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Abstract 

Metformin hydrochloride remains the first-line oral therapy for type 2 diabetes, yet its high aqueous 

solubility and short biological half-life (~3 hours) necessitate multiple daily doses that compromise 

patient adherence. This research formulated metformin-loaded solid lipid nanoparticles (SLNs) to 

achieve sustained drug release over 48 hours while maintaining colloidal stability. Five formulations 

(F1-F5) were prepared by hot homogenization-ultrasonication using two lipid matrices: stearic acid and 

glyceryl monostearate (GMS), combined with Poloxamer 188 and Tween 80 as stabilizers. Particle 

sizes ranged from 162.8 nm (F3, GMS with dual surfactant) to 241.7 nm (F4, stearic acid with Tween 

80 alone). Entrapment efficiency reached 68.4% for the optimized formulation F3, which also exhibited 

the most negative zeta potential (−34.7 mV) and lowest polydispersity index (0.187). Differential 
scanning calorimetry and X-ray diffraction confirmed the drug was molecularly dispersed within a less-

ordered lipid matrix. In vitro release in phosphate buffer (pH 6.8) followed the Higuchi diffusion 

model, with F3 releasing 81.3% of entrapped metformin over 48 hours compared to complete 

dissolution of free metformin within 2 hours. Stability studies at 25 °C/60% RH over 90 days showed 

less than 5% change in particle size and entrapment efficiency for F3, confirming adequate shelf-life 

potential. 

 
Keywords: Solid lipid nanoparticles, metformin hydrochloride, sustained release, glyceryl 
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Introduction 

Type 2 diabetes affects over 530 million adults globally, and that number is projected to 

reach 783 million by 2045, with the Middle East and North Africa region showing some of 

the highest prevalence rates worldwide [1]. Metformin hydrochloride is prescribed to roughly 

150 million patients as the standard first-line oral hypoglycemic, but its pharmacokinetic 

profile creates compliance challenges — the drug’s rapid absorption and short half-life mean 

patients typically take 500-1000 mg two or three times daily, and missed doses are common 
[2]. Extended-release tablet formulations exist, but they rely on hydrophilic matrix swelling 

that is sensitive to gastrointestinal transit variability and food effects [3]. 

Solid lipid nanoparticles represent an alternative strategy for controlled drug release. These 

colloidal carriers (50-500 nm) use biocompatible solid lipids as the matrix, combining the 

advantages of polymeric nanoparticles and liposomes while avoiding organic solvent 

residues and offering simpler large-scale production [4]. For hydrophilic drugs like 

metformin, the key challenge is achieving adequate entrapment — the drug’s high water 
solubility (>300 mg/mL) drives it into the aqueous phase during preparation, leaving the 

lipid core with low payloads unless the formulation is carefully optimized [5]. 

Several approaches have been proposed to improve hydrophilic drug loading in SLNs: using 

ion-pairing agents to reduce aqueous solubility, double emulsion techniques, and selection of 

lipids with higher drug affinity [6]. Stearic acid and glyceryl monostearate are among the most 

studied SLN lipids due to their GRAS status, low cost, and well-characterized melting 

behavior, but head-to-head comparisons for metformin loading are scarce [7].  
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The surfactant system also plays a decisive role, influencing 

both particle size and drug retention during solidification of 

the lipid phase [8]. 

This research compared five SLN formulations varying in 

lipid type, surfactant composition, and drug-to-lipid ratio, 

aiming to identify conditions that maximize metformin 

entrapment while producing particles below 250 nm with 

sufficient colloidal stability for oral delivery [9]. 

 

Reagents and Chemicals 

Metformin hydrochloride (>99% purity, Merck) was used as 

received. Stearic acid (octadecanoic acid, mp 69.3 °C) and 

glyceryl monostearate (mp 58.2 °C) were obtained from 

Gattefossé (Lyon, France). Poloxamer 188 (Lutrol F68, 

BASF), Tween 80 (polysorbate 80, Croda), and all other 

chemicals were analytical grade from Sigma-Aldrich. 

Dialysis membrane tubing (12-14 kDa MWCO) came from 

Spectrum Laboratories. Phosphate buffer saline (pH 6.8) 

was prepared fresh each week using USP-grade salts and 

Milli-Q water (18.2 MΩ·cm) [10]. 

 

Materials and Methods 

Materials 

Research was performed at Arabian Gulf College of 

Pharmacy, Dammam, Eastern Province, Saudi Arabia, from 

February 2023 to November 2023. No ethical approval was 

required as no human or animal subjects were involved. A 

Silverson L5M-A high-shear mixer, Hielscher UP200Ht 

ultrasonicator (200 W, 26 kHz), Malvern Zetasizer Nano 

ZS, TA Instruments Q2000 DSC, Bruker D8 Advance XRD, 

and Shimadzu UV-1800 spectrophotometer were used for 

preparation and characterization [11]. 

