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Abstract: Poly(L-lactide) (PLLA) microspheres have excellent biocompatibility and biodegradability and already been 

applied as biomedical materials in tissue engineering. However, hydrophobic PLLA exhibits low degradation rate, 

bringing an obstacle to the generation of new tissues. Incorporating hydrophilic blocks endows diblock copolymer 

poly(L-lactide)-b-poly(ethylene glycol) (PELA) with improved biodegradability. In the present contribution, degradation 

behaviors of PLLA and PELA microspheres including mass loss, molecular weight changes, viscosity variation and micro-

scopic morphology difference are monitored and analyzed. The accelerating of PEG blocks is validated. The addition 

of enzymes including proteinase K and lipase shows negligible effect on the degradation, thus hydrolysis in bulk poly-

mer is proved to be the dominant degradation mechanism. Degradation characteristics including accelerates degra-

dation rate, low surface degradation efficiency and hydrolysis nature make PELA microspheres promising candidate 

for dermal filler materials.
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Introduction

Poly(lactic acid) (PLA) is one of the most commercially used 

biopolymers. Derived from lactides which are conveniently 

acquired from agricultural byproducts, PLA is considered as a 

suitable alternative to petrochemical-based polymers.1 PLA     

microspheres, known for its good biocompatibility and biode-

gradability, is regarded as a promising candidate for biomed-

ical application including drug delivery,2-4 tissue engineering5-8 

and dermal fillers.8 Poly(L-lactic acid) (PLLA) is one of FDA 

approved nonpermanent dermal filler. Different from tradi-

tional dermal fillers which take effect by volume augmentation, 

implanted PLLA stimulate fibroblast production, allowing cells 

to grow over it around the organ defect. When the healing pro-

cess is finished, the biodegradable implanted fillers require for 

complete and safe in vivo degradation. However, application of 

PLLA microspheres is hindered by its slow degradation rate.9 

The main degradation mechanism of PLLA is thoroughly 

investigated to be hydrolysis of ester bonds on the backbone.10 

Under specific conditions, the cleavage of ester bonds could 

also be enhanced by enzymes and microorganisms.11,12 It is 

reported that degradative enzymes such as proteinases13 and 

lipases14 could localize on the surface of PLA, participating in 

biodegradation process. As the degradation on the surface car-

ries on, enzymes are able to spread inside the materials thus 

facilitate the total degradation of PLLA.15

Due to hydrophobicity, PLLA is hard to contact water or 
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enzymes. Complete degradation of PLA usually takes a few 

weeks, while the stereoregular PLLA takes up to a few months.16 

To accelerate the degradation of PLLA, there are several 

methods including blending, copolymerization, compounding 

and surface modification.9 Copolymerization with hydrophilic 

monomers helps PLLA chains better contact with water. Poly-

(L-lactide)-poly(ethylene glycol) (PELA) is a useful copolymer. 

Introduction of poly(ethylene glycol) (PEG) blocks endows 

the copolymer hydrophilicity and biocompatibility. Hydrolysis 

degradation of PLA could be accelerated by incorporating PEG 

fragments.17-20 On the other hand, PEG was reported to impede 

enzymatic degradation of poly(-caprolactone) (PCL), another 

hydrophobic aliphatic polyester.21 The degradation rate of PLLA 

is dependent of its crystallinity, morphology properties and 

water diffusion rate into the polymers. However, there are lim-

ited reports on the degradation behavior of PELA microspheres 

by enzymes.

Herein, in vitro degradation behavior of PLLA and PELA 

microspheres is studied. Effect of PEG blocks is assessed by 

monitoring the mass loss, molecular weight change, particle size 

variation and surface morphology under incubation conditions 

with and without enzyme proteinase K or lipase. 

Experimental

Materials & Measurements. Poly(L-lactide) (PLLA, Wedu     

medical), Poly(L-lactide)-b-poly (ethylene glycol) (PELA, Wedu 

medical), KH2PO4 (AR, Sinopharm Chemical Reagent), NaOH 

(AR, Sinopharm Chemical Reagent), Chlorhexidine digluconate 

(20%, Sigma Aldrich), Proteinase K (30 U/mg, Sigma Aldrich), 

Lipase type Ⅱ (125U/mg, Sigma Aldrich), dichloromethane 

(DCM, Shenya Chemical Co.).

A size-exclusion chromatography (SEC) composed of Agi-

lent 1260 infinity II equipment and two CHCl3 columns (PLgel 

5 μm MIXED-C 300×7.5 mm) was used to determine the molec-

ular weights and dispersities (Đ) of polymers. CHCl3 was used 

as eluent with a flow rate of 1 mL/min at 35 ℃. Polystyrene was             

used as calibration standards. Proton nuclear magnetic resonance 

(1H NMR) were recorded on a JEOL JNM-ECZL400S spec-

trometer (1H: 400 MHz) using CDCl3 as solvent. The size of 

microspheres was obtained from dynamic light scattering (DLS)

at 25 ℃ using Malvern MASTERSIZER 3000 particle analyzer.        

