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ABSTRACT: We report the formation and structure of poly(lactic acid) (PLA) nanofiber shish kebabs (NFSKs) containing stereo-
complex crystal (SC) shish and SC/homocrystal (HC) kebabs. PLA-based NFSKs were obtained by combining electrospinning and
controlled polymer crystallization in order to investigate the interplay between PLA SC and HC formation. Nanofibers were produced
by electrospinning poly(L-lactic acid)/poly(D-lactic acid) (PLLA/PDLA) blends and were used as the shish. A secondary polymer
(either PDLA or PLLA/PDLA blends) was decorated on the nanofiber by an incubation method to form kebab lamellae. We show
that both SC and HC kebab crystals can be formed using a SC shish following a soft epitaxy mechanism, while the subtle morpho-
logical differences in the resultant NFSKs reveal the propensity of SC nuclei in SC/HC crystallization.

Polymer nanofibers have found broad applications in various
research fields.'* With the development of numerous novel
electrospinning techniques, great successes have been achieved
in controlling nanofiber surface morphology and structure.'- In
particular, hierarchically ordered nanofibers can be fabricated
by combining electrospinning and controlled polymer crystalli-
zation techniques.* Electrospun nanofibers serve as 1D nucle-
ating agents which induce the crystallization of a secondary pol-
ymer, leading to a unique morphology mimicking the classical
shish kebab polymer crystals obtained in flow-induced crystal-
lization> ¢ and the nano hybrid shish kebab structure observed
in carbon nanotube-induced polymer crystallization.” This in-
triguing morphology was named as nanofiber shish kebab
(NFSK), as the preformed nanofiber serve as the shish nuclei.
Previous work showed the feasibility of forming polycaprolac-
tone and poly(ethylene oxide) NFSKs.* 1% 1! The shish kebab
structure provides a new means to assemble nanoparticles,'?
control biomineralization,!! and guide cell growth.!3"'* For bio-
medical and biomineralization applications, poly(lactic acid)
(PLA) has been extensively studied since it is biocompatible
and biodegradable. Compared to poly(L-lactic acid) (PLLA)
and poly(D-lactic acid) (PDLA) homocrystals (HCs), because
of the intermolecular H-bonding, polymer chains pack more
closely in the crystalline lattice of PLA stereocomplex crystals
(SC),'®18 leading to enhanced properties of PLA SCs such as
high melting temperature (7,)"°, good thermal resistance'®, me-
chanical properties?, and solvent resistance.?'

The formation of HCs and SCs are often kinetically entangled
in PLLA/PDLA blends crystallization. While HCs and SCs
compete for feeding polymers, SCs can also act as the nucle-
ating agent for the crystallization of enantiomeric PLA?*> % or
PLLA/PDLA blends? in bulk crystallization. The interplay of
HCs and SCs has been studied in bulk systems using thermal
analysis techniques, yet it is unclear how, on the molecular or
single crystal level, the two types of dramatically different crys-
tals morphologically and structurally interact. In this work, we
approach this problem by producing PLLA/PDLA SC nano-
fibers and subsequently using them as the 1D nucleating agents
to study the crystallization of PLA SCs as well as HCs. NFSK
structures were discovered in both cases, confirming the nucle-
ation of HC and SCs on existing SC nanofibers. The differences
in NFSK morphologies also provided a structural marker for
better understanding SC-induced PLA HC and SC growth.

Stereocomplex PLA nanofibers were obtained by electro-
spining 8 wt.% equal mass PLLA (Mw = 200 kg/mol, &= 1.71)
and PDLA (Mw = 215 kg/mol, D = 1.65) hexafluoroisopropa-
nol (HFIP) solution following reported methods.?**” The feed-
ing rate, voltage, and collecting distance were controlled to be
1 ml/h, 15 kV, and 15 cm, respectively. Nanofibers with an av-
erage diameter of ~ 800 nm were obtained as seen from the
scanning electron microscopy (SEM) image in Figure 1a. Dif-
ferential scanning calorimetry (DSC) and wide-angle X-ray dif-
fraction (WAXD) experiments confirmed the formation of PLA
SCs (see later discussion). The as-formed nanofibers were then



