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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Micro and nano plastics released from 
polyglycolic acid based absorbable 
sutures. 

• No microplastics were released from the 
nonabsorbable sutures. 

• Polyglycolic acid based absorbable su
ture underwent bulk degradation 
process. 

• The bulk degradation process resulted in 
sharp-edged microplastics release.  
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A B S T R A C T   

Synthetic polymers are widely used in medical devices and implants where biocompatibility and mechanical 
strength are key enablers of emerging technologies. One concern that has not been widely studied is the potential 
of their microplastics (MPs) release. Here we studied the levels of MP debris released following 8-week in vitro 
tests on three typical polyglycolic acid (PGA) based absorbable sutures (PGA 100, PGA 90 and PGA 75) and two 
nonabsorbable sutures (polypropylene-PP and polyamide-PA) in simulated body fluid. The MP release levels 
ranked from PGA 100 > > PGA 90 > PGA 75 > > PP ~ PA. A typical PGA 100 suture released 0.63 ± 0.087 
million micro (MPs > 1 µm) and 1.96 ± 0.04 million nano (NPs, 200–1000 nm) plastic particles per centimeter. 
In contrast, no MPs were released from the nonabsorbable sutures under the same conditions. PGA that was co- 
blended with 10–25% L-lactide or epsilon-caprolactone resulted in a two orders of magnitude lower level of MP 
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release. These results underscore the need to assess the release of nano- and microplastics from medical polymers 
while applied in the human body and to evaluate possible risks to human health.   

1. Introduction 

Globally, synthetic polymers have been widely used in medical im
plants (i.e., sutures, bone plates, joint replacement and heart valves) and 
devices (i.e., blood tubes, artificial hearts and biosensors), providing 
substantial benefits to human health [2,38,48,70]. These polymer-based 
medical products are generally classified into two groups based on the 
absorbability of the material in the body: absorbable products, such as 
polyglycolic acid (PGA) sutures and nonabsorbable products, such as 
polypropylene (PP) sutures [13,24,47]. For applications involving 
medical-grade polymers, it is crucial to understand the pristine prop
erties (e.g., biocompatibility and mechanical properties) as well as any 
degradation processes that may lead to a loss of mechanical strength. In 
vitro studies using simulated body fluid (SBF) have been widely 
accepted as a standard tool to investigate the hydrolysis degradation and 
the loss of mechanical strength in medical implants, which in turn 
provides insights into the behaviour of the material in potential practical 
scenarios [5,70]. 

During the degradation process, these medical plastics demonstrate 
two modes: surface and bulk degradation, depending on the relative rate 
of bond cleavage and water diffusion into the bulk polymers [38,64]. 
These two modes generate the plastic debris (which are 
microplastics-MPs [20,62]) with different physiochemical properties 
[38]. While surface degradation results in the gradual release of MPs and 
nano-sized MPs (NPs) from the surface, bulk degradation often leads to 
the disintegration of implant to generate large debris and then high 
quantity of polymer particles in short term. Currently, nano- and 
microplastics are a global concern due to the potential risk to human and 
environmental health [50,62]. It was reported that MPs smaller than 10 
µm can translocate from the gut cavity to the lymph and circulatory 
systems, causing systemic exposure and accumulation in human tissue 
[11,62]. Previous studies also found that the MPs with rugged or sharp 
morphology showed adverse effects on cell membrane [8,12]. Though 
the specific risk is still unknown, previous reported high levels of MP 
exposure are an early warning of potential human health risks. Notably, 
extensive in vitro testing of sutures has been conducted over the past 50 
years [17,18,59], focussing primarily on mechanical and chemical 
properties [2,24]. However, to the best of our knowledge, there is no 
study systematically investigating the release level, speed, morphology 
and detailed release mechanism of MPs during the degradation of 
implanted medical plastic products such as sutures. This information is 
crucial given the potential direct relation to human health. 

To fill this critical gap, this study aims to systematically characterize 
the release of MPs from typical sutures and provide insights into the 
release mechanism. Three PGA-based absorbable sutures and two 
nonabsorbable sutures were soaked in SBF for 8 weeks following the 
standard ASTM F1635 protocol. The released particles in SBF were 
captured and investigated using Raman spectroscopy and scanning 
electron microscopy (SEM). As to the nano-sized MPs (NPs), the release 
number/mass and chemical identity was confirmed using SEM and total 
organic carbon (TOC) analyzer. An in situ test was also conducted for 8 
weeks to understand the suture degradation mechanism and MPs release 
process. 

