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ABSTRACT: The oligomers in polymer materials have a decisive
influence on properties. However, there is a lack of studies on the
oligomers in polycaprolactone (PCL), and the effect of oligomers
on material performance has not yet been revealed. In this work,
the oligomer content in PCL was quantitatively characterized, and
the result refers that the cyclic dimer content reaches 97 wt % in
the PCL oligomer. In addition, the effect of oligomers on the
thermal behavior, the in vitro degradability, and the in vitro
cytotoxicity cell experiments were further investigated. In the in
vitro degradation simulation experiments, the PCL with a higher
content of oligomers showed faster degradation than that with a
lower content of oligomers. Moreover, the in vitro cytotoxicity cell
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experiments proved that increasing the content of oligomers can greatly improve the biocompatibility of PCL materials. These
results can help researchers better understand oligomers and promote the application of PCL more directly.

1. INTRODUCTION

Ring-opening polymerization (ROP) and polycondensation
reactions are adopted to synthesize polymers in a vast majority
of cases. A certain amount of “linear” and “cyclic” byproducts,
namely, oligomers, is ineluctably produced in these processes.1
On the one hand, the generated cyclic oligomers increase the
difficulties in preparation and downstream processing and even
pose a potential risk to the human body when equipped with
clothes, films, or medical devices.” Literature and industrial
cases on polyamide 6 (PA6) and polyester (PET) have
disclosed that the oligomers tended to block the vacuum tube
and spinneret during the production process. More worryingly,
on the other hand, the oligomer content influences the
application performance of polymer materials.”” A decrease of
the oligomer content in PA6 can increase the melting
temperature of polymers."”®” In addition, the low content of
oligomers in PET, polybutylene terephthalate (PBT), and
polypropylene (PP) reduced the potential risks to the human
environment triggered by the migration of oligomers.”*™"’
However, some studies revealed that adding a certain amount
of chitosan oligomers can increase the anti-cancer effect of a
material."' Therefore, understanding the physical and chemical
properties of oligomers and their effects on materials is
extremely important for scientific regulation of the oligomer
content in polymers and thus green and safety application of
these materials.

The conversion rate and residue content of oligomers vary
greatly in different polymers, and the influence of oligomers on
the properties of materials is highly dependent on the detailed
situation. PCL, as a biodegradable material, has increasingly
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attracted many researchers’ attention due to its wide
application in biomedical equipment, degradable films, sealing
devices, and environmentally friendly coatings.'”~'® A definite
knowledge of oligomers in PCL is the presence of cyclic
oligomers.17 With effort, our recent studies revealed the
“backbiting” mechanism of oligomer formation in PCL, and a
catalytic strategy was established for oligomer regulation in this
polymer."® However, how to separate and purify the oligomers
from PCL, especially determine the influence of oligomer
content in PCL on material properties, still needs to be
expounded.

In this work, to quantificationally unveil the mystery masks
of oligomers in PCL, we first established a simple operation for
separating and purifying PCL oligomers. In addition, the
chemical and physical properties of cyclic dimers were
systematically described. Furthermore, the oligomer content’s
influence on the mechanical properties, thermal stability,
biodegradability, and in vitro cytotoxicity of PCL was
uncovered. These findings disclosed that the samples with
more oligomers showed greater surface defects in the later
stages of degradation and induced more hydroxyapatite to
deposit in simulated body fluids. Especially, the in wvitro
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cytotoxicity test showed that the samples with a higher
oligomer content had better biocompatibility. These results
can help researchers better understand oligomers and promote
the application of PCL more directly.

2. EXPERIMENTATION

2.1. Raw Materials and Reagents. ¢-Caprolactone (CL)
was obtained from Hunan Juren Chemical Technology Co.,
Ltd. Acetonitrile (chromatographically pure) and deuterated
chloroform were purchased from Shanghai Aladdin Biochem-
ical Technology Co., Ltd. Chromatographically pure toluene,
methanol, and chloroform were bought from Sinopharm
Chemical Reagent Co., Ltd. Mouse mesenchymal stem cells,
DMEM/F-12 medium, and fetal bovine serum were all from
Thermo Fisher, and calcein-AM/PI stains were provided by
Beijing Biolab Technology Co., Ltd. The simulated body fluid
used for the contact angle test was purchased from Dongguan
Chuangfeng Automation Technology Co., Ltd.,, and the
preparation methods of PCL with different oligomer contents
in this study are presented in Tables S1 and S2 of the
Supporting Information.

