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Abstract In this study, we investigated the change in

biodegradability of biodegradable polymer films by deep-

ultraviolet laser irradiation with different pulse durations.

Measurements of water absorption and mass change as well

as microscopic observation revealed that the femtosecond

laser irradiation significantly accelerated the degradation

rate of the biodegradable polymer films, whereas the

nanosecond laser irradiation did not induce a comparable

degree of change. Analyses with X-ray photoelectron

spectroscopy and X-ray diffraction indicate that the dif-

ference in the biodegradability following laser irradiation

with different pulse durations is attributable to the differ-

ence in chemical structure for amorphous polymers

including PLGA, while the difference in chemical structure

as well as crystallinity affects the biodegradability for

crystalline polymer including PLLA. The obtained results

suggest that deep-ultraviolet laser processing enables the

fabrication of a tissue scaffold with a desirable degradation

rate.

1 Introduction

Lasers have been widely used for processing of biomate-

rials because of their abilities to process complex-shaped

surfaces even after molding without using a toxic chemical

component [1]. Recently, laser processing of biodegradable

polymers, which are promising materials for a tissue

scaffold owing to its biodegradability into low-toxic com-

ponents in a human body, has been attracting growing

interest. The fabrication of a scaffold in desirable shape

and size [2], as well as the modification of the surface

nano/micro-morphology [3–5], chemical structure [6, 7],

and wettability [8] has been studied with laser processing

of biodegradable polymers. Study on laser processing of

biodegradable polymers is not only for subtractive pro-

cessing, but also for additive processing. Brandi, et al.

reported pioneering and detailed works on photocuring of

biodegradable polymers for tissue scaffolding using deep-

ultraviolet (UV) laser [9–12].

The morphological and chemical properties of a scaffold

surface play an important role in cell behaviors including

cell growth, differentiation, and proliferation. Because a

large number of biodegradable polymers show large linear

absorption at UV wavelengths, the effect of UV nanosec-

ond laser irradiation on physical and chemical properties of

biodegradable polymer has been investigated previously

[13, 14]. Castillejo et al. [13] reported that fibroblast cells

on chitosan-based scaffold preferentially grow and prolif-

erate on the area irradiated with deep-UV nanosecond

laser. Yao et al. [14] reported that the ablated grooves on

poly(lactic-co-glycolic acid) (PLGA) formed by UV

nanosecond laser irradiation provide a guidance effect on

the direction of neurite elongation.

Ultrashort pulsed lasers realized the precise processing

of biodegradable polymers with minimized heat affected

zone because of the shorter interaction time compared to

electron–phonon relaxation time (sep * 10 ps). Aguilar

et al. [15] reported that the ablated crater formed by fem-

tosecond laser irradiation to poly(e-caprolactone) (PCL)

and poly(glycolic acid) (PGA) shows less thermal
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modification than that formed by nanosecond laser irradi-

ation. Hendricks et al. [16] demonstrated the fabrication of

biodegradable polymer-based stent by femtosecond laser

irradiation to poly(L-lactic acid) (PLLA) tube.

Recent studies on laser processing of biodegradable

polymers revealed that biodegradability is dependent on

laser parameters [17–19]. Biodegradability is a key prop-

erty of biodegradable tissue scaffolds because it affects

sustainability as well as provides a space for cell prolifer-

ation [20]. Farkas et al. [17] reported that the biodegrad-

ability of poly(propylene fumarate) fabricated by deep-UV

nanosecond laser stereolithography is dependent on laser

fluences and repetition rates. We previously demonstrated

that PLGA film irradiated with femtosecond laser pulses at

a wavelength of 400 nm showed faster water absorption

and larger mass reduction during degradation than 800 nm-

laser-irradiated PLGA film [18]. In addition, the results of

X-ray photoelectron spectroscopy (XPS) analysis of PLGA

films following femtosecond laser irradiation indicated that

the significant chemical bonds dissociation via multi-pho-

ton absorption occurred following 400 nm-laser irradia-

tion. Based on the results, the acceleration of degradation

could be attributed to the decrease in molecular weight

induced by chemical bonds dissociation via multi-photon

absorption. Considering the previous study, deep-UV

femtosecond laser irradiation would cause more significant

chemical bonds dissociation and acceleration of degrada-

tion than the cases with femtosecond laser irradiation at

wavelengths of 800 nm and 400 nm due to the less

required photon numbers to induce chemical bonds disso-

ciation via multi-photon absorption.