2. Materials and methods 

2.1. Methods to prevent sample contamination 

Throughout the experiment, thoroughly cleaned boro 3.3 glassware 
were used for sample preparation. Deionized (DI) water (resistivity of 
18.2 MΩ. cm) was used for all cleaning procedures. Particle-free nitrile 

gloves, cotton-based laboratory coats and lab caps were worn all the 
times. Blank samples (DI water) and control samples (SBF without su
ture) were used to ensure the contamination elimination and the reli
ability of the testing protocol [39]. Silicon (Si) and germanium (Ge) 
wafer substrates were washed with HPLC grade ethanol before use. 

2.2. Preparation of SBF 

SBF suggested by standard protocol (e.g., ASTM F1635) is a solution 
with ion concentrations equal to that of human blood plasma and is 
typically buffered to physiological conditions [26,36,4,61,73]. Hence, 
SBF was used in this study. It was prepared by dissolving quantities of 
sodium chloride (NaCl, Merck), sodium bicarbonate (NaHCO3, Corn
ing), potassium chloride (KCl, VWR Chemicals), potassium hydrogen 
phosphate trihydrate (K2HPO4

. 3 H2O, Sigma-Aldrich), magnesium 
chloride (MgCl2. 6 H2O, Merck), calcium dichloride (CaCl2, 
Sigma-Aldrich), sodium sulfate (Na2SO4, Sigma-Aldrich) in DI water 
[61]. 1 M HCl was used to adjust the pH of the SBF to 7.4. The specific 
ion concentrations of SBF solution are listed in Table S1. 

2.3. Long-term study of the suture degradation process 

Following the established standard (ASTM F1635), released MPs and 
the suture degradation process were tested. Three types of absorbable 
sutures and two types of nonabsorbable sutures were chosen for long- 
term study. The absorbable sutures were PGA, polyglactin 910 
(Vicryl), and poliglecaprone 25 (Monocryl) and the non-absorbable su
tures were PP and polyamide (PA). In this study, PGA, polyglactin 910 
(Vicryl), and poliglecaprone 25 (Monocryl) were designated as PGA 100, 
PGA 90 and PGA 75 based on the glycolic acid content in the suture. 
Detailed information of five types of sutures used in this study is pre
sented in Table 1. 

Glass rods were cleaned thoroughly and dried and the sutures were 
then loosely wrapped around the glass rod with a total suture length of 
around 300 cm. All suture used in this study were size of 5–0 with a 
diameter of 150 nm. The sutures attached to glass rods were soaked in 
100 mL SBF solution in glass bottles. The glass bottles were placed in the 
thermal shaking bath with a fixed water temperature of 37 ℃ and 
shaking speed of 100 rpm/min, similar to a previous study [25]. Only 
the glass rod was soaked in 100 mL SBF solution for the control sample. 
These long-term studies were conducted for 8 weeks. 

In situ testing was performed to examine the suture at different 
stages in the degradation process. The PGA 100 suture involved fixing 
the pristine suture onto a precleaned stainless-steel mesh that was 
soaked in the SBF in a glass bottle. Then the glass bottle was placed in 
the thermal shaking bath with the same water temperature and shaking 
speed as described above. Changes in the suture morphology at the same 
location on this PGA 100 suture was recorded with SEM on week 0, week 
2, week 4 and week 8. 

2.4. Identification and quantification of MPs and NPs 

To quantify the number of MPs released, samples were taken from 
the well mixed and carefully shaken SBF solution in week 8. To minimise 
the impact of background particles from the SBF, all the samples were 
treated with 1 M HCl for 24 h at room temperature before filtration, 
following a previous study [9]. After HCl treatment, the samples were 
gently shaken and filtered through the gold-coated polycarbonate (PC) 
membrane filter (APC, Germany Ltd) with a pore size of 0.8 µm for 
Raman, followed by SEM analysis, as detailed in Fig. 1a. Raman spectra 
were obtained over the range 250–3200 cm− 1. In this study, Raman 
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peaks in the ranges of 900–1800, 2900–3000 cm− 1 were used to 
determine the chemical composition of PGA-MPs. Referring to previous 
reports [33,52,53,69], the hit quality index (HQI) of 0.7 was chosen as 
the threshold value to confirm whether the detected particle is 
PGA-MPs. Renishaw InVia Raman spectrometer was used to identify the 
MPs released from suture and the test size limitation was 1 µm. A silicon 
wafer was used to calibrate the Raman system by checking the peak 
location (520 cm− 1) and peak intensity (>6000 counts) before each test. 
ImageJ software was used for quantification and determining the size of 
MPs. 