used as the 1D templates for PLA crystallization study. For a
typical crystallization process, 0.03 wt.% PLLA (Mw = 10
kg/mol, & < 1.10) and PDLA (Mw = 13.6 kg/mol, B < 1.10)
were dissolved separately in p-xylene at 130 °C for 1h, mixed
and then slowly cooled to a pre-determined crystallization tem-
perature (7¢) in an oil bath. The SC-PLA nanofibers were incu-
bated in the mixed solution for a certain crystallization time.
Note that because of the excellent solvent resistance of PLA
SCs, these nanofibers are stable in organic solvents such as p-
xylene for at least 12h at 83 °C as the SEM images showed that
the fiber morphology was intact after incubation (Figure S1).
Figures 1b,c show SEM images with different magnifications
of the SC nanofibers after 4h of incubation. NFSK morphology
is seen, with dense polymer lamellar crystals uniformly grow-
ing orthogonal to the nanofiber axis, forming the kabab crystals.
The lamellae also appear slightly wavy, which results from par-
tial merge of multiple adjacent lamellae as pointed by the ar-
rows in Figure Ic.

The crystalline nature of the PLA nanofibers and NFSKs was
characterized by WAXD and DSC. Figures 1d-f are the 2-D
WAXD fiber patterns and the corresponding azimuthal integra-
tion profiles. The diffraction peaks located at g = 0.85, 1.47, and
1.70 A' (d =0.738, 0.427, 0.369 nm) are characteristic of the
(110), (300)/(030), and (220) reflections of PLA SCs, respec-
tively.?® In the nanofiber fiber diffraction pattern (Figure 1d),
the (110) arcs are clearly located on the meridian, which is
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perpendicular to the fiber axis (equator direction), indicating
that the PLLA and PDLA chains are parallel to the fiber axis.
The absence of PLA HC diffraction peaks suggests that electro-
spinning promotes mutual diffusion and interactions between
PLLA and PDLA chains in the blend nanofibers, and the poly-
mers crystallized in the SC form. SC structures can also be seen
in NFSK (Figures 1e) and the (110) diffraction arcs are also
located on the meridian, indicating that the kabab crystals are
SC and the PLA chains in the kebabs are parallel to the nano-
fiber axis, which confirms the soft epitaxy mechanism in the
formation of NFSKs. *° Herein we use NFSKSCTLASCPLA 16 de-
scribe the NFSK morphology observed in Figure 1, where the
first superscript SC-PLA denotes the shish polymer while the
second one represents the kebab polymer. Figure 1g shows the
DSC first heating thermograms of the SC nanofibers and
NFSKSCPLASCPLA A gingle melting peak can be observed in
both cases and the melting temperature is approximately 225
°C, which is associated with SC melting. No HC crystal melting
was observed, which is consistent with the WAXD results. The
crystallinities of SC (Xcsc) in SC-PLA nanofibers and NFSK5¢
PLASC-PLA are around 44.1% and 45.8%, respectively, which was
calculated from X, sc = AHwW/AH wmsc % 100% (AH’y = 142 J/g
for SCs?). This result indicates that the crystallinity of kebabs
is greater than that of the shish, which is attributed to the dra-
matically different formation processes of the shish and kebab
crystals.
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Figure 1. Morphology and structure of SC-PLA nanofiber and NFSKSCPLASC-PLA (a_¢) show SEM images of (a) SC-PLA nanofibers and
(b,c) SC-PLA nanofiber incubated in 0.03wt% PLLA/PDLA/p-xylene for 4h. (d-e) are 2D WAXD patterns of (d) SC-PLA nanofibers and
(&) NFSKSCPLASCPLA regpectively. White arrows in the figure indicate fiber axes. (f-g) are the (f) WAXD profiles and (g) DSC heating

thermograms of nanofibers and NFSKs.