2.2. Single-Crystal Culture. The mixed oligomers were
collected according to the method in the Supporting
Information, and the resulting mixed oligomers were dried in
a vacuum oven at 25 °C for 12 h and then washed with ethanol
to remove surface impurities and dried by vacuum again.
Preliminarily purified mixed oligomers (0.5 g) were dissolved
in toluene to make a 0.1 g/mL solution, and a small reagent
bottle containing 2 mL of the above solution and a large
reagent bottle containing deionized water were stacked and
sealed.

Using a capillary tube, the abovementioned samples were
taken every 1 h and placed under a polarizing microscope for
observation. When the size of most of the crystals is between
0.2 and 0.5 mm and the special color of the crystal appears, the
sample can be tested by X-ray single-crystal diffraction. Excess
crystal samples are reserved for subsequent testing.

2.3. Characterization. The above crystal samples were
completely dissolved in deuterated chloroform. The spectrum
of the product was recorded with BRUKER AVANCE-500
series '"H NMR and *C NMR spectrometers.

X-Ray data were taken on an Agilent Supernova X-Ray
diffractometer equipped with a large area CCD detector.

The thermal properties of the single crystal were tested with
a NETZSCH DSC200F3 differential scanning calorimeter
(DSC, Germany). In brief, a S mg sample was taken and the
thermal history was eliminated through a gradual increase of
the temperature from 30 to 200 °C. After the temperature was
kept constant for 3 min, the temperature was lowered to —100
°C, and then the temperature was kept constant for another 3
min. The process was continued until the temperature
increased to 200 °C.

A NETZSCH STA-409PC comprehensive thermal analyzer
(Germany) was used to test the thermal stability of the sample.
The test temperature ranged from 30 to 800 °C, and the
heating rate was 10 °C/min.

The enriched single-crystal particle was selected to observe
the morphology change of the target object by adjusting the
intensity of the polarized light and the temperature of the hot
stage. The polarizing microscope (POM) model was from
Shanghai Changfang Optical Instrument Co., Ltd., N-type.

Dynamic contact angle tests were performed using LAUDA
Scientific GmbH, LSA-100 models with the as-prepared PCL
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containing 4.3 and 12.5 wt % oligomer and commercial PCL
(oligomer content of 8.3 wt %). Test time was 20 min. The test
solvent was simulated body fluid. The test results were angled
using Image] software.

Bruker Multimode 8 atomic force microscopy (AFM) was
used to characterize the surface morphology of the sample; all
measurements were performed in the semi-contact mode using
a 0.01—0.025 ohm-cm antimony(n)-doped Si probe NSG10
tip with a resonance frequency of 140—390 kHz, a force
constant of 3.1—-37.6 N/m, and an image of 2 X 2 um®

X-ray photoelectron spectroscopy (XPS) of the samples with
an oligomer content of 4.3 and 12.5 wt % was done using a
Thermo Fisher Scientific 250Xi. The base pressure in the
testing chamber was approximately 6 X 10~° Pa. The test
elements were C and O. During the test, the specimens were
etched five times, and the spectra were acquired, each with an
etching depth of 20 nm. The samples were excited by X-rays in
a 400 um spot area with a monochromatic Al Ke, , radiation of
1486.6 eV, and the test spectra were fitted using Thermo
Avantage software provided with the instrument.

2.4. Establishment of the Oligomer Liquid Phase
Standard Curve. Pure acetonitrile was used as a blank
sample, and the obtained single crystal was dissolved in
acetonitrile to make a 0.1 g/L solution. Its maximum UV
absorption wavelength in the acetonitrile solution was tested.
At the same time, the test method for the maximum absorption
wavelength of the mixed oligomer and the caprolactone in
acetonitrile was the same as that of the single crystal. The test
instrument model was a Canadian PTT QM40 with a signal-to-
noise ratio of 10,000:1 and wavelength accuracy of 0.06 nm.

We took 1,2, 3,4, 5,6,7,8,and 9 mL of the above-prepared
single-crystal solution in sequence and placed them in a
volumetric flask with acetonitrile by a gradient dilution
method; the total solution volume was 10 mL. The
configuration method of the caprolactone and the mixed
oligomer was the same as that above. The test conditions were
the following: detector: UVIS-201 UV detector; chromato-
graphic column: Altima C18 column 4.6 mm X 250 mm X §
pum; mobile phase: acetonitrile/water mixed mobile phase
gradient elution; column temperature: 30 °C, flow rate: 1.0
mL/min; and wavelength: 220 nm.

