follows: Upon contact 
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with aqueous body fluids (e.g., upon s.c. or i.m. injection), water penetrates relatively rapidly 

into the entire PLGA microparticles. However, at this stage, the polymer is rather hydrophobic 

and the macromolecules are highly entangled. This limits the amounts of water that can enter 

the microparticles. Nevertheless, the entire systems are wetted (often within less than 1 d) and 

polyester bond cleavage starts throughout the microparticles (Burkersroda et al., 2002). 

Consequently, the polymer chains become shorter with time, and new –OH and –COOH groups 

are created throughout the microparticles. This renders the polymeric matrices more and more 

hydrophilic with time. Also, the degree of polymer chain entanglement decreases (the chains 

becoming shorter). In addition, the low molecular weight degradation products are water 

soluble (e.g., lactic acid and glycolic acid). Thus, a steadily increasing osmotic pressure is built 

up within the microparticles, attracting more water into the system. At a certain time point (e.g., 

when a critical polymer molecular weight is reached), the polymeric matrices become 

sufficiently hydrophilic to allow for the penetration of significant amounts of water into the 

system. In addition, the mechanical stability of the polymer network becomes insufficient to 

withstand the generated osmotic pressure: Substantial system swelling sets on, fundamentally 

altering the conditions for drug release: Important amounts of water are available for drug 

dissolution and the mobility of dissolved drug molecules/ions is significantly increased. 

Consequently, the release rate increases. This is likely the root cause for the onset of the final 

(e.g., 3rd) release phase. 

Recently, Tamani et al. (2019a,b) proposed that in the case of diprophylline-loaded PLGA 

microparticles (in which the drug is homogeneously dispersed in the form of tiny crystals 

throughout the matrix) the initial burst release and the 2nd release phase (with an about constant 

release rate) can be explained by the occasional release of parts of the drug “having direct 

access” to the microparticles’ surface or being located in surface near regions undergoing local 

swelling before the onset of the fundamental swelling of the entire system. Importantly, every 
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microparticle has its own structure and its “own way” to release the drug. If a drug crystal has 

direct surface access from the beginning (eventually via pores/channels), it will rapidly dissolve 

and the dissolved drug molecules will be rapidly released. The sum of such events likely 

constitutes the burst release. With time, certain PLGA regions (especially surface near regions) 

undergo local swelling (prior to the onset of substantial polymer swelling throughout the entire 

system). If a drug crystal is located in such a region, it gets into contact with significant amounts 

of water, dissolves and the dissolved drug molecules/ions rather rapidly diffuse through the 

swollen PLGA. The about constant release rate from ensembles of microparticles during the 2nd 

release phase is likely the sum of numerous occasional individual release events of this type, 

which occur randomly in time. However, the above described release mechanisms are 

hypotheses, which are so far based on a limited number of experiments only, which were 

conducted under specific conditions, in particular at only one single temperature: 37 °C. 

The aim of the present study was to provide further experimental evidence allowing to 

better understand the underlying drug release mechanisms from PLGA microparticles, altering 

the temperature of the release medium: In addition to 37 °C, the systems were also exposed to 

phosphate buffer pH 7.4 at 20 and 4 °C. The idea was to potentially slow down key phenomena, 

such as polymer degradation. Thus, the resulting release kinetics might (or might not) 

substantially change. Potential changes were to be explained based on a thorough 

characterization of the microparticles before and after exposure to the release medium at the 

different temperatures. In particular, the release and swelling behavior of single microparticles 

as well as the degradation and release kinetics of ensembles of microparticles were to be 

monitored. Differently sized microparticle batches were prepared, with mean diameters of 63 

+/- 19, 113 +/- 41 and 296 +/- 95 µm. Please note that in this study it was technically not 

possible to monitor single small microparticles (but only larger systems). The assumption is 

that the underlying drug release mechanisms in small, medium-sized and large microparticles 
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are not fundamentally different, given the fact that there were no visible signs for differences in 

their inner & outer structure and composition. This does not mean that the relative importance 

of specific phenomena might not depend on the system size (as discussed in more detail in this 

article). In addition to drug release measurements (from ensembles of microparticles and single 

microparticles), the systems were also characterized by optical and Scanning Electron 

Microscopy (SEM), Differential Scanning Calorimetry (DSC), Gel Permeation 

Chromatography (GPC), gravimetric analysis as well as drug content and drug solubility 

measurements. 

Diprophylline has been chosen in this study as a freely water-soluble model drug. Please 

note that other drugs can be expected to behave differently, depending on their specific physico-

chemical properties. Thus, (as always) caution should be paid when drawing conclusions for 

different types of PLGA microparticles. However, the authors believe that the hypothesized 

drug release mechanisms are valid also for many other drugs, especially water-soluble 

compounds with a limited affinity to PLGA, forming “monolithic dispersions”. 

