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Abstract: Solid lipid particles have a great potential in sustained drug delivery, the lipid 
excipients are solid at room temperature with a slow degradation rate. Poly (D, L-lactic-co-
glycolic acid) (PLGA) has been successfully clinically applied for the sustained delivery of 
peptide drugs. A recent study showed the advantage of hybrid PLGA-lipid microparticles 
(MPs) over PLGA MPs for the sustained delivery of peptide drug in vivo. In this paper, we 
briefly present PLGA MPs, solid lipid MPs and PLGA lipid hybrid MP prepared by the 
double emulsion method and the spray drying method and discuss the effects of excipients 
on encapsulation efficiency of protein and peptide drugs in the MPs. The pros and cons of 
PLGA MPs, solid lipid MPs and PLGA lipid hybrid MP as carriers for sustained delivery 
of protein and peptide drugs are also discussed. 
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1. INTRODUCTION 

Therapeutic protein and peptide applications are 
recognized for being highly selective, efficacious, 
and relatively safe. However, protein and peptide 
drugs often experience short in vivo half-lives, fre-
quent injections are required to maintain the drug 
at a therapeutic concentration [1]. Formulations for 
sustained delivery of protein/peptide drugs can 
improve patient compliance, decrease drug con-
centration fluctuation, and increase therapeutic 
drug effects [2]. Therefore, the development of 
sustained-release formulations for protein and pep-
tide drugs is in considerable demand [3].  

Protein/peptide-loaded particles, implants, gels 
and nanoparticles have been developed and inves-  
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tigated for their potential in sustained drug deliv-
ery [4, 5]. A sustained release of thymopentin 
from polymer nanoparticles was observed over 
seven days after subcutaneous administration [6]. 
Multivesicular liposomes (DepoFoam®) were used 
as drug carriers for sustained drug delivery from 
days to weeks after nonvascular administration [7]. 
The implant releasing peptide drugs can last for 
one year in vivo [8]. 

Poly(D, L-lactic-co-glycolic acid) (PLGA) mi-
croparticles (MPs) have been applied for the sus-
tained delivery of peptides in clinical applications 
since the 1980s. PLGA MPs and polylactic acid 
MPs could be used to deliver proteins and peptides 
for a period of one month to six months [9]. The 
major obstacles of protein/peptide-loaded PLGA 
MPs are high burst release and protein/peptide in-
stability during formulation preparation, storage 
and administration [10-12]. Identifying an appro-
priate protein carrier has become a high priority 
for the development of successful formulations for 
sustained delivery of proteins.  
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Lipids are biocompatible and biodegradable 
materials and can be considered as good alterna-
tives of PLGA for sustained drug delivery. Solid 
lipid nanocarriers have shown great application 
potentials in drug delivery, especially in control-
ling drug release and targeting [13]. However, the 
drug loading capacity of nanocarriers is limited. 
Solid lipid MPs have better drug-loading capacity 
and longer therapeutic effect then nanoparticles. 
Sustained release of protein and peptide drugs 
from lipid matrices has been observed from days 
to months [14, 15]. This article reviews solid lipid 
MPs and PLGA MPs with a focus on the effects of 
particle preparation methods and excipients on the 
properties and effects of MPs. We hope that this 
review can be useful for future design and devel-
opment of MPs for the sustained delivery of pro-
tein and peptide drugs. 

2. INCORPORATION OF PROTEIN AND 
PEPTIDE DRUGS IN SOLID LIPID AND 
PLGA MPS 

Several methods have been developed to pre-
pare protein/peptide-loaded MPs, including double 
emulsion method, hot melting dispersion techni- 
que, spray-drying method, and a spray-congealing 
technique [16-18]. As the characteristics of solid 
lipid MPs are affected by particle preparation 
techniques, the method selection is a vital factor 
for ensuring successful development of protein/ 
peptide formulations [18].  