The morphology of microspheres was analyzed by scanning 

electron microscopy (SEM, ZEISS Sigma 500). The samples 

were sputtered with an Au/Pd coating. The coating procedure 

was repeated three times. Thermal properties of samples were 

tested by differential scanning calorimetry (DSC) (DSC Q200 

TA Instruments). Thermograms were obtained under nitrogen 

flow (50 mL/min) at a heating and cooling rates of 10 ℃/min in     

the temperature range from room temperature to 200 ℃.

Preparation of Microspheres. Both PLLA and PELA micro-     

spheres were prepared according to double emulsion solvent 

evaporation method in CHCl2 and water.

In vitro Degradation. Preparation of Incubation Buffer:     

13.6 g KH2PO4 was added to 790 mL NaOH solution (0.1 mol/L). 

The mixture was d iluted with water up to 2000 mL. The pH of 

the buffer is 7.4. 0.08 mg/mL lipase and 3.33 mg/mL proteinase 

K was added to the buffer, respectively. 0.5% (v/v) solution of 

chlorhexidine digluconate was added to each solution. 0.5 g 

PLLA/PELA microspheres were placed into the test tubes with 

100 mL buffers (PBS/PBS with proteinase K/PBS with lipase). 

Then the test tubes were incubated at constant temperature of 

37 ℃ in a shaking bath, set up at 120 rpm/min. To keep the     

enzyme effective, 1 mL newly prepared buffer was added to the 

degradation mixture every week.

Samples of microspheres were taken on the 3rd, 7th, 17th, 

30th and 45th day since degradation.

Mass loss measurements were conducted after thoroughly 

isolation of samples by filtration with DI water for three times. 

The isolated product on the filter membrane was dried under 

vacuum at 40 ℃. The mass loss rate was calculated as follows:

Mass loss% = (1)

Where W0 is the weight of microspheres before incubation,

W2 is the total weight of dried microspheres with filter membrane, 

and W1 is the weight of unused filter membrane.

After measurement of mass loss, the viscosity of samples 

was measured by Ubbelohde viscometer, using CHCl3 as sol-

vent over 3 parallel samples. Molecular weights of the samples 

were monitored by SEC. Microscopic and the geometrical 

structure of the surface of the samples were recorded by SEM. 

Changes in the size of the microspheres were tested by DLS.

Results and Discussion

PLLA and PELA microspheres were synthesized through 

double emulsion solvent evaporation method. Their number 

average molecular weights (Mn) were comparative as 33 kg/

mol and 36 kg/mol for PLLA and PELA, respectively, with the 

same dispersity of 1.20 determined by SEC. PELA contained 

34 mol% of PEG.

W0 W2 W1– – 

W0

-------------------------------------- 100%
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Size distributions of the microspheres were characterized by 

DLS (Figure S1). The average diameters of microspheres were 

25 μm. Analyzed by SEM in Figure 1(a) and (b) both two 

types of microspheres were evaluated to be spherical particles 

with a homogeneous size. Compared with PLLA, the surface of 

PELA microspheres is less smooth (Figure S2). The spongy 

surface could provide tunnels for small molecules like water to 

get into the microspheres freely.17

After 45 days of incubation in PBS, an average mass loss of 

3% was detected in PLLA microspheres (Figure 2(a)), while 

the mass loss of PELA reached 10%. It indicates that hydro-

philic PEG-block promotes the efficiency of chain fragmenta-

tion in microspheres. Changes in the viscosity and molecular 

weights agree well with the mass losses. The intrinsic viscosity 

of PELA continuously decreased with time from 0.45 to 0.25 

(Figure 2(b)) in line with the progressive reduction of Mn from 

36 kg/mol to 8 kg/mol (Figure 2(c)). Note that the degradation 

carried out faster within the first 20 days. In contrast, the vis-

Figure 1. The scanning electron microscope (SEM) images of (a) 

PLLA; (b) PELA microspheres before and after 45 day degradation: 

(c) PLLA in PBS; (d) PELA in PBS; (e) PLLA in PBS with pro-

teinase K; (f) PELA in PBS with proteinase K; (g) PLLA in PBS 

with lipase; (h) PELA in PBS with lipase.

Figure 2. (a) Mass loss; (b) the changes of intrinsic viscosity; (c) 

molecular weight of PLLA and PELA microspheres during degra-

dation in PBS with and without enzymes.
폴리머, 제50권 제2호, 2026년
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cosity and molecular weight of PLLA microspheres only 

exhibited a slight reduction. The effect of enzymes was hardly 

demonstrated. 

