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In vitro degradation of poly(l-lactic acid) (PLLA) scaffolds modified by gelatin was
carried out in 0.01 M NaOH solution at 87°C for 5-6 days. The mass loss, pH value,
viscosity-average molecular weight, morphology and thermal behavior during degradation
were studied. The results showed that the prepared scaffolds were interpenetrating porous
structure and the increased degradation time; both the viscous-average molecular weight
and melting peak showed a clear upward trend, while the crystallinity and mass loss
exhibited a downward trend. The semi-logarithmic linear relationship between the viscos-
ity-average molecular weight and degradation time indicates an autocatalytic process. The
mass of the PLLA scaffolds decreased by 10.38 % after 2 days of degradation and de-
creased by 86.19 % to the end of the experimental period. The decrease in the viscous-av-
erage molecular weight and a relatively little mass loss in the beginning of the degradation
period indicate the bulk degradation. The gradual mass loss is indicated not only by the
bulk degradation mechanism but also a surface erosion mechanism. The results obtained by
the in vitro degradation in a NaOH solution at 837°C can find useful applications in solving
the biocompatibility of PLLA scaffolds.
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Pasnomxenue in vitro rapxacos mnoau(l-mosounoit rucaorel) (PLLA), mogudunuposas-
HBIX xejarmHOoM, nposozmam B 0.01 M pacrsope NaOH mpum 87°C B Teuenme 5—6 gmel.
Wccnemosana morepsa maccsl, sHauenue pH, cpeiHeBA3KOCTHAS MOJEKYJISpPHAasd Macca, MOD-
dosorua M TepMHUUECKOe IIOBEJeHNE IIPU PA3JIOKeHNN. Pes3yabTaThl [IOKA3aJM, UYTO CUHTE3U-
POBaHHBIE KapKachl HMeJIMd B3aNMOIPOHMKAMINYID IIOPUCTYI0 CTPYKTYPY U IIOBBLIIIEHHOE
Bpemsa pasioxkenus. CpeJHEBA3SKOCTHAS MOJIEKYJSpPHAad Macca, Kak W UK IJIABJIEHUS [e-
MOHCTPHAPOBAJHN UETKYI0 TEHAEHIIUI0 K POCTY, IPH 9TOM KPHUCTAJJINYHOCTL W IIOTEPS MACCHI
cumxaauck. I[lomynorapudpmuueckas JMHEHHAS 3aBUCHMOCTh MEMKAY CPEIHEBASKOCTHON MO-
JeKYJIAPHOA Maccoil M BpeMeHeM PAal3JOXKeHHS YKa3blBaeT HA aBTOKATAJUTUUYECKUU IIpoIlecc.
Macca kaprkacos PLLA ymenpmunaace Ha 10.33 % mocue merpaganuy B TedueHue 2 gHel u Ha
86.19 % B KOHIIe SKCIIEPUMEHTAJLHOTO Mepuoga. CHUKeHNe cpeHell BASKOU MOJIEKYJIAPHON
MACCHI ¥ OTHOCHUTEJbHO HeGOoJbIIas IOTePA MACCHI B HaUajle IIePHOJA Aerpafaluy IIOLTBEp-
Iuau o0beMHYIO gerpaganui. Ha HOCTeIeHHYIO IIOTEPI0 MACCHI YKAa3bIBAET HE TOJBKO MeXa-
HU3M OOBeMHOI merpaganui, HO 1 MeXaHM3M [IOBEPXHOCTHON spoaum. PeayiabraTbl, MOJIY-
yeHHLIe pasjoenueMm in vitro B pactsope NaOH mpu 37°C, moryT mHaiiTi mojesHoe mpuMe-
HeHUe [JA pelleHus mpobieMbl 6MOCOBMECTHMOCTH KapkKacos PLLA.

Herpagania rpusumipaux kKapkacis moai(1-moanounoi Kucaorn), mogudikoBanux Keia-
TMHOM. Ye Zhang, Hong-ming Liu.