 

 

2. Materials and methods 

 

2.1. Materials 

Poly (D,L lactic-co-glycolic acid) (PLGA; Resomer RG 504H; 50:50 lactic 

acid:glycolic acid; Evonik, Darmstadt; Germany); diprophylline (BASF, Ludwigshafen, 

Germany); polyvinyl alcohol (Mowiol 4-88; Sigma-Aldrich, Steinheim, Germany); acetonitrile 

and dichloromethane (VWR, Fontenay-sous-Bois, France); tetrahydrofuran (HPLC grade; 

Fisher Scientific, Illkirch, France). 
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2.2. Microparticle preparation 

Drug-loaded microparticles were prepared using a solid-in-oil-in-water (S/O/W) solvent 

extraction/evaporation technique. “Small”, “medium-sized” and “large” microparticles were 

obtained, adapting the formulation and processing parameters accordingly (as indicated in the 

following in brackets, please be aware of the order). Appropriate amounts of diprophylline (204, 

125 or 101 mg) and PLGA (900, 834 or 910 mg) were dispersed/dissolved (the drug was at 

least partially dispersed in the form of tiny particles, the polymer was dissolved) in 10, 6 or 

4 mL dichloromethane. The organic phase was emulsified into 2.5 L of an outer aqueous 

polyvinyl alcohol solution (0.25% w/w) under stirring (2000, 1500 or 1000 rpm, Eurostar 

power-b; Ika, Staufen, Germany) for 30 min. Upon solvent exchange the PLGA precipitated, 

trapping the drug. The formed microparticles were hardened by adding 2.5 L of the same outer 

aqueous polyvinyl alcohol solution (0.25%) and further stirring at 700 rpm (Eurostar power-b) 

for 4 h. The microparticles were separated by filtration (Nylon filter, 0.45 µm, 13 mm; GE 

Healthcare Life Sciences Whatman, Kent, UK), washed with de-mineralized water and 

subsequently freeze-dried (freezing at -45°C for 1 h 45 min, primary drying at -40°C and 

0.07 mbar for 35 h, and secondary drying at +20 °C and 0.0014 mbar for 35 h) (Christ Epsilon 

2-4 LSC+; Martin Christ, Osterode, Germany). 

 

2.3. Microparticle characterization 

 

2.3.1. Microparticle morphology and size 

Microparticle sizes were determined by optical microscopy: Pictures were taken using 

an Axiovision Zeiss Scope-A1 microscope, equipped with an AxioCam ICc1 camera and the 

Axiovision Zeiss Software (Carl Zeiss, Jena, Germany). For ensembles of microparticles, each 

measurement included 200 particles. Mean values +/- standard deviations are reported. 
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2.3.2. Practical drug loading 

The practical drug loading was determined by dissolving approximately 5 mg 

microparticles in 5 mL acetonitrile, followed by filtration (PTFE syringe filters, 0.45 µm; GE 

Healthcare, Kent, UK). The drug content was determined by HPLC-UV analysis [Thermo 

Fisher Scientific Ultimate 3000 Series HPLC, equipped with a LPG 3400 SD/RS pump, an auto 

sampler (WPS-3000 SL) and a UV-Vis detector (VWD-3400RS); Thermo Fisher Scientific, 

Waltham, USA]. A reversed phase column Polar C18 (Luna Omega 3 µm; 150 x 4.6 mm; 

Phenomenex, Le Pecq, France) was used. The mobile phase was a mixture of acetate buffer 

(0.01 M, pH 4.5): acetonitrile (65:35, v:v). The detection wavelength was 274 nm and the flow 

rate 1 mL/min. Five µL samples were injected. The standard curve covered the range of 0.1 to 

50 µg/mL. Each experiment was conducted in triplicate. Mean values +/- standard deviations 

are reported. 

 

2.3.3. Drug release measurements from ensembles of microparticles 

Ten mg microparticle samples were placed into plastic tubes (Safe-lock tubes 2.0 mL, 

Eppendorf, Hamburg, Germany) filled with 2 mL phosphate buffer pH 7.4 (USP 42). The tubes 

were placed into a horizontal shaker at 37°C & 80 rpm or at 20°C & 80 rpm (GFL 3033; 

Gesellschaft fuer Labortechnik, Burgwedel, Germany) or into a refrigerator at 4°C (0 rpm), as 

indicated. At predetermined time points, 1.5 mL samples were withdrawn (replaced with fresh 

medium), filtered (PTFE syringe filters, 0.45 µm; GE Healthcare) and analyzed for their drug 

contents by HPLC-UV analysis, as described above. Each experiment was conducted in 

triplicate. Mean values +/- standard deviations are reported. Sink conditions were provided 

throughout all experiments. 
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In addition, the pH of the release medium was measured at pre-determined time points 

using a pH meter (InoLab pH Level 1; WTW, Weilheim, Germany) (n=3). Mean values ± 

standard deviations are reported. 