To identify and quantify the nano-sized MPs (NPs, <1000 nm) 
released from PGA 100, the HCl treated samples following week 8 were 
passed through a membrane filter with a pore size of 1 µm (Whatman, 
UK) to remove the large particles and the filtrate was collected. Then the 

filtrate was passed through a gold-coated PC membrane filter (APC, 
Germany Ltd) with a pore size of 0.2 µm for SEM analysis. The particles 
on the membrane filter (0.2 µm) were also washed and resuspended 
using DI water, then drop casted and dried onto the Ge wafer for SEM 
imaging. To obtain the mass distribution of different size range of nano 
particles, the HCl treated samples following week 8 was sequentially 
filtered by the membrane filters with pore sizes of 1 µm (Whatman, UK), 
0.8 µm (APC Ltd), 0.45 µm (Whatman, UK), 0.2 µm (APC Ltd) and 
0.05 µm (Whatman, UK). The TOC concentration of the filtrate from 
each step was tested and the TOC for NPs distribution was calculated by 
the difference between the filtrate. The diameter of all membrane filters 
was 25 mm. 

Table 1 
Detailed information on five types sutures used in this study.   

Absorbable suture Nonabsorbable suture 

Name in this study PGA 100 PGA 90 PGA 75 PP PA 

Suture types Polyglycolic acid Polyglactin 910 
(Vicryl) 

Poliglecaprone 25 
（Monocryl） 

Polypropylene Polyamide 6 or 
Polyamide 6,6 

Polymer types Homopolymer Copolymer Copolymer Homopolymer Homopolymer 
Composed of 100% glycolide 90% glycolide and 10% L- 

lactide) 
75% glycolide and 25% epsilon- 
caprolactone 

Polypropylene Polyamide 

Molecular Formula (C2H2O2)n (C2H2O2)m(C3H4O2)n (C2H2O2)m(C6H10O2)n (C3H6)n (C6H11NO)n or 
(C12H22N2O2)n 

Coating material Calcium stearate 
Polycaprolactone 
（PCL） 

Calcium stearate, 
70% L-lactide and 30% glycolide 

No No No 

Filament structure Multifilament Multifilament Monofilament Monofilament Monofilament 
Hydrolyzate Glycolic acid (C2H4O3) Glycolic acid (C2H4O3) 

Lactic acids (C3H6O3) 
Adipic acid 
C6H10O4 

N/A N/A 

Fully absorbed 
time 

Approximately 42 
days 

56 - 70 days 91–119 days N/A N/A 

N/A-not available 

Fig. 1. (a) Schematic of suture sample preparation; (b) Schematic showing the degradation process of suture under load.  
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Fig. 2. SEM images of MPs captured from 8 weeks soaked SBF sample of PGA 100 (a), PGA 90 (b) and PGA 75 (c), respectively; (d-g) Identification and mapping of 
typical PGA-MPs. d, Optical microscope image of particles released from PGA 100 suture using a 100 × microscope objective. e, Raman mapping of the same region 
obtained using the PGA Raman bands at 2940–2980 cm− 1. The colour scale bar indicates the intensity of the integrated spectral band in arbitrary units. (f) AFM 
image of the same region to determine the morphology of released MPs. The colour scale bar indicates the height of MPs. (g) Three-dimensional (3D) AFM topo
graphic image. (h) Raman spectra of standard PGA polymer, typical PGA-MPs from PGA 100, PGA 90 and PGA 75 sample, and filter background, respectively; (i) The 
number of MPs release from a single centimeter of suture after soaked in SBF for 8 weeks. (j) The size distribution of PGA-MPs (8 weeks soaked PGA 100 sample). 
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2.5. The degradation process of suture under mechanical load 

Given that external force may be applied during suture use, the 
degradation process of PGA 100 under tension was performed for 4 
weeks to check whether it had a significant impact (Fig. 1b). Glass rods 
and stainless-steel ring were cleaned thoroughly and dried. The sutures 
were then fixed on the glass rod at one end while a stainless-steel ring 
was affixed to the other end. The weight of the stainless-steel ring was 
0.1 Newtons similar to the force applied to a suture used on wound [6]. 
After that, the tied stainless-steel ring was vertically hung during the 
experiment, see Fig. 1b. The sutures under tensile load were soaked in 
100 mL SBF solution in glass bottles. The glass bottles were placed in the 
thermal shaking bath as described in 2.3. For the control sample, PGA 
100 without load was soaked in 100 mL SBF solution. 

2.6. Characterization of the suture degradation process 

SEM-EDX (Zeiss Ultra Plus) with an acceleration voltage of 15 kV 
was performed to characterize changes in the suture structure during the 
degradation process. The morphology of released MPs was acquired by 
atomic force microscopy (AFM, NT-MDT) with a tapping mode probe 
(Nanosensors, PPP-NCST). Gwyddion 2.54 software was used to analyse 
AFM results. TOC analyser (Shimadzu, TOC-L) was used to test the TOC 
concentration. 