In this study, biodegradability of PLGA and PLLA films

are investigated by comparing results with deep-UV fem-

tosecond laser and those with nanosecond laser. The effect

of laser irradiation on the chemical structure and the

crystallinity are studied to discuss the interaction of high-

intensity pulsed laser and biodegradable polymers for

understanding the underlying mechanism of alteration of

biodegradability by laser irradiation.

2 Experimental

PLGA films (lactic to glycolic acid ratio of 50:50 mol%)

and PLLA films were purchased from BMG Inc. (Kyoto,

Japan). Weight average molecular weight (Mw), number

average molecular weight (Mn), glass transition tempera-

ture (Tg) of the PLGA and PLLA films are summarized in

Table 1, that were provided by BMG Inc. The thickness of

the PLGA and PLLA films were 1 and 0.3 mm,

respectively.

Linearly polarized femtosecond laser pulses of 100 fs

pulse duration at 800 nm in central wavelength at a

repetition rate of 1 kHz were generated from a Ti:sapphire

chirped pulse amplification (CPA) laser system (Libra,

Coherent, Inc., California, USA). Laser pulses at 266 nm in

central wavelength (third harmonics generation, THG)

were obtained by sum-frequency mixing of the funda-

mental and second harmonic waves. Femtosecond laser-

irradiated films for the experiments were prepared by

scanning focused femtosecond laser pulses onto a surface

of PLGA or PLLA film at normal incidence using a plano-

convex lens (focal length 200 mm) in air. The spot diam-

eter of the femtosecond laser pulses was 300 lm. In the

experiment with nanosecond laser, laser pulses at 266 nm

(forth harmonics generation, FHG) from Q-switched

Nd:YAG laser (Brilliant, Quantel, Les Ulis Cedex, France)

were used. Pulse duration and repetition rate were 5 ns and

10 Hz, respectively. The beam profiles of the femtosecond

laser pulse and nanosecond laser pulses are both a Gaus-

sian. The laser spot size is a value of full width at half

maximum (FWHM).

For the evaluation on the modification of the chemical

structure and the crystallinity of PLGA and PLLA surfaces,

we analyzed with X-ray photoelectron spectroscopy (XPS,

JPS-9010, JEOL, Tokyo, Japan) and with X-ray diffraction

(XRD, D8 DISCOVER, BRUKER, Massachusetts, USA),

respectively, before and after laser irradiation. The laser

fluence was 75 mJ/cm2 for the both cases of the fem-

tosecond laser and the nanosecond laser. The femtosecond

laser pulses were scanned on a surface of films with the

scanning speed of 60 lm/s so as to obtain sufficient area

for the evaluations. Nanosecond laser-irradiated films for

the analyses were prepared by irradiating 5000 ns laser

pulses with spot diameter of 6 mm on a film surface

without scanning to equalize the number of laser pulses per

area to the case of femtosecond laser irradiation. The laser

parameters were determined based on the minimum values

for the surface modification with nanosecond laser pulses.

The parameters for femtosecond laser irradiation were set

to perform the comparative study with nanosecond laser.

For the evaluation on the biodegradability of PLGA and

PLLA films following laser irradiation, we measured the

mass change as well as observed the morphological tran-

sition. Films of 5 9 5 mm2 were used. Each film for the

degradation tests was prepared by scanning focused laser

pulses on one side of the film. The femtosecond laser

Table 1 Summary of parameters of PLGA and PLLA films

PLGA PLLA

Mw (g mol-1) 27,784 222,515

Mn (g mol-1) 17,157 128,774

Tg (�C) 44.0 66.9
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pulses were scanned on a surface of films with the scanning