 

2.3.4. Drug release measurements from single microparticles 

Diprophylline release from single microparticles was monitored in 96- well standard 

microplates (Tissue culture plate 96 well; Carl Roth, Karlsruhe, Germany) as follows: One 

microparticle was introduced into each well, which was filled with 100 µL phosphate buffer 

pH 7.4 (USP 42) and closed with a cap (Simport Scientific, Beloeil, Quebec). The well 

microplates were placed into a horizontal shaker at 20°C & 80 rpm (GFL 3033). At pre-

determined time points, 50 µL samples were withdrawn (replaced with fresh medium) using a 

Hamilton syringe (Microlite #710, 100 µL; Hamilton, Bonaduz, Switzerland) and analyzed for 

their drug contents by HPLC-UV, as described above (in this case the standard curve covered 

the range of 0.025 to 5 µg/mL). 

 

2.3.5. Swelling of single microparticles 

Microparticles were treated as for the drug release studies from single microparticles. 

At pre-determined time points, pictures were taken using an Axiovision Zeiss Scope-A1 

microscope and the Axiovision Zeiss Software (Carl Zeiss) to monitor changes in the 

microparticles’ diameter. 

Furthermore, dynamic changes in the microparticles’ wet mass were determined as 

follows: At pre-determined time points, samples were carefully withdrawn and excess water 

removed using Kimtech precision wipes (Kimberly-Clark, Rouen, France). The microparticles’ 

wet mass was measured using an ultra-microbalance (XPR6U; Mettler-Toledo, Greifensee, 

Switzerland). 
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2.3.6. Differential Scanning Calorimetry (DSC) 

DSC thermograms of raw materials (as received: diprophylline, PLGA) and of 

microparticles were recorded with a DSC1 Star system (Mettler Toledo, Greifensee, 

Switzerland). Approximately 5 mg samples were heated in sealed aluminum pans from 10 °C 

to 120°C, cooled to -70 °C and reheated to 120 °C at a rate of 10 °C/min. The indicated glass 

temperatures (Tgs) were obtained from the second heating cycles. Each experiment was 

conducted in triplicate. Mean values +/- standard deviations are reported. 

 

2.3.7. Scanning Electron Microscopy (SEM) 

The external morphology of microparticles was studied using a JEOL Field Emission 

Scanning Electron Microscope (JSM-7800F, Tokyo, Japan). Samples were fixed with a ribbon 

carbon double-sided adhesive and covered with a fine chrome layer. Microparticles were 

observed before and after exposure to the release medium. In the latter case, the microparticles 

were treated as for the drug release studies from ensembles of microparticles (described above). 

At pre-determined time points, samples were withdrawn and freeze-dried (as described above). 

 

2.3.8. Gel Permeation Chromatography (GPC) 

Microparticles were treated as for the drug release studies from ensembles of 

microparticles. At pre-determined time points, samples were withdrawn, freeze-dried for 3d (as 

described above) and the lyophilisates were dissolved in tetrahydrofuran (at a concentration of 

3 mg/mL). The average polymer molecular weight (Mw) of the PLGA in the samples was 

determined by GPC (Alliance, refractometer detector: 2414 RI, separation module e2695, 

Empower GPC software; Waters, Milford, USA), using a Phenogel 5 µm column (which was 

kept at 35°C, 7.8 × 300 mm; Phenomenex). The injection volume was 50 µL. Tetrahydrofuran 
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was the mobile phase (flow rate: 1 mL/min). Polystyrene standards with molecular weights 

between 1480 and 70,950 Da (Polymer Laboratories, Varian, Les Ulis, France) were used to 

prepare the calibration curve. 

 

2.4. Drug solubility measurements 

Excess amounts of drug (as received) were exposed to 25 mL phosphate buffer pH 7.4 

in brown glass flasks and horizontally shaken at 37°C or 20 °C at 80 rpm (GFL 3033), or placed 

in a refrigerator at 4 °C (and regularly shaken manually). At pre-determined time points, 

samples were withdrawn, immediately filtered (PTFE syringe filters, 0.45 µm; GE Healthcare) 

and diluted. The drug contents of the samples were determined by HPLC-UV, as described 

above. Samples were withdrawn until equilibrium was reached. Each experiment was 

conducted in triplicate, mean values +/- standard deviations are reported. 

 

 

3. Results and discussion 

 

In all cases, spherical particles were obtained, with mean sizes (+/- standard deviation) 

of 63 +/- 19, 113 +/- 41 and 296 +/- 95 µm for “small”, “medium-sized” and “large” 

microparticle batches, respectively. SEM pictures revealed no signs for noteworthy external 

porosity prior to exposure to the release medium (top row in Figure 1). But please note that very 

small pores might not be visible, since the surfaces were covered with a fine chrome layer prior 

to the analysis. The practical drug loadings were about 5-7 % (4.8 +/- 0.3, 5.8 +/- 0.6 and 6.7 