 

Methods 

SLNs were prepared by hot homogenization followed by 

ultrasonication. Briefly, lipid (300 mg) was melted at 80 °C, 

and metformin (100 mg) was dissolved in the molten lipid 

phase. Separately, surfactant was dissolved in 20 mL water 

heated to the same temperature. The hot aqueous phase was 

added to the lipid melt under high-shear mixing at 15,000 

rpm for 5 min, forming a coarse pre-emulsion. This was 

immediately sonicated at 40% amplitude for 10 min in an 

ice bath. The nanoemulsion was cooled to room temperature 

(25 °C) over 30 min with gentle stirring (300 rpm) to 

solidify the lipid, yielding the SLN dispersion [12]. 

Five formulations were prepared: F1 (stearic acid + 1% 

Poloxamer 188), F2 (stearic acid + 1% Tween 80), F3 (GMS 

+ 0.5% Poloxamer 188 + 0.5% Tween 80), F4 (stearic acid 

+ 1% Tween 80, double drug load), and F5 (GMS + 1% 

Poloxamer 188). Particle size, PDI, and zeta potential were 

measured by dynamic light scattering. Entrapment 

efficiency was determined by ultracentrifugation (40,000 

rpm, 30 min, 4 °C); free drug in the supernatant was 

quantified by UV at 233 nm. Drug loading capacity was 

calculated as entrapped drug per unit mass of total 

nanoparticles [13]. 

In vitro release studies used the dialysis bag method. SLN 

dispersion equivalent to 10 mg metformin was placed in 

dialysis tubing and immersed in 200 mL PBS (pH 6.8) at 37 

°C under stirring (100 rpm). Samples (3 mL) were 

withdrawn at predetermined intervals over 48 h, replaced 

with fresh buffer, and assayed by UV at 233 nm. Release 

kinetics were fitted to zero-order, first-order, Higuchi, 

Korsmeyer-Peppas, and Hixson-Crowell models [14]. DSC 

thermograms (10 °C/min, nitrogen atmosphere, 25-250 °C) 

and XRD patterns (Cu Kα, 5-40° 2θ, 2°/min) characterized 
the solid-state properties. Stability was assessed at 25 

°C/60% RH over 90 days with sampling at 30-day intervals 
[15]. 

 

Instrumentation 

Dynamic light scattering measurements used a Malvern 

Zetasizer Nano ZS (633 nm He-Ne laser, 173 ° backscatter 

angle, 25 °C, disposable polystyrene cuvettes for size/PDI 

and folded capillary cells for zeta potential). Each sample 

was measured in triplicate with 12 runs per measurement. 

DSC analysis employed hermetically sealed aluminum pans 

with an empty pan reference. XRD operated at 40 kV/40 

mA with a step size of 0.02°. UV spectrophotometric 

measurements were validated for linearity (1-100 μg/mL, R² 
= 0.9999), precision (%RSD < 1.2%), and specificity (no 

lipid or surfactant interference at 233 nm) [16]. 

 

Results 
Table 1: Physicochemical characteristics of five metformin-loaded SLN formulations. 

 

Code Lipid Size(nm) PDI Zeta(mV) EE (%) DL (%) 

F1 Stearic acid 187.3 0.241 −28.4 52.7 4.8 

F2 Stearic acid 214.6 0.298 −22.1 47.3 4.1 

F3 GMS 162.8 0.187 −34.7 68.4 6.7 

F4 Stearic acid 241.7 0.312 −19.3 41.8 7.2 

F5 GMS 178.4 0.223 −31.2 61.9 5.9 

 

Formulation F3 (GMS with dual surfactant) consistently 

outperformed the other preparations. Its particle size of 

162.8 nm was the smallest, reflecting the synergistic 

emulsification action of Poloxamer 188 and Tween 80 

working together. The PDI of 0.187 indicated a narrow, 

monomodal size distribution. Its zeta potential of −34.7 mV 
exceeded the −30 mV threshold generally considered 
sufficient for electrostatic stabilization of colloidal 

dispersions [4]. 

Entrapment efficiency showed a clear lipid-type effect. 

GMS-based formulations (F3: 68.4%, F5: 61.9%) 

consistently entrapped more metformin than stearic acid 

formulations (F1: 52.7%, F2: 47.3%, F4: 41.8%). This likely 

reflects GMS’s monoglyceride structure, which provides 
more hydrogen bonding opportunities with the amine groups 

of metformin than the simple carboxylic acid of stearic acid. 

Doubling the drug load in F4 actually decreased entrapment 

efficiency to 41.8%, probably because the excess drug 

exceeded the lipid’s accommodation capacity and 
partitioned into the aqueous phase during cooling [5]. 

DSC thermograms showed that bulk metformin produced a 

sharp endotherm at 233.4 °C (melting point), while the 

physical mixture of drug and GMS showed both the lipid 

melt endotherm (58.2 °C) and a reduced drug peak. In F3 

lyophilized SLNs, the metformin endotherm disappeared 
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entirely, confirming molecular dispersion or amorphous 

entrapment within the lipid matrix. XRD supported this: 

crystalline metformin’s characteristic peaks at 2θ = 12.1°, 

17.8°, and 22.3° were absent in F3 powder, replaced by the 

broad halo of amorphous material superimposed on GMS’s 
lipid reflections [17]. 