speed of 60 lm/s. To equalize the number of laser pulses

per unit area for both cases with femtosecond and

nanosecond laser irradiation, the spot diameter and the

scanning speed of nanosecond laser pulses were set to

3 mm and 6 lm/s, respectively. The laser fluence of fem-

tosecond laser pulses was 75 mJ/cm2, while that of

nanosecond laser pulses was 100 mJ/cm2 for the evaluation

on the biodegradation. The laser fluences were chosen to

obtain obvious morphological transition which can be

confirmed by visual observation for the both cases. The

experimental scheme for degradation test is similar to that

described in our previous study [18]. Films were weighed

following the laser irradiation to determine the initial mass

(mini) of each film. Films were fully immersed in phos-

phate-buffered saline (PBS) in vials. The films were

removed from the vials every 2 days and weighed imme-

diately to obtain the wet mass (mwet). Films were then dried

in vacuum for 6 days and weighed to obtain the dry mass

(mdry). The water absorption and the mass remaining of the

films were calculated by following equations.

Water absorption ð%Þ ¼ mwet � mdry

mdry

� 100 ð1Þ

Mass remaining ð%Þ ¼ mdry

mini

� 100 ð2Þ

Scanning electron microscopy (SEM) of the films was

also performed.

3 Results and discussion

3.1 Structural properties

To investigate the modification of the chemical structure of

PLGA and PLLA surfaces with or without laser irradiation,

XPS analysis was performed. Figure 1 shows the C1s

narrow scan XPS spectra of PLGA and PLLA surfaces.

Each spectrum consists of three peaks at bonding energies

of 285, 287, and 289 eV, which are attributable to the

carbon in the alkyl group (–CH3), neighboring carbon in

the C–O bond, and carbon in the ester bond (O–C=O),

respectively [6]. As shown in Fig. 1, the peak at 285 eV

significantly reduced in height for both cases with fem-

tosecond and nanosecond laser irradiation. This indicates

that C–H bonds were dissociated by laser irradiation. Since

the bond energy of C–H bond (4.3 eV) is less than photon

energy at 266 nm (4.65 eV), the dissociation of C–H bonds

are attributable to linear absorption for both cases with

femtosecond and nanosecond laser irradiation. Although

the peak at 289 eV remained relatively unchanged fol-

lowing nanosecond laser irradiation, the peak significantly

decreased following femtosecond laser irradiation. Since

the bond energy of C=O bond (7.5 eV) is higher than

photon energy at 266 nm (4.65 eV), two-photon absorption

is required to induce C=O bonds dissociation. The disso-

ciation of C=O bonds is more likely to occur by fem-

tosecond laser irradiation. The peak at 287 eV showed no

significant change following nanosecond laser irradiation,

indicating that the quantity of C–O bonds would be

unchanged following nanosecond laser irradiation. How-

ever, C–O bonds are theoretically dissociated by

nanosecond laser irradiation at 266 nm because the bond

energy of C–O bond (3.8 eV) is less than photon energy at

266 nm (4.65 eV). Further study is required to elucidate

the precise mechanism of C–O bonds dissociation.

XRD analysis was performed to investigate the modifi-

cation of the crystallinity of PLGA and PLLA surfaces

with or without laser irradiation. Figure 2 shows the XRD

spectra for PLGA and PLLA surfaces. There was no sharp

peak in the XRD spectra of PLGA surfaces. On the other

hand, two sharp peaks around 17� and 19� were observed in

Fig. 1 C1s narrow scan XPS

spectra for the surface of PLGA

films (a) and PLLA films (b).

Black, red and purple lines

indicate non-irradiated films

(Control), films irradiated with

nanosecond laser, and films

irradiated with femtosecond

laser, respectively. The laser

fluence was 75 mJ/cm2
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the XRD spectra of PLLA surfaces. The difference

between the spectra of PLGA and PLLA surfaces are

attributable to the difference in crystallinity; PLGA is an

amorphous polymer while PLLA is a semi-crystalline

polymer [21]. There was no significant difference between

the XRD spectra of non-irradiated PLGA surface and

PLGA surface following laser irradiation, which is proba-

bly due to the low crystallinity of the original PLGA

(Fig. 2a). As shown in Fig. 2b, peaks in the XRD spectra of

PLLA surfaces reduced in height following laser irradia-

tion, which was significant with femtosecond laser irradi-

ation. The results of XPS analysis indicate that chemical

bonds dissociation is more likely to occur by femtosecond

laser irradiation compared to that by nanosecond laser

irradiation. Since a side chain of polymer have higher

mobility than a main chain, an increase in side chain by

chemical bonds dissociation cause the polymer chains

being less ordered, resulting in a decrease in crystallinity

[6]. Therefore, the crystallinity of PLLA films is decreased

more significantly with femtosecond laser irradiation than

with nanosecond laser irradiation.