3. Results 

3.1. Microplastics release from sutures 

Micro-sized particles released from five types of sutures into SBF 
(after 8 weeks) were captured and tested following the method of 
Fig. 1a. SEM images of MPs captured following 8 weeks of exposure to 
SBF solution for PGA 100, PGA 90 and PGA 75 suture are shown in  
Fig. 2a-c. As presented in Fig. 2a and b, rod-like MPs with diameters of 
around 10 µm were found, which may be due to the breakdown of the 
filamentary structure of PGA 100 and PGA 90. Only irregular fragments 
were found in the case of PGA 75. No MPs were detected from the 
control, the PP or the PA samples during the study period (Fig. S1). This 

indicates that no significant degradation of PP and PA sutures after 
soaking in the SBF for 8 weeks. 

Raman spectroscopy confirmed that the majority of captured parti
cles from all absorbable sutures had spectra that matched the standard 
PGA spectrum (standard PGA polymer was purchased from Sigma- 
Aldrich) [7,34], indicating that they were PGA MPs (Fig. 2h). Raman 
spectra also confirmed that these MPs were polymeric, rather than 
monomers or oligomers. The primary difference between monomer/
oligomer and polymeric glycolic acid is that the polymer has double 
peaks at around 1425–1427 cm− 1, due to the presence of ester groups 
([-CH2-COO-]n) within the repeating unit of poly(glycolic acid) [7]. In 
addition, Raman tests confirmed that most of the MPs had high crys
tallinity as detailed and described in SI. Similarity analysis found that 
the overall HQI of PGA 75-MPs compared to standard PGA was around 
0.84, which was lower than that of PGA 100-MPs (around 0.94) and PGA 
90-MPs (around 0.93). The Raman spectra of PGA 75-MPs had clear 
peaks at 2868 and 2920 cm− 1 which were associated with the stretching 
of CH2 from the caprolactone units (Fig. 2h and S2). 

The number of MPs released is shown in Fig. 2i. PGA 100 released 
0.63 ± 0.087 million PGA-MPs per centimeter suture length after 8- 
weeks. Most of these MPs were smaller than 5 µm with sharp edges. 
PGA 90 and PGA 75 released substantially lower levels of MPs; 0.037 
± 0.0041 million/cm and 0.011 ± 0.0013 million/cm, respectively and 
only 5.9% and 1.7% of that released from PGA 100. Evidently, copoly
merization with other materials can substantially reduce the level of MP 
release given the much lower MP quantity obtained from PGA 75 and 
PGA 90 when comparing to that of PGA 100. In terms of MPs type, only 
PGA-MPs were identified from PGA 100 and PGA 75. Interestingly, for 
PGA 90 there were 1592 ± 175/cm polylactic acid (PLA) MPs detected 
in the solution, which accounted for 4.3% of the total MPs. 

3.2. Nano-sized microplastics release from PGA 100 suture 

To investigate NP release, 10 mL of the 8-week SBF solution exposed 
to PGA 100 was filtered through membrane filters with a pore size of 
1 µm first. To avoid aggregation (Fig. 3a) and accurately quantify par
ticles numbers and sizes, NPs in the filtrate with size ranges from 
200–1000 nm were captured using an Au-coated PC membrane filter 

Fig. 3. (a) PGA 100 released nano particles (200–1000 nm) drop casted on a Ge wafer. (b) SEM image of PGA 100 released nano particles (200–1000 nm) captured 
by filter with pore size of 200 nm. (c) The size distribution of nano particles captured by the filter with pore size of 200 nm. (d) The TOC percentages from different 
size ranges of nano particles release from PGA 100 suture. 
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with a pore size of 200 nm and then imaged using SEM. The 
200–1000 nm NPs are easily distinguished against the membrane 
background (Fig. 3b), and SEM analysis showed that around 1.96 ± 0.04 
million NPTs (200–1000 nm) are released per centimeter of PGA 100 
suture, with 70% of the particles in the size range from 200–500 nm 
(Fig. 3c). Particles captured on membrane filters (0.2–1 µm) were also 
re-suspend using DI water and carefully drop cast and dried onto a Ge 
wafer (Method 2.4). SEM found that the coarse surfaces of these nano 
particles on the Ge wafer (Fig. 3a) are consistent with the topography of 
the several micron-sized MPs confirmed by Raman spectrum (Fig. 2a). 

Though the chemical composition still needs to be confirmed, a high 
proportion of these nano particles are likely nano-sized PGA. 