Posknaganus in vitro rapracis mouai(l-momounoi rucaotu) (PLLA), mo moxudirkosani
skenatuHoM, uposogmin y 0.01 M posuuni NaOH npu 387°C uporarom 5—6 gxuis. Mociuimxe-
HO BTpary Macu, sHaueHHsa pPH, ceperHboB’sa3KiCHY MoOJeKyIApHY Macy, MopdoJorio i
TepMiuHy IOBemiHKY mig uac poskiIagamud. [loxasaHo, 1[0 CHMHTE30BaHI KapKacu MaioTh
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B3AEMHOMIPOHUKJIY TOPUCTY CTPYKTYDPY i mizBumienwmit uac posrjaganta. CpeiHbos’s3KicHA
MOJIEKYJIAPHA Macca, AK 1 NiK NJIaBIeHHS JeMOHCTPYBAAU YiTKY TeHAEHIIiI0 A0 3POCTAaHH,
Opu IbOMY KPUCTAJiuHicTh, i BTpaTa Macu MOKaszaau TeHJeHIli0 no 3HU:KeHHsA. HaniBiora-
pudwmiuna JiHifiHa 3aI€KHICTL MK cepeTHLOB’A3KICHOIO MOJEKYJISPHOI MAacoio i uacoMm pos-
KJaJaHHsg BKasye Ha aBTokartajJiTuunmii nporec. Maca kapkacie PLLA smenmmiaca Ha
10.83 % micas merpagamii mporsrom 2 muis i Ha 86.19 % B KiHIl eKCHepUMEHTAILHOTO IIepio-
Iy. SHIKEHHS CepelHLOB’ A3KiCHOI MOJNIeKyJaapHOI Macw i BiTHOCHO HeBesSKa BTPATa Macu Ha
moyaTKy mnepioay aAerpaxartii miaTBepamMaM 00’eMHy Jgerpajgariito. Ha mocTymoBy BTpaTy Macu
BKasye He TiJTBKM MeXaHidM 00’eMHOI gerpasarii, a i MexaHism moBepxHeBoi eposii. Pesynanra-
™M, OTpUMaHi poskaaganuam in vitro y posumui NaOH mpu 37°C, momyTh 3HaliTu KopucHe
3aCTOCYBaHHA IJIs1 BUPillIeHHA Tpodsemu GiocymicHocTi Kapkacis PLLA.

1. Introduction

Development of tissue engineering has
accelerated the demand for biodegradable
and biocompatible materials. Poly(L-lactic
acid) (PLLA) has been widely used as a
biomaterial because its degradation prod-
ucts are biocompatible, biodegradable and
recyclable. PLLA has therefore gained the
approval of US Food and Drug Administra-
tion (FDA) for a variety of human clinical
applications [1]. Although synthetic materi-
als were widely used, the lack of tissue com-
patibility and resistance to biological envi-
ronment were the problems that remain to
be resolved [2]. Recently, PLLA blends with
different natural and synthetic polymers
have been explored for biomedical applica-
tions such as drug delivery, implants, su-
tures, and tissue engineering [3—6].

The biodegradation behavior of PLLA,
being an important property determining its
final applications, was influenced by geometri-
cal shape, size, crystallinity, pH value of the
medium, temperature, irradiation, and so on
[7]. Many previous studies on the degradation
of PLLA involved specimens in the form of
films, foams, rods, or plates and so on [8-10].

It is known that surface modifications of
the biodegradable polymers in alkaline solution
could be used to generate a hydrophilic and
rough surface for cell attachment [11]. Thus,
this study investigated the detailed degrada-
tion of three-dimensional PLLA scaffolds
modified by gelatin in the alkaline solution.
Characterization and discussions on the mass
loss, viscosity-average molecular weight, mor-
phology and the thermal behavior of the PLLA
scaffolds modified by gelatin are investigated.