3.2 Biodegradable properties

We measured the water absorption and change in mass of

the PLGA and PLLA films during degradation for the

evaluation of biodegradability. As shown in Fig. 3a, the

laser-irradiated PLGA films exhibited faster water

absorption compared with the non-irradiated PLGA films.

Moreover, the water absorption of the femtosecond laser-

irradiated PLGA films was greater than that of the

nanosecond laser-irradiated PLGA films, especially after

an immersion period of 8 days. As shown in Fig. 3b, while

the femtosecond laser-irradiated PLGA films exhibited the

significant mass loss in the initial 4 days and after 14 days

of immersion, the nanosecond laser-irradiated PLGA films

exhibited the slight decrease in mass after 14 days of

immersion. The biodegradation of biodegradable polymer

proceeds via the hydrolysis of ester bonds in the presence

of absorbed water. The significant water absorption of the

femtosecond laser-irradiated PLGA films would accelerate

the hydrolysis, resulting in a faster mass decrease. Com-

paring with the case of PLGA films, the difference between

the degradation rate of the femtosecond laser-irradiated

PLLA films and that of the nanosecond laser-irradiated

PLLA films was significantly larger (Fig. 4). Previous

studies reported that poly(lactic acid) (PLA) shows a

slower degradation rate than PLGA due to the higher

crystallinity and hydrophobicity of PLA [22–24]. Miller

et al. [24] reported that the half-lives of the implants

consisting of PLA or PLGA (lactic to glycolic acid ratio of

50:50) in rat are 6.1 months and 1 week, respectively. As

shown in Fig. 4a, the non-irradiated PLLA films and the

nanosecond laser-irradiated PLLA films exhibited the

slight water absorption and mass loss, even following

18 days of immersion. On the other hand, the femtosecond

laser-irradiated PLLA films exhibited significant water

absorption and mass loss even in the initial 6 days of

immersion. The comparably rapid increase in water

absorption and mass loss continued over 18 days. These

results indicate that deep-UV femtosecond laser irradiation

accelerate the degradation of hydrophilic polymer as well

as hydrophobic polymer.

The morphology transition of the laser-irradiated area

was observed. Figure 5 shows SEM images of the laser-

irradiated area on the PLGA films. The changes in surface

morphology of the PLGA films were observed in the laser-

irradiated area (Fig. 5). The femtosecond laser-irradiated

area has relatively low surface roughness before degrada-

tion. The depth of the femtosecond laser-irradiated area

Fig. 2 XRD spectra for the

surface of PLGA films (a) and

PLLA films (b). Black, red and

purple lines indicate non-

irradiated films (Control), films

irradiated with nanosecond

laser, and films irradiated with

femtosecond laser, respectively.

The laser fluence was 75 mJ/

cm2
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Fig. 3 Water absorption

(a) and mass remaining (b) of

non-irradiated PLGA films

(Control) (black squares),

PLGA films irradiated with

nanosecond laser at 100 mJ/cm2

(red triangles), and PLGA films

irradiated with femtosecond

laser at 75 mJ/cm2 (purple

circles)

Fig. 4 Water absorption

(a) and mass remaining (b) of

non-irradiated PLLA films

(Control) (black squares),

PLLA films irradiated with

nanosecond laser at 100 mJ/cm2

(red triangles), and PLLA films

irradiated with femtosecond

laser at 75 mJ/cm2 (purple

circles)

Fig. 5 SEM images of the surface of PLGA films following femtosecond laser irradiation at 75 mJ/cm2 (a) and nanosecond laser irradiation at

100 mJ/cm2 (b). The time shown in each figure indicates the time of the films immersed in PBS
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increased with the elapse of time (Fig. 5a). The rapid

degradation of the femtosecond laser-irradiated area in

6 days correlates well with the significant mass decrease of

PLGA films irradiated with femtosecond laser in the initial

6 days as shown in Fig. 3b. The width of degradation area

expands outside beyond the area that was irradiated with

femtosecond laser pulses, which is similar to our previous

study using femtosecond laser at 400 nm wavelength [18].