A separate analysis of the distribution of NPs (<1000 nm) was un
dertaken using organic carbon mass (mg C, tested by a TOC analyser 
similar to a previous study [31]) to overcome the particular difficulty of 
accurately detecting NPs smaller than 200 nm (Fig. 3d). The sample was 
sequentially filtered through the membrane filters with pore sizes of 
1 µm, 0.8 µm, 0.45 µm, 0.2 µm and 0.05 µm (details see method 2.4). 
Surprisingly, the mass distribution is dominated by NPs smaller than 
50 nm (72.4%) while the NPs in the range of 800–1000 nm, 

Fig. 4. SEM images of Raw PGA 100 (a), PGA 90 (d), PGA 75 (g), PP (j) and PA (l) suture; After 8 weeks soaking in SBF PGA 100 (b and c), PGA 90 (e and f), PGA 75 
(h and i), PP (k) and PA (m) suture. 
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450–800 nm, 200–450 nm and 50–200 nm account for 4.1%, 2.3%, 
4.6% and 16.6% of the TOC, respectively. It can be suspected that the 
large number of NPs smaller than 50 nm may be generated either by the 
initial degradation of the suture filaments or via a secondary processing 
involving larger MPs and NPs (50–1000 nm). It was reported that the 
high levels of secondary nanoplastics can be produced from a biode
gradable microplastics under typical environmental conditions [22]. 
Either way, conducting particle-based analysis of these NPs will be 
necessary to confirm their chemical state (polymer, monomer, oligomer 
or other organic by-product during the degradation), which is critical for 
any risk assessment. 

3.3. Morphological changes following exposure to SBF 

Changes in the surface morphology of the bulk sutures are consistent 
with the release of MPs in SBF. The raw PGA 100 suture was a braid 
comprised of multiple PGA filaments with the coating material of pol
ycaprolactone and calcium stearate. The average diameters of the PGA 
100 suture and a single filament were around 150 µm and 10 µm, 
respectively. Compared with pristine PGA 100 suture (Fig. 4a), after 8 
weeks all PGA 100 filaments were seen to break into rod-like segments 
with lengths around 10 to 100 µm (Fig. 4b). These broken rods had di
ameters of around 10 µm, which perfectly matched the size of some big 

Fig. 5. In situ test of PGA 100 suture. SEM images of raw PGA 100 suture (a) zoomed image I; soaked in the SBF for 2 weeks (b and f); 4 weeks (c and g) and 8 weeks 
(d and h). (i) Typical Raman spectrum of standard PGA polymer, 4 weeks soaked PGA suture, 8 weeks soaked PGA suture and standard PCL polymer. 
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PGA MPs captured from SBF (Fig. 2a), suggesting these rods directly 
detach from the bulk suture. It is also noticeable that the degradation 
process along the length of the suture sample was not uniform. After 8 
weeks, some parts of the suture were full of small rods with widths 
similar to that of the pristine suture. In comparison, some parts of the 
suture had only coating debris with a few small broken rods, while its 
width was only half of the raw suture. After 8 weeks of soaking, all fil
aments in PGA 100 turned into rod-like segments. In comparison to 
original well-braided filaments, the diameter of these rod-like segments 
kept stable, with around 10 µm. Additionally, all these segments showed 
a smooth surface without coarse morphology or observable surface 
erosion, indicating that these segments likely experienced a bulk disin
tegration rather than a surface degradation [38]. 

PGA 90 and PGA 75 showed substantially different levels of surface 
degradation after 8 weeks of exposure to SBF. Significant cracks were 
observed on the surface of PGA 90 (yellow boxes in Fig. 4e), while some 
micron-sized cracks appeared on the surface of PGA 75 (yellow boxes in 
Fig. 4i). Evidently, the degradation levels of the PGA copolymer were 
much slower than that of PGA 100 under the same conditions, consistent 
with MP release levels. It was reported that the degradation rates of 
absorbable materials can be tailored by copolymerising and/ or 
blending materials with different degradation rates [38,70]. In com
parison, pure PGA has a rapid degradation rate, PLA has a medium rate, 
while PCL exhibits a relatively slow degradation rate [44,70]. Adding 
epsilon-caprolactone and L-lactide clearly slowed down the degradation 
rate of PGA-based sutures in this study. Additionally, the copolymer 
ratio may also influence the degradation level. The morphology varia
tions clearly proved the change of degradation speed. PGA 100 with 
100% of glycolide completely broken into rod-like segments, PGA 90 
with 90% of glycolide only generated several cracks, while the cracks on 
the surface of PGA 75 with lowest glycolide composition (75%) were 
rare. Additionally, the released MPs captured from PGA 90 and PGA 75 
only respectively account for 5.9% and 1.7% of that released from PGA 
100, which is also consistent with the degradation rate change. 