2.1. Preparing MPs by Double Emulsion  
Method 

The double emulsion method has the potential 
to encapsulate both hydrophilic and lipophilic 
drugs in PLGA and solid lipid MPs. Hydrophilic 
drugs, such as protein/peptide drugs, can be encap-
sulated into MPs via formation of primary water in 
oil emulsion, and followed by solidification in the 
outer aqueous phase [19]. Lipophilic drugs can be 
entrapped via dissolution with excipients in organ-
ic solvent and solidification into MPs afterwards 
[20]. Most of the peptide-loaded PLGA MPs ap-
proved in the clinical applications were fabricated 
by the double emulsion technique [21]. The encap-
sulation efficiency (EE) of proteins/peptides in 
MPs prepared by a double emulsion method de-
pends on various factors, including the concentra-

tion of excipients, stability of the primary emul-
sion, rate of solvent deduction, and the ratio of 
dispersed phase to continuous phase [22, 23]. The 
addition of lipids to PLGA MPs reduced the EE of 
protein, and the ratio between lipid and polymer is 
a critical factor for efficient encapsulation of pro-
teins in the hybrid polymer-lipid MPs prepared by 
the double emulsion method [24]. The reduced EE 
could be caused by a low viscosity of the organic 
phase and diffusion of the protein solution in the 
primary emulsion into the outer aqueous phase 
[25]. By adjusting the parameters in the particle 
preparation process, the EE of protein/peptide 
drugs in MPs can be improved by reducing the rate 
of drug partitioning into the external aqueous 
phase. 

The burst drug release is a common phenome-
non for MPs generated via the double emulsion 
method [26]. Burst release primarily occurs due to 
the surface-associated drug distribution; proteins 
associated with the surface or entrapped in the sur-
face layer also lead to burst release. Additionally, 
the drugs may leak out from the MPs via pores and 
cracks formed during the MP preparation process 
[23]. A certain amount of burst release is good to 
achieve an effective drug concentration rapidly 
after administration; however, a high level of burst 
release can be harmful to patients due to local or 
systemic toxicity [27]. The burst release of protein 
from the hybrid MPs increased with the increase 
of lipids in the MPs (Fig. 1), which could be 
caused by the variation of the solid-state of lipids 
in the MPs [24]. A series of methods have been 
developed to prevent or minimize the effect of 
drug burst release, which includes extracting the 
MPs for a short period of time, coating the MPs 
with a drug-free material, and changing the mor-
phology and composition of excipients [28].  

2.2. Preparing Solid Lipid MPs and Hybrid 
PLGA-lipid MPs by Spray-drying  

The spray-drying method is widely applied in 
the pharmaceutical industry [29]. Both hydrophilic 
and hydrophobic drugs can be encapsulated into 
MPs via a spray-drying process [30]. Additionally, 
a wide range of excipients can be selected for 
spray drying [31]. Hydrophobic MPs can be pre-
pared by spray-drying organic solvents at low 
temperatures [32]; whereas hydrophilic MPs are 
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Fig. (1). The relation between encapsulation efficiency (EE) of lysozyme in the MPs and the level of burst release 
of lysozyme from the hybrid MPs (n=3). Black: EE of TG16-PLGA hybrid MP; Gray: Burst release of lysozyme 
from TG16-PLGA hybrid MPs in 2 hours. TG16, glyceride tripalmitate. Reproduced with permission from 
reference [24]. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 

generally prepared by spray-drying aqueous solu-
tions at high inlet temperatures. Encapsulating pro-
teins and peptides into lipid MPs by spray drying 
is challenging because the excipients are hydro-
phobic. Transformation of hydrophilic protein/ 
peptide drugs into hydrophobic complexes can 
improve the compatibility of hydrophilic drugs 
with the hydrophobic matrix [33, 34]. Protein/ 
peptide ion-pairing complexation or formation of 
phospholipid complexes improves the encapsula-
tion of peptide/protein drugs in hydrophobic pol-
ymers and lipids [35, 36], leading to homogenous 
distribution of proteins in spray-dried MPs [33]. 
The shape of spray-dried MPs containing peptide 
drugs was spherical, but the particle surface varied 
depending on the excipients (Fig. 2) [34]. 