The surface roughness of the nanosecond laser-irradiated

area increased with the elapse of time. The expansion of

the increase in roughness was limited in the nanosecond

laser-irradiated area, even after following 6 days of

immersion (Fig. 5b). The depth of the nanosecond laser-

irradiated area showed no significant change over 6 days of

immersion, which is consistent with the slight decrease in

mass of PLGA films irradiated with nanosecond laser in the

initial 6 days as shown in Fig. 3b.

3.3 Discussion on biodegradation rate after laser

irradiation

There are two possible explanations for the difference

between the degradation rates of the films treated with

different pulse durations: (i) a difference in chemical

structure and (ii) a difference in crystallinity following

laser irradiation [19, 25, 26].

Considering the former case, chemical bonds dissocia-

tion results in the acceleration of hydrolysis since the

degradation products, including hydrophilic carboxylic

acid, increase the degree of water absorption [27]. In

addition, the decrease in molecular weight owing to

chemical bonds dissociation accelerates the diffusion of

polymer chains into the water, resulting in a faster mass

decrease [28]. As shown in Fig. 1, the chemical bonds

dissociation via multi-photon ionization with the fem-

tosecond laser-irradiated films is much significant com-

pared to that with the nanosecond laser-irradiated films.

Therefore, the femtosecond laser-irradiated films exhibited

a higher rate of the water absorption and mass decrease

compared to the nanosecond laser-irradiated films. The

water absorption and mass decrease of the femtosecond

laser-irradiated PLGA films with 266 nm shown in this

study was faster than that of the femtosecond laser-irradi-

ated PLGA films with 800 or 400 nm, which was reported

in our previous study [18]. The difference between the

degradation rates of the PLGA films treated with different

laser wavelengths can also be explained by the difference

in chemical structure following laser irradiation. Since the

bond energy of C–O bond is 3.8 eV, the C–O bonds dis-

sociation requires three-photon absorption, two-photon

absorption, and single-photon absorption for the cases with

800, 400, and 266 nm, respectively. Since C–H bonds and

C=O bonds would also be dissociated most significantly

with 266 nm-laser irradiation, the degradation rate of the

PLGA films irradiated with 266 nm was fastest among the

PLGA films irradiated with the different wavelengths.

As for the latter case, from the point of view of the

difference in crystallinity, since the polymer chains in

amorphous site are highly disordered, the water diffusion

into amorphous site is generally faster than that of crys-

talline site, resulting in a faster degradation of amorphous

site. The results of XRD analysis of PLLA films show that

the decrease in crystallinity is more significant following

femtosecond laser irradiation compared to the case with

nanosecond laser irradiation (Fig. 2b). The significant

decrease in crystallinity of PLLA films by femtosecond

laser irradiation would accelerate the degradation. Since

the crystallinity of PLGA films was relatively constant for

both cases with femtosecond and nanosecond laser irradi-

ation, the effect of the crystallinity modification on the

degradation rate of the PLGA films would be negligible.

According to the discussion above, the difference

between the degradation rates of amorphous polymer films,

including PLGA, may be attributable to the difference in

chemical structure following laser irradiation. In crystalline

polymer, including PLLA, the difference between the

degradation rates is probably attributable to not only the

difference in chemical structure, but also the difference in

crystallinity following laser irradiation.

4 Conclusion

We demonstrated that pulse durations of deep-UV laser

affect the biodegradability of the biodegradable polymers

following laser irradiation. The results of the degradation

tests show that the degradation rate of the femtosecond

laser-irradiated films was much faster than that of the

nanosecond laser-irradiated films. Based on the XPS and

XRD results, the difference in the biodegradability fol-

lowing laser irradiation is attributable to the difference in

chemical structure for amorphous polymers, including

PLGA, while not only the difference in chemical structure,

but also the difference in crystallinity affects the

biodegradability for the case of crystalline polymers,

including PLLA. Since deep-UV femtosecond laser pro-

cessing significantly accelerates degradation, it enables us

to utilize slow-biodegradable polymers including PLLA for

a tissue scaffold with a desirable degradation rate.
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