+/- 0.4 %) and the glass transition temperatures (Tgs) about 46-47 °C (46.8 +/- 0.1, 46.3 +/- 0.3 

and 46.4 +/- 0.4 °C). It has recently been reported that the Tg of the polymer raw material (as 

received) was 47.0 +/- 0.2 °C (Tamani et al., 2019a). Hence, diprophylline is not acting as a 
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plasticizer for PLGA. Furthermore, X-ray diffraction and SEM pictures of cross-sections of 

these microparticles revealed numerous tiny drug crystals, which are distributed throughout the 

systems (Tamani et al., 2019a). Thus, probably only minor amounts of the hydrophilic 

diprophylline are dissolved within the much more hydrophobic PLGA, most of the drug is likely 

dispersed in the form of tiny particles within the PLGA matrix. The absence of plasticizing 

effects and the fact that “monolithic dispersions” (and not “monolithic solutions”) were 

obtained suggest that the affinity between diprophylline and PLGA is limited. 

 

3.1. Drug release from ensembles of microparticles 

Figure 2 shows the resulting diprophylline release kinetics from the investigated PLGA 

microparticles in phosphate buffer pH 7.4 at 37 °C (top), 20 °C (middle) and 4 °C (bottom). 

Please note that the systems were agitated (80 rpm) at 37 and 20 °C, but not at 4 °C. However, 

it has been shown that the impact of agitation (0 vs. 80 rpm) on drug release from these 

microparticles is limited at 37 °C (Tamani et al., submitted). The mean particle sizes (+/- SD) 

are indicated in the diagrams. “Small”, “medium-sized” and “large” microparticle batches are 

marked in red, black and orange, respectively. At 37 °C, also a zoom on the first 3 weeks is 

shown. 

Interestingly, the following observations can be made: 

• The drug release rate increased with increasing temperature, irrespective of the 

microparticle size. 

• At all temperatures, the release rate generally increased with decreasing microparticle size. 

• At 37 °C, 3-phasic drug release was observed, irrespective of the microparticle size: An 

initial rapid drug release phase (“burst”) was followed by a 2nd release phase with an about 

constant release rate, and a final (again rapid) 3rd release phase (leading to complete drug 

exhaust). 
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• At 20 and 4 °C, the drug release patterns were only bi-phasic in the observation period 

(100 d), irrespective of the microparticle size: A “burst” release was followed by a 2nd 

release phase with an about constant release rate. Please note that at the end of the 

observation period, diprophylline release was far from being complete at these 

temperatures, especially at 4 °C (e.g., less than about 30 % diprophylline was released at 

this time point). It can be hypothesized that at later time points, also a 3rd release phase will 

likely be observed at these temperatures. Actually, looking at the orange curve in the middle 

of Figure 2 (20 °C, “large” microparticles), such a final rapid release phase might just begin 

after 90 – 100 d. 

• The slopes of the 2nd release phases (with about constant release rates) strongly increase 

with increasing temperature. 

• The importance of the burst release (“1st phase”) increases with increasing temperature. 

To better understand these phenomena and tendencies, the degradation of the polymer 

upon exposure to the release medium as well as potential changes of the external morphology 

and pH of the surrounding bulk fluids were monitored. Also, the swelling and drug release 

kinetics of single microparticles were measured at the different temperatures. 

 

3.2. Polymer degradation, bulk fluid pH and outer microparticle morphology 

Figure 3 shows the decrease in polymer molecular weight (Mw) of the diprophylline-

loaded PLGA microparticles as a function of the exposure time to phosphate buffer pH 7.4 at 

the different temperatures. The systems were treated as for the in vitro drug release studies from 

ensembles of microparticles (described above). Clearly, the polymer degradation rate 

substantially increased with increasing temperature: At 37 °C, the polymer molecular weight 

decreased from about 48 kDa to only about 8 kDa in the first 3 weeks. At 20 °C, the Mw 

decreased only to about 41 kDa in the same time period, and at 4 °C there was virtually no 
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change in the polymer molecular weight in this observation period. This can be explained by 

the fact that the rate of the hydrolytic ester bond cleavage strongly depends on the temperature. 

The dynamic changes in the pH of the release medium upon exposure of ensembles of 

diprophylline-loaded PLGA microparticles to phosphate buffer pH 7.4 at different temperatures 

are illustrated in Figure 4. The systems were treated as for the in vitro drug release studies 

described above. Clearly, the pH of the surrounding bulk fluid remained about constant during 

the observation periods in all cases: at all temperatures and for all microparticle sizes. Thus, 

under the given conditions, potential acidifications of the surrounding bulk fluid due to the 

leaching of short chain acids (PLGA degradation products) from the microparticles do not seem 

to play a noteworthy role in these time periods. Please note that this does not exclude potential 

autocatalytic effects within the microparticles. 

The SEM pictures in Figure 1 show surfaces of the microparticles after 0, 3, 7 and 10 d 

exposure to the release medium at 20 °C. Please note that after exposure to the phosphate buffer 

the microparticles had to be dried prior to the analysis (in this study they were freeze-dried). 