To better understand how the kebab crystals form on nano-
fibers, temporal evolution of the crystal growth was investi-
gated by quenching the NFSK at different time points of the
growth, as shown in Figures 2a-e. After 10 min of incubation,
small particles can be observed uniformly distributed on the

fiber surface. These particles gradually become anisotropic
plates aligning perpendicular to the fiber axis, indicating that
the particles in Figure 2a are crystal nuclei formed heterogene-
ously on the nanofiber surface. The surface nucleation density
in Figure 2a can be estimated to be ~ 436 sites/um?, which is



quite dense. These nuclei then grow perpendicularly to the fiber
and develop into large pieces wrapping around the shish nano-
fiber, leading to the observed toroidal shaped kebab crystal in
the late stage of the growth. Figure 2f reveals that the kebab
lateral size (defined as (D-d)/2, where D and d are the diameters
of NFSK and nanofiber, respectively) increases linearly with
growth time from t ~ 0-5 h, with a radial growth rate of ~ 76
nm/h. After 5 h, the growth rate decreases to ~ 13 nm/h, perhaps
due to the consumption of the free polymers in solution. Of in-
terest is that the kebab period gradually increases with crystal
growth as well: the kebab period is approximately ~ 70 nm at
60 min, increasing to ~ 200 nm at 120 min, and to ~ 220 nm
after 15h. As the kebab crystals grow larger, due to the diffu-
sion-limited concentration gradient at the growth front, only a
fraction of the kebabs can further develop into larger size, and
the observed kebab period therefore increases.
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Figure 2. SEM images SC-PLA nanofibers incubated in 0.03 wt.%
PLLA/PDLA/p-xylene for (a) 10 min, (b) 30 min, (¢) 1h, (d) 2h,
and (e) 3h. (f) Plot of kebab lateral size [(D-d)/2] vs. time.

The formation of SC-PLA nanofiber provides us a unique
opportunity to study SC-PLA-induced HC crystal growth. To
this end, the SC-PLA nanofibers were incubated in 0.03 wt%
PDLA (13.6 kg/mol)/p-xylene at 80 °C and PLLA (10
kg/mol)/p-xylene at 70 °C, respectively. NFSK structures were
observed in both cases where thin lamellar crystals were formed
perpendicular to the fiber axis, as shown in Figures 3a, b. DSC
first heating thermograms are shown in Figure 3c. In both
cases, in addition to the previously observed SC melting peak
at around 223°C, additional double melting peaks located at
159/172 °C, and 159/169 °C, can be seen for PDLA and PLLA
samples, respectively, indicating the kebabs in Figures 3a, b
are HCs. The double melting of HCs can be attributed to the
melting/recrystallization/melting process during heating,>® and
the crystallinity of HC (Xcuc) was 24.6% and 20.8% for PDLA
and PLLA samples, respectively, which was calculated from
XC,HC = AHm/AHOm,HC X 100% (AHOm,HC = 93 J/g fOI' HCS31). The
fiber morphology observed in Figures 3a, b can therefore be
described as NFSKSC-PLAPDLA and NFSKSC-PLAPLLA - regpec-
tively, where the superscripts PDLA and PLLA denote the ke-
bab crystals. The crystalline structure of NFSKSCPLAPDLA 3
NFSKSCPLAPLLA wwag confirmed using WAXD, as shown in

Figure 3d. In addition to the SC diffractions at ¢ = 0.85, 1.47,
and 1.70 A~' corresponding to (110), (300)/(030), and (220)
planes of the SCs, the diffractions of a-HCs (¢ = 1.19 A, d =
0.528 nm, (110)/(200) plane of a-HCs)*? can be observed. Dif-
fractions of HCs and HCs can also be pbserved in the 2D
WAXD patterns of NFSKSCPLAPDLA (Rigyre S2). The relatively
large DSC melting peaks and strong XRD diffractions of HCs
in Figures 3c,d imply that the HC kebabs have high crystallinity
in the NFSKSC_PLA/HC_PLA.
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Figure 3. Morphology and structure of NFSKSC-PLAPDLA gnd
NFSKSCPLAPLLA (3_b) SEM images of (a) NFSKSCPLAPDLA and (b)
NFSKSCPLAPLLA after 15 h of incubation. (¢) DSC heating curves,
and (d) WAXD profiles of NFSKSC-PLAPDLA apnd NFSKSC-PLAPLLA,
(e-h) SEM images of SC-PLA nanofibers incubated in 0.03%
PDLA/p-xylene for (e) 10 min, (f) 30 min, (g) 2h, and (h) 8h.