In contrast, nonabsorbable sutures of PP and PA, comprised of a 
single PP and PA filament with a diameter of around 100 µm, showed no 
change after soaking in the SBF for 8 weeks (Fig. 4k and m) except for a 
small number of white particles attached on the surface, most likely salt 
deposition from SBF. After further increasing the soaking time to 20 
weeks there was still no evidence of degradation or cracking on the PP 
and PA suture surface, and no MPs were released into the SBF (Fig. S3). 
These results are consistent with their highly recalcitrant nature and 
poor biodegradability reported in previous PP and PA studies [39,44]. 

3.4. In situ test for the degradation process of PGA 100 suture 

In-situ tests were conducted to study the PGA 100 suture degradation 
process by fixing the raw PGA 100 suture onto a stainless-steel mesh 
sample holder soaked in SBF for up to 8 weeks (Fig. 5). Compared with 
raw PGA 100 suture (Fig. 5a), significant separation between PGA 100 
filaments and the surface coatings was observed after 2 weeks (Fig. 5b 
and f). Random fissures appeared on the surface coatings, which 
enhanced the contact between SBF and PGA filament inside. Cracks of 
filaments were rare, and the suture largely maintained its original shape. 
However, after 4 weeks (Fig. 5c and g), many crosscut cracks appeared 
on the suture and cracked rod segments began to appear. These cracked 
rod segments maintained the same diameter as the filaments of the raw 
suture, with lengths from 50 to 200 µm and were often connected by the 
coating material, which caused the majority of PGA rods to remain 
connected to the bulk suture. After 8 weeks (Fig. 5d and h), most of the 
rod like PGA segments had detached from the coating material, and only 
the remnants of the coating materials were observable (Fig. 5h, hollow 
semi-cylinders). Raman spectra confirmed that after soaking in the SBF 
for 4 weeks, a clear PGA spectrum can still be obtained from the bulk 
suture, with a HQI compared to standard PGA of 0.95. However, after 8 
weeks, the Raman spectrum of the bulk suture changed, and only the 

PCL coating material was observed with a HQI of 0.94. The Raman peak 
at 2920 cm− 1 associated with the stretching of CH2 within the repeat 
unit of PCL is clearly observed [37,66]. 

4. Discussion 

This paper specifically investigated the hydrolysis of typical sutures 
and confirmed that the MPs release rate for the studied samples is PGA 
100 > > PGA 90 > PGA 75 > > PP = PA. The degradation and MPs 
release of sutures are consistent with changes in the physical and ab
sorption properties. PGA 100 suture has the quickest strength reduction 
speed among these sutures and could be absorbed in around 40 days. In 
comparison, PGA 75 requires around 120 days to fully absorb (Table1, 
data from manufacturers). Compared with PGA 100-MPs and PGA 90- 
MPs, the HQI of PGA 75-MPs was lower and this is likely due to PGA 
75 suture containing 25% epsilon-caprolactone units copolymerized 
with glycolic acid units. For instance, epsilon-caprolactone units can 
generate extra peaks at 2868 and 2920 cm− 1 due to the well-known 
stretching of CH2 [66]. Regarding PGA 90, PLA MPs released from 
PGA 90 suture and the use of PLA-based coating material [41,71] in PGA 
90 is likely the source of those PLA MPs. The degradation of PGA 100 
suture is a typical bulk degradation process in which the speed of water 
diffusion into polymer bulk is much faster than the degradation rate of 
the polymer backbone [64]. The bulk degradation process leads to the 
bulk cracking and disintegration rather than surface erosion. This can be 
evidenced by the smooth surface of captured PGA 100 rods on the 
membrane filter (Fig. 2a). Surface degradation only occurred to polymer 
of PGA, when the size was larger than the threshold value of 7.4 cm 
[64]. For PGA 100 bulk suture, the size of degraded bulk suture and 
released MPs can never be larger than that of the raw PGA filament. 
Hence, PGA 100 suture and PGA 100 MPs will undergo bulk degradation 
during their lifecycle in hydrolysis conditions. Unlike surface degrada
tion, bulk degradation can lead to a sudden disintegration generating 
debris with random sharp edges, which may enhance the potential risk 
to contacted cells and organisms [8]. 