Thus, artefact creation cannot be excluded. As it can be seen, no signs for pore formation were 

observed. The same is true for microparticles which were exposed to the release medium at 

4 °C for up to 10 d (Tamani et al., submitted). In contrast, when the microparticles were exposed 

to phosphate buffer pH 7.4 at 37 °C for 10 d, surface pores became visible (Tamani et al., 

2019a), reflecting substantial PLGA degradation (please see above). 

 

3.3. Drug release from and swelling of single microparticles 

Figure 5 shows optical microscopy pictures of the investigated microparticles upon 

exposure to phosphate buffer pH 7.4 at 20 °C for up to 74 d. The initial microparticle diameters 

are indicated on the left-hand side. Importantly, no major changes were observed in this time 

period. This is in contrast to substantial microparticle swelling that was reported upon exposure 



16 
 

of the same microparticles to the same release medium, but at 37 °C (Tamani et al., 2019a): At 

body temperature, substantial microparticle swelling set on after about 1 week, irrespective of 

the microparticle size. This can be explained by the difference in the PLGA degradation rates 

(Figure 3) at these temperatures, and it has important consequences for drug release. Figure 6 

shows the dynamic changes in the diameters of individual microparticles and in the latter’s wet 

mass as a function of the exposure time to phosphate buffer at 20 °C. The results are consistent 

with the optical microscopy pictures in Figure 5 and indicate the absence of substantial 

microparticle swelling under the given conditions in the observation period. Please note that at 

t = 100 d, eventually the beginning of important microparticle swelling is visible in specific 

cases (e.g., the diameters of certain microparticles might start to significantly increase, pink 

curves in the top diagram in Figure 6). This would coincide with the potential onset of a 3rd 

drug release phase observed for the “larger” microparticles (orange curve in Figure 2). At 4 °C, 

microparticle swelling was very much limited during the first 100 d (Tamani et al., submitted). 

Figure 7 shows the swelling kinetics of single microparticles together with their drug 

release kinetics in the same diagrams upon exposure to phosphate buffer pH 7.4 at 20 °C. The 

left y-axes refer to drug release, the right y-axes to changes in the systems’ diameters. The 

initial particle size (before exposure to the release medium) is indicated at the top of each 

diagram. As it can be seen, each microparticle behaved differently, “releasing the drug in its 

own way”. In some cases, especially at lower initial microparticle sizes, more or less important 

portions of the drug were released in rather short time periods (marked by red stars). In other 

cases, drug release was very limited during the observation period. Figure 8 shows all the 

individual microparticle release profiles (at 20 °C) in one diagram. As it can be seen, many 

microparticles do not release any diprophylline to a noteworthy extent during the observation 

period, whereas others release parts of their drug load rather arbitrarily at different time points 

and to different extents. These differences in the behaviors of the individual microparticles can 
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be attributed to the unique properties of each system: Every microparticle has its own specific 

composition, geometry, dimensions as well as outer and inner structure. For example, the 

distribution of the tiny drug crystals within the polymer matrices is unique in each case. Certain 

microparticles contain drug particles with direct surface access, others do not. In certain 

microparticles, some of the embedded drug crystals are located close to the surface, in others 

this is not the case. All these individual characteristics can be expected to affect the resulting 

drug release rate, as explained in more detail in the following. 

 

3.4. Hypothesized drug release mechanisms 

Based on the above described experimental observations, the following drug release 

mechanisms are hypothesized for the different release phases: 

The initial “burst” release (= 1st phase) is caused by the release of drug crystals with 

direct surface access from the beginning. This does not mean that a part of the respective drug 

crystal is necessarily directly located at the system’s surface: Also an access via a tiny 

pore/channel can allow for rapid drug crystal dissolution and subsequent diffusion through the 

pore/channel. The scheme at the top of Figure 9 illustrates this release mechanism. Please note 

that such pores might be very small and not visible on SEM pictures (e.g., due to the sputtering 

of the chrome layer in this study). Previously, single microparticle release studies evidenced 

that some of the microparticles release parts of their drug loading right from the beginning upon 

exposure to phosphate buffer pH 7.4 at 37 °C (Tamani et al., 2019a). In the present study, none 

of the investigated single microparticles showed such a release behavior at 20 °C (Figure 7). 

This is consistent with the observed drug release kinetics from ensembles of microparticles at 

20 °C (diagram in the middle of Figure 2): As it can be seen, the “burst effect” was very much 

limited in the case of “medium-sized” and “large” microparticles (black and orange curves). 

Only in the case of “small” microparticles (red curve), an important burst release was observed 
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at this temperature. But the release from single “small” microparticles could not be monitored 

in this study, for technical reasons. The fact that the “initial burst release” phase is much more 

important in the case of small microparticles compared to larger microparticles can be explained 

as follows: The total surface area of numerous small microparticles is much higher than the 

surface area of much fewer, larger microparticles (the sum of the volumes of the two populations 

being equal). Consequently, the probability that a drug crystal has “direct surface access” 

(eventually via a tiny pore/channel) is much higher in the case of smaller microparticles. This 

is schematically illustrated in Figure 10. 