2.5. In Vitro Degradation of Samples. Samples for the
degradation test were weighed, classified, and labeled before
the test. The degradation cycles were of 0 (0 W), 2 (2 W), 4 (4
W), 6 (6 W), 8 (8 W), 12 (12 W), 16 (16 W), 20 (20 W), and
24 weeks (24 W). The test temperature was kept at 37 °C, and
the oscillation frequency was 10 Hz. When the degradation
was over, the masses of the samples were weighed again after
vacuum drying so that the weight loss rate could be calculated.

A Changchun Kexin electronic universal testing machine was
used to test the tensile strength of the splines before and after
degradation. Before the test, the specimens were vacuum-dried
and cut into dumbbell-shaped specimens of 0.5 X 4 X 60 mm?®
with a punching machine, and the tensile strength was
measured at a speed of S mm/min. Each sample was tested
five times, and the average value was recorded.

The surface morphologies of the degraded sample were
observed using the scanning electron microscope. Before the
test, gold was sprayed with a VGC-1200 ion sputtering
instrument from Zhongke Instrument Co., Ltd. The scanning
electron microscope model was MIRA3LMH from TESCAN,
Czech Republic, and the EDS model was XMAX20 from
Oxford, England.
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Figure 1. Single-crystal structure of the cyclic dimer (a); '"H NMR spectrum of the single crystal (b—e).
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Figure 2. (a) TG thermogram of the CL, single crystal and PCL with different oligomer contents; (b) DSC and POM test results of the single
crystal; and (c, d) DSC thermogram test results of PCL with different oligomer contents.

2.6. In Vitro Cytotoxicity Test of Samples. The
processed PCL samples were placed in a 12-well plate and
soaked in the DMEM/F-12 culture medium for 24 h to
remove the residual toxicity of the material. Each well was
inoculated with 2 X 10* CFU/mL cells according to the MTT
method (cell lines: mouse mesenchymal stem cells; see raw
materials in Section 2.1)."” The above plate was cultured at 37
°C temperature, 5% CO,, and 90% relative humidity.
Meanwhile, each group of samples was set with at least five
groups of control samples. The culture times were 1, 2, and 3
days. Each culture stage needed an appropriate amount of
MTT and DMSO to be added, which was transferred to the
96-well plate in time. We used an American Synergy HTX
BIOTEK type microplate reader to detect the optical density
value (OD) value, and the test wavelength was 492 nm.
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The samples were taken out in time after incubation for 1, 2,
and 3 days, then rinsed with PBS buffer solution, and stained
with 1 mL of DMEM/F-12 and calcein-AM/PI live/dead
solution for 15 min. After that, a Leica SP8 fluorescence
microscope (Germany) was used to detect cell proliferation at
a wavelength of 488 nm.

3. RESULTS AND DISCUSSION

3.1. Structural Analysis. The cyclic dimer was the
dominant component of oligomers’ and showed a great
negative influence on the properties of materials. The structure
of the obtained single crystal in this work was analyzed and is
shown in Figure la. Figure 1b shows a peak at 4.20—4.14 ppm,
which is the characteristic hydrogen chemical shift of the
methylene group connected to the ester bond (O=C-O-
CH,),” The “¢” position is the characteristic hydrogen
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Figure 4. (a) PCL with different oligomer contents simulated the change of the pH value of body fluid during degradation; (b) weight change of
PCL with different oligomer contents during degradation; (c) change of Mn\Mn\PDI of PCL with different oligomer contents during degradation;
(d) changes of mechanical properties of PCL with different oligomer contents during degradation.

chemical shift of the methylene group directly connected by
the (O=C—CH,) carbonyl bond.”' “d” and “e” are assigned as
the characteristic chemical shifts of the methylene group
(—CH,).”” Among them, there is a fivefold peak at “e” and a
10-fold peak at “d”. In addition, the structure of the obtained
PCL cyclic dimer was re-verified by *C NMR (Figure S1).
This indicates that the substance may be a 14-membered ring
lactone compound.
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A further X-ray single-crystal diffraction test was performed
on the crystals obtained from the mixed oligomers. The test
conditions and the basic structural parameters of the crystal are
shown in Table S3. According to the test results, the structural
formula of the compound is confirmed to be C,,H,,0, and has
a molecular weight of 228.28. The spatial structure of the x, y,
and z axes is shown in Figure S3. These results proved that the
obtained oligomers are cyclic dimers.