 

 
 

Fig 1: In vitro cumulative release profiles of free metformin and two SLN formulations (SLN-A: F1 stearic acid; SLN-B: F3 glyceryl 

monostearate) in PBS pH 6.8 at 37 °C over 48 hours. 

 

 
 

Fig 2: Particle size (left) and absolute zeta potential (right) for formulations F1-F5. Dashed line indicates the 30 mV stability threshold. 

 

In vitro release profiles demonstrated the sustained-release 

advantage of SLN encapsulation. Free metformin dissolved 

completely within 2 hours, while F3 released 81.3% over 48 

hours. The initial burst release from F3 was modest (14.2% 

in the first hour), attributed to surface-adsorbed drug 

diffusing rapidly from the nanoparticle periphery. After the 

burst phase, release followed a steady diffusion-controlled 

pattern. Kinetic modeling showed the best fit to the Higuchi 

equation (R² = 0.9934), consistent with matrix-type 

diffusion from a lipid depot. The Korsmeyer-Peppas 

exponent (n = 0.43) indicated Fickian diffusion as the 

dominant release mechanism [14]. 

Stability data at 25 °C/60% RH showed that F3 maintained 

its physicochemical properties over 90 days. Particle size 

increased marginally from 162.8 to 171.3 nm (5.2% 

change), PDI remained below 0.20, and entrapment 

efficiency decreased from 68.4% to 65.1% (4.8% loss). No 

visible aggregation, creaming, or sedimentation was 

observed throughout the storage period. The F2 formulation, 

by contrast, showed a 14.7% size increase and visible 

flocculation by day 60, consistent with its lower zeta 

potential (−22.1 mV) providing insufficient electrostatic 
repulsion [18]. 

 

Discussion 

The 68.4% entrapment efficiency achieved with F3 is 

noteworthy for a highly hydrophilic drug. Published SLN 

studies for metformin typically report 30-55% entrapment 
[5], so the dual surfactant approach with GMS appears to 

offer a meaningful improvement. The mechanism likely 

involves Poloxamer 188’s PEO chains creating a viscous 
interfacial layer that slows drug diffusion out of the lipid 

phase during the critical cooling step, while Tween 80’s 
smaller molecular footprint fills gaps in the surfactant 

monolayer that would otherwise serve as drug escape routes 
[8]. 

GMS outperformed stearic acid as the lipid matrix, and the 

reason probably extends beyond hydrogen bonding. GMS 

creates a less perfectly ordered crystal lattice upon 

solidification — its mono-, di-, and triglyceride 

polymorphic mixture generates lattice imperfections that 
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physically trap drug molecules more effectively than stearic 

acid’s tightly packed lamellar crystals [7]. This interpretation 

is consistent with the DSC data showing broader, lower-

intensity lipid endotherms for GMS formulations compared 

to the sharp melting peaks of stearic acid preparations. 

The 48-hour sustained release from F3 could translate to 

once-daily dosing in a clinical setting, cutting the current 

twice- or thrice-daily regimen. However, oral bioavailability 

of SLN-encapsulated metformin needs in vivo confirmation, 

because intestinal lipase activity may accelerate lipid matrix 

degradation and drug release beyond what the dialysis bag 

model predicts [19]. Additionally, the 14.2% burst release in 

the first hour is therapeutically desirable for diabetes 

management, as it provides an initial loading dose effect 

before the sustained phase maintains plasma concentrations. 

Scaling from the current 20 mL batch to production volumes 

would require transitioning from probe ultrasonication to 

high-pressure homogenization, which is industrially 

established for SLN manufacturing. The formulation’s 
simplicity — two excipients (GMS and surfactants) with no 

organic solvents — is an advantage for regulatory approval 

and manufacturing cost. Lyophilization with 5% trehalose as 

cryoprotectant preserved particle characteristics after 

reconstitution, which would support a dry powder dosage 

form filled into capsules for oral administration [20]. 

 

Conclusion 

Solid lipid nanoparticles prepared from glyceryl 

monostearate with a dual surfactant system (Poloxamer 188 

+ Tween 80) achieved the highest metformin entrapment 

(68.4%) among five formulations tested. The optimized 

formulation F3 showed favorable particle characteristics 

(162.8 nm, PDI 0.187, zeta potential −34.7 mV), sustained 
drug release over 48 hours following Higuchi diffusion 

kinetics, and adequate colloidal stability over 90 days at 25 

°C. DSC and XRD confirmed amorphous drug dispersion 

within the lipid matrix. These results support further 

development toward once-daily oral metformin delivery, 

with in vivo pharmacokinetic evaluation as the 

recommended next step. 
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