Interestingly, the importance of the initial burst release phase also strongly depends on 

the temperature: As it can be seen in Figure 2, the burst release was much more pronounced at 

37 °C compared to 20 °C and 4 °C. This cannot solely be explained by differences in the drug’s 

diffusivity or solubility at the investigated temperatures: Such differences could explain a 

decrease in the release rate during this time period, but not a difference in the extent of the burst 

release (here, the “height” of the beginning of the “2nd release phase”) (perfect sink conditions 

being provided in the well agitated bulk fluid throughout the observation period). According to 

Fick’s law, the rate of drug diffusion depends on the diffusion coefficient (which is a measure 

for the mobility of the drug) and the concentration difference (which might locally be limited 

by the drug solubility). But the amount of drug which is in direct contact with the 

microparticles’ surface from the beginning is not depend on the temperature (it depends on the 

microparticle structure). Consequently, the fact that the extent of the initial burst release from 

the microparticles strongly depends on the temperature likely indicates that pore closure effects 

as described by the group of Steven Schwendeman (Huang et al., 2005; Kang and 

Schwendeman 2007) are of importance: Upon contact with aqueous media, limited amounts of 

water rapidly penetrate into the entire systems and polymer degradation starts throughout the 

microparticles (“bulk erosion”). These limited amounts of water can be expected to also lead to 
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limited PLGA swelling, closing tiny pores/channels, which gave some of the drug crystals 

“direct surface access” at early time points. Once the pores/channels are closed, the “burst 

release” ends. As long as the pores/channels are “open”, drug crystals in contact with such 

openings can (at least partially) dissolve, and the dissolved drug molecules can rather rapidly 

be released. At 37 °C, the diffusivity of the drug in the water-filled channels can be expected to 

be higher than at 20 and 4 °C. In addition, at 37 °C, the solubility of diprophylline in the release 

medium is higher than at 20 and 4 °C: 169 +/- 8 compared to 128 +/- 11 and 79 +/- 6 mg/mL, 

respectively. The higher mobility of the drug and the higher drug solubility (leading to higher 

concentration gradients - the driving forces for diffusion) result in higher drug release rates 

during the “burst release phase” at higher temperatures. Importantly, the duration of this burst 

phase is limited due to pore closure. Consequently, lower release rates lead to lower amounts 

of drug release. In brief, at 37 °C the drug can more easily dissolve and more rapidly diffuse 

through the “open” pores/channels compared to 20 and 4 °C during this limited time period. 

Once the pores are “closed” by (limited) PLGA swelling, the burst release phase is terminated. 

Please note that the temperature might also affect the rate of the PLGA swelling and, thus, alter 

the time period during which the pores are open, e.g. slower swelling at lower temperatures 

might lead to longer burst release periods. However, the experimentally measured drug release 

kinetics (Figure 2) indicate that such effects do not seem to play a noteworthy role in the 

investigated systems.  

The 2nd release phase can probably be attributed to the occasional release of tiny drug 

crystals, which are located in “surface near” regions. As illustrated in the cartoon in the middle 

of Figure 9, in surface near regions the polymer can be expected to locally swell before the 

entire system starts to substantially swell. Experimental evidence (optical microscopy pictures) 

for this phenomenon were recently reported for the investigated microparticles upon exposure 

to phosphate buffer pH 7.4 at 37 °C (Tamani et al., 2019a). At 20 °C this phenomenon is much 
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less pronounced, because PLGA degradation is much slower (Figure 3). This surface-near 

polymer swelling can be attributed to the high water amounts the microparticle surface is in 

contact with: These high concentrations of water likely locally accelerate ester bond cleavage 

as well as water penetration into these regions. In the cartoon in the middle of Figure 9, such 

swollen PLGA regions are marked in light grey, the only slightly hydrated PLGA regions are 

marked in dark grey. As long as a drug crystal is surrounded by essentially non-swollen 

polymer, the amount of water available for dissolution is very much limited and the mobility of 

dissolved diprophylline molecules is low. However, once the neighborhood of a drug crystal 

undergoes substantial swelling, much higher amounts of water get into contact with the crystal 

and dissolved drug molecules can much more easily diffuse out through the swollen system. 

Such an event can be expected to lead to rather rapid release of the respective drug crystal (or 

network of crystals, if they are interconnected by pores or channels). This type of phenomenon 

was likely observed with some of the microparticles shown in Figure 7: The red stars highlight 

“sudden” partial drug release events. The size of the drug crystal (or network of interconnected 

drug crystals) can be expected to determine the “height of the respective release step”. 