https://doi.org/10.1021/acs.macromol.2c00275
Macromolecules 2022, 55, 5342—5352

-OrVYAQBOXANIHNZMOZLE0LTNDIOBAESHINOD 28S0£d- I NMIHSZOX WO-7HZ8OVIH0IAMBEISTMYHZ A LXI06WADA-FovOHYIONHEDHY PISXON0SZYEHYNEOMYIZVSOIMODYEINGIDVYNIAUIZOM ADUEIAYEIMOogOldgObaHIDAcaISObSOD0BMITYYVBSAGEOVMIbEIDE 1ZEWaLA0IT MUMIEL


https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00275/suppl_file/ma2c00275_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00275/suppl_file/ma2c00275_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00275/suppl_file/ma2c00275_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00275?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00275?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00275?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00275?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00275?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00275?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00275?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00275?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

morphology of the degraded
samples for 24 weeks

morphology of sample
before degradation

Figure 5. SEM images of different degradation cycles of PCL with different oligomer contents and samples with 12.5 wt % oligomer content. The
physical morphology of the spline after 24 weeks of degradation: (a) oligomer content is 4.3 wt % and (b) oligomer content is 12.5 wt %.

3.2. Polarizing Microscope (POM) and Thermal
Stability Analysis. The thermal stability of the cyclic dimer
single crystal was investigated under a POM. As shown in
Figure 2b, it is interesting to observe only liquid in the shape of
a droplet remaining in the field of view when the temperature
rises to 120 °C. This indicates that the melting temperature of
this single crystal is approximately 120 °C, which is close to the
DSC test result (Figure 2b). Further analysis (Figure 3a)
shows that the complete decomposition temperature (Ty;005)
of CL, is 237.14 °C (Table S4). In addition, the melting
temperature and crystallization temperature of PCL were
deeply influenced by its oligomer content. PCL with an
oligomer content of 4.3 wt % showed a melting temperature of
62 °C and a crystallization temperature of 38 °C (Figure 2¢,d).
With the content of oligomers rising to 12.5 wt %, the melting
temperature and the crystallization temperature of PCL
significantly decreased to 51 and 20 °C, respectively (Figure
2¢,d). According to published reports, it may be that the
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oligomers act as a lubricant for the molecular chain, therefore
lowering the melting temperature of the material.>****

Moreover, it is obvious that, from Figure 2a, as the content
of oligomers increases, the thermal decomposition temperature
shows a downward trend. The PCL sample with the lowest
oligomer content presents a complete decomposition temper-
ature of 446 °C, which is 96 °C higher than the sample with
the highest oligomer content. Table S4 details the TG data of
the CL, crystal and PCL. Based on this, we believe that the
existence of CL, in the target product would harm the thermal
stability of the material.

3.3. Establishment of the Standard Curve of CL, and
CL in PCL. The standard curves of caprolactone and CL, were
further fitted to calculate the content of oligomers in PCL.
During the course, the maximum ultraviolet absorption
wavelength of CL, and CL acetonitrile solutions was tested,
and 220 nm was selected as the test absorption wavelength
(Figure 3a). An acetonitrile:water 10:1 gradient elution was
used for the test. Based on Figure 3 and the liquid phase
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Figure 6. (a) SEM images of PCL samples containing 12.5 wt % oligomers after 24 weeks of degradation; (b, c) EDS spectra of spectra 1 and 6 in

panel a.

integral data, the CL, content in the mixed oligomer is
calculated to be as high as 97 wt %, while the other
components only account for 3 wt % (Figure 3b and Figure
S2). It can be preliminarily learned that the main component
in the mixed oligomer is CL,. In other words, among all
oligomers, the cyclic dimer is of great importance to the overall
performance of PCL. We deeply believe that this discovery
could inspire researchers on how to prepare PCL with high
performance through reasonably regulating the oligomers in
the polymer.