The number of microplastics (MPs > 1 µm) and nano plastics (NPs, 
200–1000 nm) released from atypical PGA 100 suture was 0.63 ± 0.087 
million and 1.96 ± 0.04 million per centimeter, respectively. The 
quantity of MPs and NPs released per gram of bulk materials in this 
study is higher than in previous reports [21,28,29,40,54], which is 
primarily due to the bulk degradation process disintegrating almost all 
sections of bulk suture into MPs (Fig. 5). MPs release rates were sub
stantially reduced when PGA monomers copolymerise with L-lactide 
and epsilon-caprolactone monomers. By introducing 25% of 
epsilon-caprolactone monomers, the MPs release rate can be decreased 
by two orders of magnitude (Fig. 2i). It was also reported that the 
degradation speed of absorbable materials could be modified by 
changing the polymer crystallinity, molecular weight and hydropho
bicity, which will certainly change the MPs release rate [19,60,65]. 
Additionally, in this study, the degradation process of PGA 100 suture 
with the force of 0.1 N was also investigated to check the influence of 
tension. The force applied here was similar to the previous report [6]. 
There was no significant difference in the degradation process of PGA 
100 sutures with and without load (Fig. S4). Although 0.1 N force has 
insignificant impact on MP release, further investigation is required 
given that the sutures used at joint wounds may experience much higher 
forces. 

Although there were no MPs release detected from nonabsorbable 
sutures of PP and PA in the mild experimental conditions reported here 
(shaking: 100 rpm/min, pH: 7.4), the potential release of MPs is 
expectable under harsh service conditions. High levels of MPs release 
due to mechanical forces alone or combined with other factors (i.e., UV 
exposure) was confirmed in ocean [56] and freshwater [15] environ
ments, as well as daily use plastic products [67]. Polymers used inside of 
the human body may experience high load/stress [3,48]. More impor
tantly, the stress cycles associated with joint motion can reach as high as 
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1 million cycles annually [48]. A previous study on Polyethylene 
(PE)-based knee prosthesis showed that after 1 year of use, the total 
number of released particles in synovial fluid reached 9–116 million 
with sizes of 0.67–0.78 µm due to wear of the medical polymer [45]. The 
pressure exerted on the human hip joint can reach up to 18 MPa when 
transitioning from a sitting to a standing position [30]. In general, this 
value was much higher than that of plastic subjected in environmental 
conditions. For instance, the pressure of water scouring and wind 
blowing on the surface of a PP plastic film typically was around 1000 Pa 
and 70–850 Pa, respectively [10]. However, this value in deep ocean 
could substantially increase to up to 100 MPa with the increase of water 
pressure [72]. The release of MPs from both absorbable and nonab
sorbable sutures might also be influenced by other factors, such as the 
locations the sutures are used and the body fluid salt concentrations and 
enzymes [38,57]. Salt in the fluid may form a passivation film to cover 
the surface of sutures, which could delay the release of MPs [55]. It also 
should be noted that this suture test was conducted in the simulated 
body fluid to investigate degradation via hydrolysis. It is different from 
the real human body fluid which contains different types of proteins, 
cells and chemicals. Simulated body fluid can be modified by spiking 
different types of proteins, macrophages and chemicals to well mimic 
the potential influence of such as protein adsorption on the surface of 
bulk plastic and the following change of MPs release from sutures. 
Future in vivo studies are also required to further validate and extend 
these findings [38]. 

Both absorbable and nonabsorbable medical polymers have their 
unique advantages. Using absorbable medical polymers eliminates the 
follow-up visits to remove the polymers from human bodies, which 
could decrease scarring and the chances of infection and save health care 
resources [42]. In contrast, nonabsorbable polymers can retain their 
tensile strength after long-term implantation and have low tissue reac
tivity [13,24]. These plastic materials are widely used in not only su
tures [46], but also bone plates, joint replacement, heart valves, vascular 
scaffolds etc [2,27,46,48]. 

A previous study pointed out that PGA plastic components with sizes 
smaller than 7.4 cm will undergo bulk degradation with a sudden 
disintegration and the potential release of particles larger than 5 mm 
[64]. Currently, only plastic particles smaller than 5 mm are considered 
as MPs, which is primarily derived from the view of ocean plastic 
pollution [20]. Evidently, uncontrollable particles release larger than 
5 mm should also be investigated for medical plastics, and the size range 
of MPs should be redefined based on the plastic application scenarios. 