Importantly, the time points of these events are randomly distributed. Thus, a population of 

numerous microparticles shows an about constant drug release rate. This is consistent with the 

“2nd release phases” from ensembles of microparticles shown in Figure 2. The fact that the time 

points of sudden partial drug release events are rather randomly distributed throughout the 

duration of the 2nd drug release phase can be explained by the homogeneous distribution of the 

drug crystals throughout the microparticles [as evidenced by SEM pictures of cross-sections, 

(Tamani et al., 2019a)] and an about constant rate at which the surface near swelling zone 

growths with time. Please note that this theory is also consistent with the experimentally 

observed slight and about constant increase in the microparticles’ diameter with time during the 

2nd drug release phase (Figure 6, 20 °C). 
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Importantly, the slope of the 2nd drug release phase strongly depended on the 

temperature (Figure 2): The release rate clearly increased when increasing the temperature from 

4 to 20 to 37 °C. This can be explained by the more rapid local swelling of the PLGA, as 

evidenced for instance by optical microscopy, comparing the results obtained in this study at 

20 °C (Figure 5) with the results obtained by Tamani et al. (2019a, submitted) at 37 and 4 °C. 

Again, this is likely attributable to the temperature dependent PLGA degradation rate 

(Figure 3). 

Please note that in the present case, drug dissolution and subsequent diffusion through 

the continuous and essentially non-swollen PLGA matrix is likely to be negligible, although 

the polymer can be expected to be in the rubbery state during most of the release period: Upon 

exposure to the aqueous bulk fluid, limited amounts of water rapidly penetrate into the entire 

system (initiating polymer degradation throughout the microparticles, “bulk erosion”) and 

decrease the glass transition temperature of PLGA by about 10-15 °C (Faisant et al., 2002; Blasi 

et al., 2005). The fact that the contribution of drug diffusion through the essentially non-

swollen, but rubbery polymer matrix is negligible in the present case can at least in part be 

explained by the limited affinity between diprophylline and PLGA: As discussed above, the 

absence of a plasticizing effect of the drug and the observation that most of the diprophylline is 

dispersed in the polymer matrix in the form of tiny crystals (and not dissolved) indicates limited 

drug-polymer affinity. Please note that in the case of other drugs, exhibiting a high affinity to 

PLGA (and forming “monolithic solutions”), the underlying drug release mechanisms are likely 

different. 

The 3rd release phase can be explained by the onset of substantial polymer swelling 

throughout the entire microparticles once a critical polymer molecular weight is reached. 

Initially, the PLGA chains are rather hydrophobic and highly entangled. This limits the water 

penetration into the system at early time points. With time the polymer chains are cleaved into 
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shorter fragments throughout the system. The polymer molecular weight decreases (Figure 3), 

and new –OH and –COOH groups are created, rendering the system more and more hydrophilic. 

Also, the degree of polymer chain entanglement decreases. In addition, water-soluble 

degradation products create a continuously increasing osmotic pressure within the 

microparticles. As soon as a certain, critical PLGA Mw threshold is reached, substantial 

amounts of water are driven into the system, allowing for the dissolution of the drug crystals. 

This is illustrated in the cartoon at the bottom of Figure 9. Importantly, the mobility of the 

dissolved drug molecules in the substantially swollen PLGA is rather high, resulting in the onset 

of the 3rd (again rapid) drug release phase, leading to complete drug exhaust. It is hypothesized 

that this substantial entire system swelling is the root cause for the onset of the 3rd drug release 

phase and that system erosion (dry mass loss) is a consequence (and not a cause): The important 

amounts of water penetrating into the system at this stage allow the water-soluble polymer 

degradation products to dissolve and diffuse out (as this is the case for the water-soluble drug). 

The resulting loss of drug and degradation products is reflected in the dry mass loss of the 

system (erosion). 

As it can be seen at the top of Figure 1 on the right-hand side, this 3rd drug release phase 

set on after about 1 week exposure to the release medium at 37 °C. This corresponds to a PLGA 

polymer molecular weight of about 25 kDa (top of Figure 3). It has recently been reported that 

substantial system swelling was observed once a polymer molecular weight of about 20 kDa 

was reached in PLGA microparticles loaded with caffeine (Tamani et al., 2019a), 

dexamethasone (Gasmi et al., 2015a) and prilocaine (Gasmi et al., 2015b). The difference in 

the threshold values in those studies compared to the present investigation is not fully 

understood. At 20 and 4 °C, the PLGA degradation is much slower (Figure 3) and during the 

observation periods the critical Mw threshold value was not reached at these temperatures. 

Consequently, substantial microparticle swelling and the 3rd release phase did not yet set on. 
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However, please note that after 90-100 d exposure to the release medium at 20 °C, eventually 

the beginning of the onset of the 3rd release phase also at this temperature might be visible for 

larger microparticles, e.g. in Figure 2, 6 and 8. 