The MPs generated via the spraying method 
had higher EE of proteins than MPs generated via 
the double emulsion method [24, 33]. The EE of 
proteins by PLGA MP prepared by the spray-
drying method and the double emulsion method 
was approximately 90% and 60%, respectively. 
Differences in materials, solid-state of excipients, 
and spray-drying process parameters can also lead 
to the variation of drug EE values [33, 37, 38]. 
PLGA was in the amorphous form and created 
abundant space to encapsulate insulin and leupro-
lide inside MPs, whereas the crystalline forms of 
triglycerides in MP limited the retaining of pro-
teins inside the matrix and led to the low drug EE 
[33, 34]. MPs containing a mixture of lipids, how-

ever, have a chaotic inner structure and provide 
sufficient space to retain insulin, leading to ap-
proximately 90% drug EE. Fig. (3) illustrates how 
the structure of the materials affects the drug EE in 
different MPs prepared by the spray-drying meth-
od. The molecular mass of insulin, leuprolide and 
carbamazepine is 5805 Da, 1208 Da, and 236 Da, 
respectively. The EE value of insulin, leuprolide 
and carbamazepine in triglyceride MPs was 35%, 
65% and 100%, respectively. Drug EE in lipid 
MPs decreased with the increase of the size of 
drug molecules, which could be related to the 
spaces between crystalline forms of lipids in the 
MPs (Fig. 3).  

2.3. Stability of Proteins During Particle Prepa-
ration 

One of the important factors for determining 
the success of a protein formulation is the activity 
of the protein. Protein activity is mainly deter-
mined by its secondary and tertiary structures [39]. 
The secondary structure, such as a-helix, β-sheet 
and β-turn, can be measured by a circular dichro-
ism method [40]. Generally, proteins are vulnera-
ble to aggregation, denaturation and cleavage, par-
ticularly at water-organic solvent interfaces during 
the encapsulation process by a double emulsion or 
phase separation method [10]. Therefore, adding 
stabilizing agents and optimizing the fabrication 
processes are applied to avoid protein denatura-
tion. Stabilizing additives, such as sugars, amino 
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Fig. (2). SEM images of spray-dried MPs containing leuprolide. (A) TG18 MP, (B) TG22 MP, (C) PLGA-TG18 
hybrid MP with a weight ratio of PLGA:TG18 at 47:47, (D) PLGA MP. SEM, scanning electron microscopy; MPs, 
microparticles; TG18, glyceride tristearate; TG22, glyceride tribehenate. Reproduced with permission from 
reference [34]. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 

 
Fig. (3). Schematic illustration of drug EE in different spray-dried MPs. EE, encapsulation efficiency; MW, mo-
lecular weight. Reproduced with permission from reference [33]. (A higher resolution / colour version of this figure 
is available in the electronic copy of the article). 
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Fig. (4). Circular dichroism spectra of native insulin and insulin released from PLGA MPs. Reproduced with 
permission from reference [33]. (A higher resolution / colour version of this figure is available in the electronic 
copy of the article). 

acids, inorganic salts and chelating agents [41], 
can help to maintain protein activity during the 
preparation process by preventing protein unfold-
ing and aggregation at the water-organic solvent 
interface. 

In a spray drying process, the heat applied may 
be detrimental to the protein activity [42]. Howev-
er, both the inlet and outlet temperatures can be 
reduced when an organic feed solution is applied 
in the preparation of solid lipid MPs. Formation of 
peptide-phospholipid complexes increases the 
compatibility of the hydrophilic peptides with hy-
drophobic excipients such as lipids and PLGA [33, 
34]. No significant damage to the structure of insu-
lin was observed during the spray drying process, 
the secondary structure of insulin released from 
PLGA MPs was similar to that of native insulin 
(Fig. 4). The low inlet spray-drying temperature 
(approximately 50°C) and anhydrous condition 
can be the main reasons ensuring the stability of 
the protein in the MPs [43]. 

3. PROTEIN/PEPTIDE RELEASE PROFILE 
FROM MP IN VITRO 

The protein/peptide release profile from MP 
generated via the spray-drying method exhibited a 
drug burst release followed by a certain degree of 
sustained release over one month.  

Drug release from PLGA MP after burst release 
is generally dependent on the polymer degradation 
rate [44]. Approximately 70% of leuprolide failed 
to release from PLGA MP within 30 days (Fig. 5). 
The incomplete leuprolide release could be due to 
the slow degradation rate of PLGA. The ratio of 
lactic acid and glycolic acid in the PLGA molecule 
was 75:25, and the molecular weight was approx-
imately 50 KDa, which led to a degradation time 
of the PLGA molecule longer than 3 months [44].  