To date, there is still no consensus on the specific risk of these MPs. 
While in vitro toxicity tests using bioluminescent bacteria showed that 
after soaking PGA and PLA in SBF for 10 days and 4 weeks, respectively, 
both solutions became toxic [58]. The toxicity was believed to be due to 
the degradation products of glycolic acid and lactic acid [58], while the 
importance of MP as a degradation product had not been recognized at 
that time. During the use of PGA and PLA material, chronic inflamma
tion (such as macrophages and giant cells) was observed [1,35]. Previ
ous studies also found that particles that have broken-off from PLA 
(either by pre-degraded PLA implantation or PLA particles injection) 
were covered by macrophages and giant cells, which was a sign of 
inflammation [51,63]. However, other researchers argued that these 
particles were just phagocytosed by macrophage and multinucleated 
giant cells, so they had no adverse biological toxicity [1,14]. There is 
still a huge gap to fully understand the specific risk posed by those 
absorbable MPs. Future studies should include cell experiments, 
particularly with macrophages to comprehensively and accurately 
assess the toxicity, blood compatibility and cytocompatibility of these 
released MPs. Macrophages present in all human body compartments (e. 
g., digestive system). It is especially true that macrophages play a central 
role within the innate immune response to foreign particulate matter, 
such as microplastics [23]. Macrophages experiment has been employed 
to assess the toxicity of non-absorbable MPs. For instance, evaluation 
using fragment-type PP and polystyrene (PS) particles found that 

weathered MPs showed less significant toxicity to THP-1 macrophages 
due the reduced level of the reactive oxygen species [32]. Similarly, a 
study involving PS and Polymethyl methacrylate (PMMA) also reported 
that human macrophages derived from isolated monocytes were highly 
sensitive to pristine MPs, dependent on MPs polymers and size [68]. 
Surface morphology also affects MPs’ toxicity. A previous study focusing 
on macrophage internalization found that environmentally-exposed, 
non-absorbable PS MPs were internalized significantly more than that 
of pristine PS MPs due to the formation of eco-corona on the surface of 
MPs after environmental exposure [49]. It was also reported that the 
phagocytosis of PS MP by macrophages induced a metabolic shift toward 
glycolysis and a reduction in mitochondrial respiration and cytokine 
gene expression associated with glycolysis [43]. 

To date, the relevant cell studies focusing on absorbable MPs is rare. 
In future research, it is important to note that the exposure pathway of 
implanted medical plastics differs from that of oral/lung pathways 
studies previously. Additionally, these absorbable plastics can simulta
neously release microplastics, additives, oligomer and monomer (gly
colic acid in this study). A previous study also found that these oligomers 
released from absorbable PLA plastic could self-aggregate to form 
nanoplastic particles, which caused acute intestinal inflammation of 
mice [16]. Given the significant differences between absorbable and 
nonabsorbable plastics, it is now urgent to investigate the potential 
toxicity of these released absorbable MPs release from medical plastics. 

5. Conclusions 

This study focuses on the MPs release from PGA based absorbable 
sutures and nonabsorbable sutures by soaking in the SBF. Raman tests 
found that PGA based absorbable sutures released a high number of 
crystalline MPs while no MPs were released from the nonabsorbable 
sutures of PP and PA after soaking in the SBF for 8 weeks. A typical PGA 
100 suture released 0.63 ± 0.087 million micro (MPs > 1 µm) and 1.96 
± 0.04 million nano (NPs, 200–1000 nm) plastics per centimeter. PGA 
co-blended with 10–25% L-lactide or epsilon-caprolactone resulted in a 
two orders of magnitude lower level of MP release. MPs release rate 
ranking is PGA 100 > > PGA 90 > PGA 75 > > PP = PA. In situ test 
confirmed that PGA-based suture underwent a typical bulk degradation 
process, resulting in a bulk disintegration and sharp-edged MPs release. 
These results underscore the need to assess the release of nano- and 
microplastics from medical polymers when applied in the human body 
and to evaluate possible risks to human health. 
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Environmental Implication 

Nano and microplastics (MPs) are a global concern due to the po
tential risk to human health and the environment. The typical poly
glycolic acid (PGA) based medical polymer-suture underwent a typical 
bulk degradation process and released 0.63 ± 0.087 million micro 
(MPs > 1 µm) and 1.96 ± 0.04 million nano (NPs, 200–1000 nm) plas
tics per centimeter. Furthermore, the degradation monomer (glycolic 
acid) from PGA-MPs could acidify the surrounding environment. There 
is an urgent need to assess MPs and NPs release from medical polymers 
while applied to the human body and the possible risk associated with 
the discarded medical polymer to the environment. 
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Rosal, R., Fernández-Piñas, F., 2019. Secondary nanoplastics released from a 
biodegradable microplastic severely impact freshwater environments. Environ Sci: 
Nano 6 (5), 1382–1392. 

[23] Grainger, J.R., Konkel, J.E., Zangerle-Murray, T., Shaw, T.N., 2017. Macrophages 
in gastrointestinal homeostasis and inflammation. Pflüg Arch-Eur J Physiol 469 (3- 
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