2. Experimental

Poly(l-lactic acid) (PLLA, Mn =
4.32-104 g/mol) was kindly donated by
Prof. Xue-Si Chen, Changchun Institute of
Applied Chemistry Chinese Academy of Sci-
ences. Gelatin was purchased from Sigma-
Aldrich Co. (St Louis, USA). Tetrahydro-
furan used was of analytical reagent grade.
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PLLA scaffolds modified by gelatin were
produced in our laboratory by phase separa-
tion, solvent replacement and freeze-drying
[12]. 21 weighed scaffolds were completely
immersed in the 0.01 M NaOH solution at
37°C for the degradation test according to
the 100 mg dissolved in 50 ml degradation
medium. Three of the scaffolds were taken
as a group. The NaOH solution was replaced
once a day. After a certain time, one group
of the scaffolds was removed from the me-
dium, washed with water thoroughly and
dried in a vacuum oven at 45°C for 2 h. The
mass losses of the PLLA scaffolds before
and after degradation were tested.

The molecular weight was measured by
the viscosity method in a dilute poly-
mer/chloroform solution (0.1 g/dL) using
an Ubbelohde viscometer (Type Oc) at 25°C.
The viscosity-average molecular weight was
calculated by the following equation [17]:

[n]=5.45- 1071 MD-73, (1)
t
nr = %’ (2)
n-"o (3)
Tlsp = nO = T]r - 1a
2(m,, — Inm )% 4
[n]= s”f ®

Here 1, is the relative viscosity, which is
the ratio of absolute viscosity of the solution
to that of the solvent at the same tempera-
ture; ¢ and ¢, are the times required for the
solution and solvent to flow through the same
capillary at the same height, respectively; n,,is
the specific viscosity, which is defined as the
percentage of incensement in solvent viscosity
caused by the addition of a high polymer sol-
ute; C is the solution concentration.

Morphology of the PLLA scaffolds modi-
fied by gelatin was recorded on a Philips
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Fig. 1. The mass loss of PLLA scaffolds after
different periods of degradation.

XL30 scanning electron microscope (SEM)
after gold coating.

DSCs were measured using a Perkin-
Elmer DSC 7 (Perkin-Elmer, Norwalk, CT,
USA). 5-10 mg of Tet-loading PLLA scaf-
folds were sealed in aluminum pans and
heated at 10°C/min from 10°C to 240°C and
under N, flow (100 mL/min).

3. Results and discussion

As shown in Fig. 1, the mass losses of
the PLLA scaffolds were measured through-
out the degradation period. The PLLA scaf-
folds exhibited a little mass loss in the first
2 days of the degradation and a gradually
increased mass loss after 2 days. During the
degradation, the pH value of the NaOH so-
lution dropped slightly from 11.7 to 11.6
after 1 day of the degradation, and this de-
crease was not observed afterwards.

As shown in Fig. 2, the viscous-average
molecular weight of the PLLA scaffolds de-
creased sharply in the first 2 days, and
then decreased gradually in the NaOH solu-
tion. Additionally, the viscosity-average mo-
lecular weight of the PLLA scaffolds
dropped in a semi-logarithmic linear man-
ner with degradation time Fig. 3. Obvi-
ously, the degradation of the PLLA scaf-
folds was influenced by autocatalytic proc-
ess [13]. The results were the same as the
decrease in the viscosity-average molecular
weight of PLLA fibres after in vitro degra-
dation in a dilute alkaline solution and
phosphate buffered saline at 37°C [14].
After 5.75 days of the degradation, the vis-
cous-average molecular weight of the scaffolds
decreased significantly from 16644 to 1174.

In this paper, the decrease in the vis-
cous-average molecular weight of the PLLA
scaffolds suggested that the PLLA scaffolds
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Fig. 2. Changes of viscous-average molecular
weight of PLLA scaffolds after different pe-
riods of degradation.
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Fig. 3. The semi-logarithmic linear relation-
ship between viscosity-average molecular
weight and degradation time.