The property of lipids could influence the drug 
release profile from solid lipid MP. Protein release 
from lipid MP was strongly correlated with buffer 
intrusion and drug diffusion [15]. TG22 MP and 
TG18 MP exhibited a sustained release profile  
in vitro with a low burst release (Fig. 5). TG22 has 
a log P value of approximately 27, which hinders 
the diffusion of the release medium into the inner 
part of TG22 MP. TG18 MP had a faster drug re-
lease rate than TG22 MP, which could be ex-
plained by the lower log P value of TG18 (approx-
imately 24) than TG22.  

The drug release profile of the PLGA TG18 
hybrid MP was determined by the ratio of PLGA 
and TG18. The PLGA TG18 hybrid MP contain-
ing 10% TG18 had the same release profile as 
PLGA MP (Fig. 5), which indicated that 10% 
TG18 did not significantly change the structure of 
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PLGA MP. However, when the content of TG18 
was increased to 47% in the PLGA TG18 hybrid 
MP, the burst release of hybrid MP was signifi-
cantly increased, and almost all the peptides were 
released in the first week (Fig. 5). The result sug-
gests that PLGA and TG18 maybe not compatible 
when the hybrid system containing an equal 
amount of PLGA and TG18. TG18 might form 
numerous small lipid crystals that distribute inside 
the hybrid MP, and such a distribution could allow 
the release medium easily diffuse to the inner side 
of hybrid MP and then enhance drug release. The 
hybrid MP containing 10% PLGA had a much 
faster drug release rate than the TG18 MP (Fig. 5) 
because the 10% PLGA content in the hybrid MP 
might interrupt the integrity of TG18 MP and then 
accelerate the drug release speed.  

4. SUSTAINED DELIVERY OF PROTEIN/ 
PEPTIDE DRUGS BY PLGA AND SOLID  
LIPID MPS 

PLGA MPs can be used for the delivery of pro-
tein/peptide drugs from days to months [4]. How-
ever, the use of PLGA MPs for the sustained re-
lease of proteins in vivo is still challenging [9]. 
Human growth hormone-loaded PLGA MP Nutro-
pin Depot, which was approved by the FDA and 
marketed in 1999 by Genentech [45], was with-
drawn from the market in 2004 because of the high 
costs of formulation production [46]. Proteins can 
become physically unstable because of denatura-
tion, aggregation and precipitation. Moisture-
induced protein aggregation in MPs during admin-

istration also leads to potential deterioration of the 
proteins [47]. Reactions that lead to protein chem-
ical degradation include acid-catalyzed reactions, 
such as deamidation and amide bond hydrolysis, 
drug and polymer acylation reactions [11]. The 
decreased pH in the MPs due to the degradation of 
PLGA may represent the main reason for the 
chemical degradation of proteins [48]. Incomplete 
release of protein is often associated with nonspe-
cific PLGA-protein interactions, which can lead to 
unwanted immunogenicity and other side effects 
[49, 50]. The release of protein/peptide drugs from 
PLGA MPs is primarily determined by the degra-
dation rate of PLGA after the burst release. Both 
the molecular mass and the ratio of poly (lactic 
acid) (PLA) to poly (glycolic acid) (PGA) in the 
PLGA influence the degradation rate of PLGA. 
Polymers with higher molecular mass generally 
exhibit slower rates of degradation [51]. PLGA 
50:50 (PLA/PGA) had faster degradation rate than 
PLGA 65:35 due to the higher hydrophilicity and 
faster degradation rate of PGA than PLA [51].  