The propensity of SC crystals on nucleating HC crystals can
also be observed in spherulite growth as shown in Figure S3.
HC spherulites are able to grow on the surface of the preformed
SC spherulites. Compared with NFSKSC-PLASC-PLA "kehab crys-
tals in NFSKSC-PLAPDLA and NFSKSC-PLAPLLA are relatively
larger with greater kebab period (3.3 pm). To better understand
the formation process, temporal evolution of the HC NFSKs
was studied. After 10 min incubation, few nucleation sites are
formed along the nanofibers (Figure 3e), which is quite differ-
ent from the SC case. The nucleation density is around ~0.88
sites/um?, significantly less than NFSKSCFLASCPLA (436
sites/um?). After 30 min of incubation, a few small crystallites
are formed along the nanofibers (Figure 3f). Given longer time
(2h), these crystals grow larger and start to wrap the shish (Fig-
ure 3g) and the toroid kebab morphology start to merge after



extended incubation time. As shown in Figure 3h, after 8h in-
cubation, the kebab size increases from ~400 nm to ~3.6 pum.
Inset of Figure 3h also shows the lozenge feature of the crystal
which is typical for PDLA single crystals.>* After 15 h incuba-
tion, the kebab size further increases to ~4 um (Figure 3a) with
a period of ~ 3.3 um, both are much greater than that NFSKS¢
PLA/SC-PLA kebabs.

NFSK images in Figures 1-3 suggest different crystalliza-
tion mechanisms of SC induced SC or HC crystallization. The
schematic representation of the formation mechanism of
NFSKSCPLASCPLA and NFSKSC-PLAHCPLA g shown in Figure 4.
During electrospinning, PLLA and PDLA chains are stretched
and aligned parallel to the fiber axis, which was confirmed by
the WAXD results. Free PLLA and PDLA chains from the so-
Iution then nucleate on the nanofiber surface, and the crystal
growth is therefore templated by the PLA nanofibers. The or-
thogonal orientation of the kabab lamellae and the nanofiber
axis in all NFSKs indicate that the polymer chains in the kebabs
are parallel to the nanofiber axis, following the previous dis-
cussed soft epitaxy mechanism.* > The obvious differences in
kebab crystal density and sizes in HC and SC NFSKs can be
attributed to the differences in nucleation and growth kinetics
of'the HC and SC on SC-PLA nanofibers. Polymer chains adopt
a 3; helix conformation in PLA SCs,** while, a-HCs of PLLA
or PDLA adopts a 10; helix conformation,® which leads to a
crystallographic mismatch between SC and HC crystals. There-
fore, nucleation of SC on the SC-PLA nanofibers is highly effi-
cient while PLLA/PDLA crystals nucleate much slower on the
nanofiber (Figure 4). This explains that SC crystals were
densely formed on the nanofiber surface and the period of
NFSKSCPLASCPLA (220 nm) is much smaller than that of
NFSKSCPLAPDLA (3 3 ym). On the other hand, due to the steric
hindrance and the strong interaction of SCs, the SC crystals
rarely develop into large lamellae while HC crystals can easily
grow into micrometer sizes, leading to the observed small SC
kebabs (~ 480 nm) and large HC ones (~ 4 pm).
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Figure 4. Schematic representation of the formation mechanism of
(a) NFSKSC-PLASCPLA and (b) NFSKSC-PLAHCPLA Note that in both
cases, the polymer chains in kebab crystals are parallel to the nan-
ofiber axis, which is defined as soft epitaxy.

In conclusion, by combining electrospinning and controlled
polymer crystallization methods, hierarchically ordered PLA
NFSKs were successfully obtained. In the NFSKs, the SC-PLA
nanofibers served as the shish, and PLA, either in the form of
HC or SC, was decorated on the SC-PLA nanofiber to form sin-
gle crystal kebabs. The formation of NFSK was attributed to the

soft epitaxy mechanism and confirms the capability of SC crys-
tals in nucleating PLA SC and HC. While both SCs and HCs
can be formed on the SC fiber surface, the surface nucleation
density of HCs on the SC nanofibers was found to be a few hun-
dred times lower than that of their SC counterparts, which was
attributed to the crystallographic mismatching of 103 helix of a-
HCs and 3 helix of SCs. The NFSK structure is of technologi-
cal interest because it selectively modifies the surface of nano-
fibers and could introduce multifunctionalities onto the nano-
fibers in an ordered fashion.
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