3.4. Degradation Analysis. PCL with 4.3 and 12.5 wt %
oligomer content was selected and placed in a biological
constant-temperature shaking box to conduct a simulated body
fluid (SBF) in vitro degradation control test for up to 64 weeks.
In the first 8 weeks, it can be seen from Figure 4a that the mass
of the two groups of samples and the pH value, together with
the mass of the soaking solution, did not change much.
However, when the degradation cycle was prolonged, the
degradation soaking solution gradually became weakly acidic,
inferring that lots of degraded artifacts were released. The
results also proved that the weight loss rate of the samples with
a high oligomer content was even greater. After 64 weeks, the
weight loss of PCL with 12.5 wt % oligomer content was as
high as 80% (Figure 4b).

The change in relative molecular weight is even more
significant. Even if the degradation cycle of the sample with an
oligomer content of 4.3 wt % is as long as 64 weeks, its relative
molecular weight remains 12,000 (Figure 4c). There is a big
gap compared to the reported result that human cells can
absorb polymer fragments with a molecular weight of 5000 and
below.”> In this case, the low content of oligomers in PCL
played a negative role in PCL degradation, thus making it
much more difficult to be absorbed by cells in a short time.

In addition, as shown in Figure 4d, the mechanical
properties of the sample with an oligomer content of 12.5 wt
% can no longer be evaluated after 8 weeks of degradation.
However, the sample with an oligomer content of 4.3 wt %
remains to have an elongation at a break of 120% and a tensile
strength of 5 MPa when the degradation cycle lasted 64 weeks.
This shows that, although the mechanical strength of the
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material has been damaged to a certain extent during the long-
term degradation process, it still maintained the characteristics
of a tough material. In addition, unlike the results of the weight
loss rate, pH, and relative molecular weight, the mechanical
properties of samples showed a sharp decline in the first 8
weeks. This phenomenon indicates that the material has
undergone major changes in the microstructure during the
degradation and soaking process and its broken or short-term
“swelling” molecular segments acted as “stress concentration
points” or “cracks” when subjected to external forces.”*”*"
Based on this, it can be concluded that the degradation of the
samples with a higher oligomer content is more in line with the
biodegradation requirements of human implant materials
because they have greater internal “defects” during the
degradation process.”* "

Furthermore, the degradation samples were vacuum-dried
and then analyzed by scanning electron microscopy. It can be
seen from Figure 5 that all samples appear with a smooth
surface morphology after 2 weeks of degradation. However,
from the 4 week data, holes were observed to appear on the
surface. Compared to the sample with 4.3 wt % oligomers,
larger “holes” on the surface of samples containing 12.5 wt %
oligomers were observed. More interesting, the holes appearing
on the surface of the material became denser during the whole
degradation period. When the degradation period was
extended to 24 weeks, the sample surface was fully occupied
by “holes”. According to the literature, this kind of densely
distributed “hole” in the form of a network can effectively
increase the specific surface area of material, making it better
than ordinary materials when used as a drug-loaded sustained
release.’”>

Amazingly, as the degradation time increased, some
spherical particles were deposited on the surface of the
degraded samples with higher oligomer contents (Figure 6a
and Figure S6). Further EDS analysis was performed to reveal
the detail component of spherical particles as shown in
spectrum 1 (Figure 6b) and spectrum 6 (Figure 6c). By
comparing the base elements based on the EDS energy
spectrum, it is found that the spherical particles mainly contain
Ca and P elements. The Mg and N elements are most likely
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Figure 7. (a) Fluorescence staining photos of live/dead cells of PCL surface cell cultures with different oligomer contents; (b) MTT test results of

PCL surface cell culture with different oligomer contents.
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Figure 8. (a—c) Simulated body fluid dynamic contact angle tests with oligomer contents of 4.3, 8.3 (commercial products), and 12.5 wt % in PCL.

coming from the components in the simulated body fluid
(SBF), so the deposited particles on the surface of the sample
may be hydroxyapatite (HA).>>** According to reports, the
presence of HA will greatly improve the compatibility of the
material implanted into the organism.***® Combining the
analysis of the degradation SEM image with the EDS energy
spectrum, it can be seen that the sample with an oligomer
content of 12.5 wt % has better biocompatibility with the
extension of the degradation cycle and releases more oligomers
in the same cycle. The degradation rate of the sample is
significantly faster than that of the sample with less oligomer
content.