DSC was incorporated to get better knowledge of the micro-

structure behaviors during degradation. Before degradation 

(Figure 3), PLLA exhibited a glass transition at around 60 ℃          

and a melting process at 175 ℃. As the Tg and Tm changed            

slightly after 45 days of degradation, the crystallinity of PLLA 

was hardly affected much by hydrolysis. The glass transition 

temperature was not captured for PELA, which could be ascribed 

to the fragment mobility enhanced by PEG block. The melting 

temperature of PELA decreased with degradation time in the 

first week, in agreement with the rapid reduction of molecular 

weight recorded in Figure 2. The unimodal melting peak turned 

into several broadened ones, indicating heterogeneity of the 

hydrolysis process.

Figure 4 shows the SEC curves of microspheres incubated in 

PBS at different time stages. The curve of PLLA kept its uni-

modal peak with negligible change after 45 days of incubation. 

In the first week of degradation, the SEC curve of PELA shifted 

to the low molar mass region. At this stage, the degradation 

mainly happened through breakage of long polymer chains. 

After 17 days, multiple peaks were observed as bulk degrada-

tion had been accelerated following the mechanism proposed 

in literature,17 where water gradually permeated into the micro-

spheres matrix to facilitate hydrolysis of ester bonds in bulk.

PEG content was calculated from 1H NMR spectra of the 

samples (Figure S3) and the results are listed in Table S2 (Sup-

porting Information). After 45 days of degradation, PEG con-

tent decreased from 25% to 20%. The fragments connected to 

PEG blocks were more likely to stay in contact with water and 

dissolve in the buffer. As PEG is not hydrolytic under the pre-

Figure 3. DSC thermograms of (a) PLLA; (b) PELA microspheres at different times during incubation in PBS.

Figure 4. SEC traces of (a) PLLA; (b) PELA microspheres at different times during incubation in PBS.
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vious condition, its content in PELA did not vary much after 

degradation. Rather than direct hydrolysis of itself, PEG blocks 

boosted the degradation process by promoting hydrolysis of 

PLLA through improved hydrophilicity.

The SEM images of microspheres after 45 days of incuba-

tion are shown in Figure 1(c)-(h). The freshly prepared micro-

spheres exhibit intact surfaces, as the pores are only visible at 

close examination. After degradation, the sizes of both PELA 

and PLLA particles remain the same (Figure S1), while the 

sizes of pores on the surfaces of PELA microspheres increase 

obviously. Neither the morphology nor the pores on the surface 

of PLLA microspheres changes as much as PELA. The dis-

crepancy is also attributed to the hydrophilic PEG shell which 

motivates the water absorption of microspheres to accelerate 

the hydrolysis of polymer chains near the surface. Hydrolysis 

and dissolution of PLLA fragments containing PEG blocks 

result in obvious damage on the surface of microspheres and 

leave sufficient tunnels for water molecules. Thus, degradation 

occurs both on the surface and inside the bulk microspheres. 

As the ether bond of PEG shows no hydrolytic reactivity, most 

of polymer on the surface were reserved throughout degrada-

tion. Therefore, bulk degradation mechanism is proved rather 

than surface one resulting in mass loss without variation in the 

external shape of particles. Combined with the SEC curves in 

Figure 4, it is demonstrated that in the first week the degradation 

concerning PEG blocks happened, causing pores expansion on 

the surface. Later on, as penetration of water into microspheres 

accelerated through the expanded pores, generation of oligo-

mers was boosted, leading to growth of multi-peaks in SEC traces. 

It is worthy of mentioning that the micropores on the surfaces 

provide the possible tunnels for cell migration when the mate-

rials are used as dermal filler materials.

The proteinase K and lipase are proved to have no signifi-

cant effect on the degradation. No obvious difference between 

the samples is detected neither on the macroscopic nor micro-

scopic level. It was verified by several studies that enzymes 

including proteinase and lipase could be localized on the sur-

face of PLA films or fibers to accelerate the degradation pro-

cess.14 Materials with larger surface area adsorb enzymes in a 

more efficient way.22 Compared to fibers and films, however, 

microspheres present the smallest specific surface area, leading 

to weaker contact ability with enzymes. In agreement with the 

analysis above, the microspheres degraded only in a hydrolytic 

pattern. The enzyme-independent degradation is an advantage 

of microspheres fillers so that the individual differences among 

the clients would be suppressed.

Conclusions

Introduction of PEG block efficiently promote the biode-

gradability of PLLA microspheres. Degradation behaviors present 

negligible differences from pure PBS and enzymatic conditions 

including proteinase K and lipase. Hydrolysis in bulk is proved 

to be the dominant degradation pathway. Instead of directly 

breaking from backbone, hydrophilic PEG fragments acceler-

ate bulk hydrolysis of microspheres by enhancing water absorp-

tion. The bulk degradation mechanism is proved.17 All the 

degradation characteristics allow the PELA microspheres to be 

ideal dermal filler material. Hydrolytic degradation makes it 

possible for fillers to go through fast and safe degradation pro-

cess in vivo. PELA microspheres fillers are able to keep its exter-

nal shape before complete degradation, which facilitates the 

regeneration of collagen fibers around the microspheres.
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