Solid lipid MPs have been introduced in the 
early 1990s as an alternative drug carrier to lipo-
somes, emulsions, and polymer MPs. The release 
mechanisms of protein/peptide drugs from lipid 
formulations are different from those of PLGA 
MPs. Triglycerides possess much slower degrada-
tion rates than PLGA both in vitro and in vivo 
[52], triglyceride implants maintain a similar shape 
and do not show significant surface erosion after 
35 days implantation under the skin [52]. Drug 
release from lipid formulations is highly related to 

 
Fig. (5). Leuprolide release profiles from MPs (PLGA TG18 MP 10 85 means that the weight ratio of PLGA to 
TG18 is 10:85). Reproduced with permission from reference [34]. (A higher resolution / colour version of this fig-
ure is available in the electronic copy of the article). 
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the medium intrusion and drug diffusion properties 
[15, 53]. Lipid structure has a great influence on 
the drug release profile. Drug release from formu-
lations containing monoglycerides and diglycer-
ides was observed from 24 hours to 48 hours [54, 
55], whereas the drug release from triglyceride 
formulations lasted from days to months in vitro 
[56, 57]. Additionally, the rate of drug release was 
reduced when the chain length of the triglyceride 
was increased in the formulations, because of the 
slow rate of medium intrusion [56]. In vivo evalua-
tion of spray-dried MPs containing either glyceryl 
tristearate (TG18) or glyceryl tribehenate (TG22) 
showed that TG22 MPs were better than TG18 
MPs for prolonged delivery of leuprolide. A five-
fold increase of AUC was observed after subcuta-
neous injection of TG22 MPs when compared to 
TG18 MPs with the same dose of leuprolide 
(6 mg/kg). TG22 MPs also provided a better thera-
peutic effect than TG18 MPs [34]. 

Research in hybrid polymer-lipid carriers has 
increased greatly due to the potential synergistic 
effect of polymer and lipid in drug delivery [58]. 
The reduction of pH in the interior of the PLGA 
MPs could be alleviated by substituting parts of 
PLGA with lipids. Numerous studies on hybrid 
polymer-lipid NPs have demonstrated the success-
ful development of a hybrid system with improved 
drug EE and control drug release profiles [59, 60]. 
A recent study on hybrid polymer-lipid MPs 
demonstrated the synergistic effect of PLGA and 
lipids in the sustained delivery of peptide drug 

leuprolide [34]. The pharmacokinetics (PK) and 
pharmacodynamics (PD) of leuprolide after subcu-
taneous injection of different spray-dried MPs 
were evaluated in rats. Similar PK and PD profiles 
were observed for TG18 MPs and PLGA MPs, 
leuprolide was released over 40 days (Fig. 6). 
However, the AUC of hybrid PLGA-TG18 MPs 
was approximately four times larger than that of 
TG18 MPs and PLGA MPs containing the same 
dose of leuprolide, whereas the Cmax of the hybrid 
MPs was significantly lower than that of the other 
groups. Additionally, the hybrid MPs provided a 
longer duration of effect (60 days) on reducing the 
level of testosterone in rats than PLGA and solid 
lipid MPs. It could be caused by changes of parti-
cle inner structures, i.e. the lipid molecules were 
well distributed amongst the PLGA chains via van 
der Waal forces, leading to a slower degradation of 
PLGA in vivo.  

CONCLUSION 

Formation of phospholipid complexes increases 
the compatibility of protein and peptide drugs with 
lipids and PLGA, and results in homogenous dis-
tributions of proteins in spray-dried MPs. Spray 
drying solutions of hydrophobic excipients and 
protein-phospholipid complexes can be used to 
encapsulate protein drugs in solid lipid MPs and 
hybrid MPs without alterations of drug structural 
integrity. Triglyceride MPs have better or similar 
effects for sustained delivery of peptide drugs 
compared to PLGA MPs, depending on the chain-

 
Fig. (6). Plasma concentrations of leuprolide (LEU) after the administration of spray-dried MPs at different drug 
doses (mean + SD, n = 3-5). TG18, glyceride tristearate; the weight ratio of PLGA: TG18 in PLGA TG18 hybrid 
MP is 85:10. Reproduced with permission from reference [34]. (A higher resolution / colour version of this figure 
is available in the electronic copy of the article). 
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length of acyl groups in the lipids. Longer chain 
lipids in the MPs result in prolonged drug release 
and provide a longer duration of effect. The rate of 
drug release from the hybrid MPs is much slower 
than that from solid lipid MPs and PLGA MPs, 
probably due to slower degradation of PLGA 
caused by molecular interactions between PLGA 
and triglycerides. Hybrid PLGA-lipid MPs are 
promising carriers for the sustained delivery of 
protein and peptide drugs. 
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