 

 

4. Conclusion 

The results obtained in this study at 37, 20 and 4 °C confirm the hypothesized drug 

release mechanisms from PLGA-based microparticles containing dispersed drug particles (here 

diprophylline crystals) (“monolithic dispersions”): The burst release can likely be attributed to 

the release of drug crystals with direct surface access from the beginning (potentially through 

tiny pores). The 2nd release phase probably results from the random dissolution of (eventually 

interconnected) drug crystals located in surface near regions undergoing local swelling. The 3rd 

release phase is due to substantial PLGA swelling throughout the entire microparticles, 

resulting in significant amounts of water available for drug dissolution and elevated mobility 

of the dissolved drug molecules in the highly swollen polymer. 

It will be interesting to study different types of PLGA microparticles in the future, e.g. 

loaded with drugs which can dissolve in the polymer forming “monolithic solutions”. In these 

cases, also drug transport through essentially non-swollen, rubbery PLGA might be of 

importance, especially in the case of drugs acting as plasticizers for PLGA.  

A thorough mechanistic understanding of how this type of advanced drug delivery 

systems works can be helpful to facilitate device optimization, reducing the number of trial-

and-error studies. 
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Figure captions 

Fig. 1:  SEM pictures of surfaces (lower, medium and higher magnification) of diprophylline-

loaded PLGA microparticles before and after exposure to phosphate buffer pH 7.4 

(“large” microparticles: 296 ± 95 µm, treated as for drug release studies from 

ensembles of microparticles) at 20 °C (80 rpm). The exposure times are indicated on 

the left-hand side. Note that the microparticles were freeze-dried after exposure to the 

release medium. 

Fig. 2:  Impact of the temperature on diprophylline release from ensembles of PLGA 

microparticles in phosphate buffer pH 7.4. Note that the systems were agitated at 20 

and 37 °C, but not at 4 °C. Three microparticle batches with different mean particle 

sizes (indicated in the diagram +/- SD) were studied. The results obtained at 37 °C are 

reproduced from (Tamani et al., 2019a), with permission. Mean values +/- SD are 

indicated (n = 3). 

Fig. 3:  Impact of the temperature on PLGA degradation upon exposure of ensembles of 

microparticles to phosphate buffer pH 7.4. Note that the systems were agitated at 20 

and 37 °C, but not at 4 °C. Three microparticle batches with different mean particle 

sizes (indicated in the diagram +/- SD) were studied.  

Fig. 4: Dynamic changes in the pH of the release medium upon exposure of ensembles of 

diprophylline-loaded PLGA microparticles to phosphate buffer pH 7.4 at 37, 20 and 

4 °C. Note that the systems were agitated at 20 and 37 °C, but not at 4 °C. Mean values 

+/- SD are indicated (n = 3). Three microparticle batches with different mean particle 

sizes (indicated in the diagrams +/- SD) were studied.  

Fig. 5:  Optical microscopy pictures of single diprophylline-loaded PLGA microparticles 

before and after exposure to phosphate buffer pH 7.4 at 20°C (80 rpm) for different 
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time periods (indicated at the top). The initial particle sizes are given on the left-hand 

side. 

Fig. 6:  Swelling kinetics of single diprophylline-loaded PLGA microparticles upon exposure 

to phosphate buffer pH 7.4 at 20 °C (80 rpm): Dynamic changes in the microparticles’ 

diameter (top) and wet mass (bottom). The initial microparticle diameters are 

indicated in the diagrams. 

Fig. 7:  Drug release and swelling of single diprophylline-loaded PLGA microparticles upon 

exposure to phosphate buffer pH 7.4 at 20 °C (80 rpm). The initial microparticle 

diameters are indicated at the top of each diagram. The red stars highlight “sudden” 

partial drug release events (e.g., tiny drug crystals dissolve due to local polymer 

swelling and the dissolved diprophylline molecules rapidly diffuse through the 

swollen PLGA).  

Fig. 8:  Diprophylline release from single PLGA microparticle in phosphate buffer pH 7.4 at 

20 °C (80 rpm). The initial microparticle diameters are indicated in the diagram. The 

red stars highlight “sudden” partial drug release events (e.g., tiny drug crystals 

dissolve due to local polymer swelling and the dissolved diprophylline molecules 

rapidly diffuse through the swollen PLGA). 

Fig. 9 Schematic presentation of the hypothesized drug release mechanisms from the 

investigated diprophylline-loaded PLGA microparticles. Please note that the cartoons 

are simplifications, e.g., with respect to the homogeneity of polymer swelling. Details 

are explained in the text. 

Fig. 10 Cartoon illustrating the root cause for the higher burst release observed with smaller 

microparticles compared to larger microparticles. The total surface area of many small 

particles is much higher than the total surface area of fewer, larger particles, resulting 
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in a higher probably of drug crystals having direct surface access. Details are 

explained in the text.   
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Figure 3 
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Figure 5 
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Figure 7 
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Drug crystals in 
swollen regions 

 

dissolve, followed by 
rapid diffusion 

Substantial swelling 
of the entire particle 

 

Crystal dissolution 
Drug diffusion 

Drug crystal  Drug molecules 

Drug crystals 
with direct 

 
surface access 
dissolve rapidly 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 
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