3.5. Cytotoxicity Results. Cell proliferation was obtained
by the MTT method.”” Figure 7 shows the proliferation of
MTT cells when BMSC was cultured on the surface of PCL
samples with different oligomer contents for 1, 2, and 3 days.
The results showed that the OD value gradually increased as
the culture time increased (Figure 7b). The sample containing
more oligomers showed better proliferation tendency than the
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sample with less oligomer content. This indicates that the
increase in the oligomer content is conducive to cell
proliferation to a certain extent, which refers that the material
exhibits better cell compatibility.

It can be seen from the calcein-AM/PI live and dead cell
fluorescence staining chart that the oligomers effectively
promoted the growth of cells in the PCL sample. During the
same incubation time, the number of viable cells in the two
groups of samples is much more than that in the blank sample,
and the sample containing a lower oligomer content has a
much greater viable cell density. In the later period of culture,
living cells tended to aggregate into multilayered cells. During
the same incubation time, the density of dead cells in the
sample with 12.5 wt % oligomers was higher than that of the
blank sample. It infers that its cytocompatibility is lower than
the sample with 4.3 wt % oligomers. These results fully indicate
that increasing the oligomer content is beneficial to promoting
the cell compatibility of PCL materials.
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3.6. Mechanism of Cell Adsorption. The adsorption

mechanism of polymer materials to cells or proteins has always

been a difficult research point for bio-based materials.

38,39

5349

After years of development, there have been many ways to
make preliminary elaborations on the mechanism of this
aspect. In this case, we performed simulated humoral dynamic
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contact angle, XPS, and AFM tests on the samples with an
oligomer content of 4.3 and 12.5 wt % and commercial
PCL.**"* From Figure 8, it can be seen that the initial contact
angle of the sample with an oligomer content of 12.5 wt % is
5.6° lower than that of the sample with a polymer content of
4.3 wt %. After a dynamic test for 20 min, the sample with a
higher oligomer content still keeps a smaller contact angle.
According to literature reports, materials with smaller contact
angles are more hydrophilic.’” The results infer that the PCL
sample containing more oligomers is more hydrolytic.

Further XPS tests were conducted to confirm whether there
are more hydrophilic groups in the specimen with more
oligomer content (Figure 9). It is found that the oligomer
content has no practical effect on the carbon content in the C
1s spectra. However, the O 1s spectra show that there are two
strong signal peaks for the sample with 12.5 wt % oligomers.
One is attributed to OH™ groups, and the other is assigned to
oxygen-binding groups. Additionally, the intensity is signifi-
cantly higher than that of the sample containing 4.3 wt %
oligomers. The same phenomenon was observed in different
etching depths (Figures S7 and S8), which infers that the
oligomer has changed the surface properties of the material
and could help the material to promote cell adsorption
performance.*'

To better illustrate this phenomenon, the surface morphol-
ogies of the samples with an oligomer content of 4.3 and 12.5
wt % and the commercial PCL specimens before and after
degradation were analyzed by AFM (Figure 10). The test
results show that the surface of samples with an oligomer
content of 12.5 wt % is rougher than that of samples with a
lower oligomer content. The former SEM results have proved
that the samples with a high oligomer content could deposit
hydroxyapatite in simulated body fluid at the later stage of
degradation. Thereby, it can be inferred that the rough surface
of the sample with a high oligomer content can be conducive
to the deposition of bioactive substances, such as hydrox-
yapatite in simulated body fluid, to improve the biocompat-
ibility of the material.

4. CONCLUSIONS

The caprolactone cyclic dimer was successfully separated from
PCL oligomers, and the single crystal was cultured. The
content of the cyclic dimer reached 97 wt % PCL oligomers.
The thermal decomposition temperature of the cyclic dimer is
210 °C and lower than that of PCL. It was found that
oligomers could significantly damage the thermal stability and
the mechanical properties of PCL. However, the degradation
effect of the sample with an oligomer content of 12.5 wt % was
significantly better than that of the sample with an oligomer
content of 4.3 wt %, enabling a certain amount of
hydroxyapatite to be deposited in the late stage of degradation.
Moreover, the oligomers greatly affected the roughness of the
sample’s surface and the number of hydrolytic groups, thus
significantly promoting the adsorption and growth of cells in
the PCL sample. It is believed that these results can help
researchers better understand oligomers in PCL so that we can
promote the application of PCL in more direct scenarios. In
the future, we will further learn the effect of oligomers on the
degradability of PCL materials and cell compatibility in detail.
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