were suffered from bulk degradation. The bulk
degradation mechanism could also be con-
firmed by a relatively little mass loss in the
beginning degradation period. Then, the grad-
ual mass loss indicated that the degradation of
the PLLA scaffolds was caused not only by the
bulk degradation but also by surface erosion.
SEM micrographs of the PLLA scaffolds
with degradation time were shown in Fig. 4.
The PLLA scaffolds had a smooth surface
before the degradation Fig. 4a. After im-
mersing in the NaOH solution for 30 min,
rough surfaces with some micro-cracks were
observed. With the prolongation of degrada-
tion time, more cracks appeared and they
were larger Fig. 4b—Fig. 4f. It was apparent
that the pore size is small and uniform be-
fore the degradation. After the degradation,
the pore size increased significantly. After
5.75 days of the degradation, the overall
shape of pores can not be seen, and an in-
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Fig. 4. SEM micrographs of PLLA scaffolds before (a) and after 1 day (b), 2 days (c), 4 days (d),
5 days (e), and 6 days (f) of degradation in NaOH solution.

terpenetrating porous structure was ap-
peared Fig. 4f.

Fig. 5 shows DSC thermograms of the
PLLA scaffolds before and after degrada-
tion in the NaOH solution. The curves ex-
hibit little changes in their shapes. There
exists only one melting peak in the first
3 days and double-melting peaks after
4 days of the degradation. The double-melt-
ing behavior of the PLLA has been ex-
plained by a melt-recrystallization model
[15-17]. The low-temperature melting peak
in the DSC thermograms is attributed to the
melting of the primary crystallites formed at
the crystallization temperature, and the high-
temperature melting peak reflects the stacks
of relatively perfect thicker lamella resulting
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from recrystallization during the heating
scan. On the other hand, the melting behav-
ior of semi-crystalline polymers is affected
by the melting of the primary crystallites,
recrystallization and the melting of re-crys-
tallites.

The melting temperature (T,,) indicated
by the maximum values of the peak shifted
slightly to lower temperatures with degra-
dation time. This decrease in the melting
temperature of the PLLA scaffolds is
clearly shown in Table. However, the crys-
tallinity of the PLLA scaffolds (X_,) in-
creased significantly from 48.18 % to
49.37 % in the first day of the degradation.
Then, the crystallinity increased slightly
from 49.37 % to 50.58 %.

Functional materials, 26, 4, 2019
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Fig. 5. DSC thermograms of PLLA scaffolds before
(a) and after 1 day (b), 2 days (c), 3 days (d), and
5.75 days (e) of degradation in NaOH solution.

Degradation of the PLLA scaffolds be-
gins mostly in the amorphous regions where
the segments of the macromolecules are
packed more loosely and could be more eas-
ily attacked by water. The breakage of the
segments resulted in the decrease of the mo-
lecular entanglement and the increase of
mobility of the macromolecular chains. The
chains could then re-arrange themselves
more orderly. So the crystallinity of the
PLLA scaffolds after the degradation appar-
ently increased. Obviously, the perfection of
the crystallites in the PLLA scaffolds is de-
teriorated by the above process. Moreover,
the mobility of the macromolecular chains
was promoted by the decrease of the molecu-
lar weight. Thus, the melting temperature of
the degraded PLLA scaffolds decreased nota-
bly. These results are consistent with that of
PLLA fibres after degradation in PBS [14].

4. Conclusion

Degradation of the PLLA scaffolds modi-
fied by gelatin is characterized by autocata-
lytic phenomena, bulk degradation and sur-
face erosion. The viscosity-average molecu-
lar weight of the PLLA scaffolds dropped in
a linear semi-logarithmic manner and de-
creased by 92.95 % after 5.75 days of the
degradation. The mass of the PLLA scaf-
folds modified by gelatin was decreased
slightly at the beginning and then decreased
gradually. The crystallinities apparently in-
creased slightly. The surface of the PLLA
scaffolds became rough, gave rise to micro-
cracks. Then, the PLLA scaffolds became
fragile. The pore size increased significantly.
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Table. T,, AH, (the melting enthalpy of
the sample) and X, of PLLA scaffolds
modified by gelatin after degradation in
NaOH solution

Degradation T, ° AH,, J/g X., %
time, day

0 153.6 40.16 43.18

1 146 45.91 49.37

2 1388.5 46.15 49.62

3 186.2 47.04 50.58

5.75 127.5 47.04 50.58
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