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From Nanofibrous Hollow Microspheres to

Nanofibrous Hollow Discs and Nanofibrous
Shells

Zhanpeng Zhang, Peter X. Ma*

Nano- and microsized structures are of central importance to advanced materials and nano-
technologies, which have tremendously impacted both biomedical and physical sciences.
Herein, novel emulsification and thermally induced phase separation (TIPS) techniques to fab-
ricate linear polymers into nanofibrous hollow objects are reported for the first time. Through
manipulating the emulsification conditions, the evolution of the emulsion structure can be
controlled and nanofibrous hollow microspheres with a controllable opening size and nano-
fibrous shells can be fabricated. Through adjusting the rheological properties of the emulsions,
nanofibrous hollow discs are also created. A new mechanistic hypotheses of the nanofibrous
hollow object formation is proposed: the nano- and microscaled structures are independently
determined by TIPS and the emulsification process, respectively. Guided by this theory, the
nanofiber formation conditions for two further additional
polymers (polyacrylonitrile and Nylon) under TIPS are identi-

fied, and solid/nanofibrous non-hollow/hollow microspheres /\ -
are created from these two additional polymers under TIPS
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and emulsification for the first time. Therefore, the developed QC 9 - Q e 9o
strategy is applicable to various polymer systems, and can [ < -
broadly impact nano- and microfabrication technologies. e~ 17
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1. Introduction polymeric nanofibrous hollow microspheres and dem-

onstrated their advantages over traditional cell carriers
Micro- and Nanosized spheres and hollow spheres are for knee cartilage regeneration in rabbits.'?] However,
utilized in a wide variety of applications,*™ especially the scientific mechanisms of the formation of the novel
for protecting delicate chemical and biological molecules nanofibrous hollow microspheres were poorly understood
as well as for controlling their release in the biomedical and they could only be generated from a specifically syn-
field.>® Recently, our laboratory developed injectable  thesized star-shaped poly(i-lactic acid) (SS-PLLA), but not
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from linear polymers.[*! Therefore, the star-shaped molec-
ular structure was suspected to play an important role in
the formation of nanofibrous hollow microspheres. Here
we propose a new theory of nanofibrous hollow structure
formation. Specifically, we hypothesize: (1) increasing the
affinity of a polymer solution (including linear polymers
such as a linear PLLA) to the emulsion medium initi-
ates and stabilizes double-emulsion formation leading to
hollow object formation; (2) the double-emulsion process
does not interfere with a phase-separation/self-assembly
process that results in nanofiber formation.l'%12] The fol-
lowing experiments were carried out to test the new
hypotheses and to develop new techniques to assemble
linear polymers not only into nanofibrous hollow micro-
spheres, but also into nanofibrous hollow discs and nano-
fibrous shells.

2. Results and Discussions

In one approach, a mixed solvent system (water/tetrahy-
drofuran (THF) mixture instead of THF alone) was chosen
to dissolve a linear PLLA to form a PLLA solution with a
higher affinity to glycerol (used as an emulsion medium
here) than THF alone for the fabrication of nanofibrous
hollow microspheres. A large amount of glycerol (with a
glycerol volume at least three times larger than that of the
polymer solution) was gradually added into the rigorously
stirred polymer solution. Initially, glycerol was the dis-
persed phase in the polymer solution. Passing the phase-
inversion point, while there was glycerol encapsulated
inside the polymer solution spheres, the excessive glycerol
became the new continuous phase. A “water-in-oil-in-
water” (W/O/W) type double emulsion (glycerol-in-PLLA/
THF/H,0-in-glycerol) was generated. Upon quenching the
double emulsion in liquid nitrogen and the subsequent
extraction of the solvent and glycerol, nanofibrous hollow
microspheres were obtained (Figure 1A). As demonstrated
in our previous publication,’! using the linear PLLA in
a single solvent (THF alone), nanofibrous microspheres
without a hollow core were obtained (Figure 1Ba,d). When
the H,0/THF ratio was 1:20, certain portion of the nano-
fibrous microspheres had a hollow core (Figure 1Bb). When
the H,0/THF ratio was increased to 1:10, essentially all
the formed microspheres were nanofibrous hollow micro-
spheres (Figure 1Bc,e). All the above-formed microspheres
(hollow or not) were nanofibrous (Figure 1Bf), indicating
that the double-emulsion process (to form microspheres
and their hollow cores) and the phase-separation/self-
assembly (to form the nanofibers) processes do not inter-
fere with one another.

In the previous study,!*?! the SS-PLLA could be con-
sidered to be an internal surfactant or self-emulsifier
because there were hydroxyl groups on the SS-PLLA (both
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unreacted hydroxyl groups on the dendrimer core and the
end hydroxyl groups on the arms), increasing the affinity
to glycerol. In the present study, water could effectively
function as an external surfactant since it has affinity to
both THF and glycerol, reducing the surface energies asso-
ciated with the interfaces. By properly choosing an H,0/
THF ratio (e.g., 1:10), the double emulsion could be stabi-
lized, leading to essentially complete nanofibrous hollow
microsphere formation. Too low a ratio of H,O/THF (e.g.,
1:20) might not be sufficient and therefore the double
emulsion was less stable, resulting in fewer nanofibrous
hollow microspheres (Figure 1BDb). It should be pointed
out that there is an upper limit for the amount of water
that can be added into the mixed solvent system (less
than 20% for a 2% PLLA solution) since water is a nonsol-
vent for PLLA.

In the second approach, a glycerol derivative, Diacetin,
was added into the polymer solution as an emulsifier
prior to the emulsification procedure. Diacetin is a mix-
ture of glycerol 1,2-diacetate, glycerol 1,3-diacetate, and
some glycerol triacetate, i.e., esters of glycerol and acetic
acid. Diacetin is biocompatible, is widely used in food
and pharmaceutical formulations,*3! and is miscible with
PLLA/THF solution as well as glycerol. Thus, we rational-
ized that Diacetin would preferentially accumulate at the
two spherical interfaces formed during the phase inver-
sion to stabilize the double emulsion. The formation of
nanofibrous hollow microspheres by this method was
observed by scanning electron microscopy (SEM) when
0.05% v/v (10 pL) of Diacetin was added (Figure 2Aa,b).
The internal structure was examined using confocal
laser scanning microscopy, confirming hollow core for-
mation (Figure 2Ac). The fabricated nanofibrous hollow
microspheres of a linear PLLA using these two approaches
were similar in structure to those previously generated
from SS-PLLA, except that there was generally one hole
on the spherical shells instead of multiple holes observed
on those formed from SS-PLLA.I*] This could stem from
the fact that SS-PLLA served as a self-emulsifier, with
the glycerol-philic hydroxyl groups not only stabilizing
the two main spherical interfaces defining the hollow
microspheres but also the holes on the spherical shells.
The multiple holes were largely circumvented by the use
of a linear PLLA and the use of either a solvent mixture
or the addition of a separate emulsifier (e.g., Diacetin).
The single hole on the spherical shell of the nanofibrous
hollow spheres formed from the linear PLLA was likely
resulted from the glycerol neck connecting the encap-
sulated glycerol core and the continuous glycerol phase
upon phase inversion.

Interestingly, when the emulsifier amount was
increased to 0.15%, most of the hollow spherical shells
folded or collapsed to some degree (Figure 2Ad—f). When
the amount of the emulsifier was further increased to
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Figure 1. A) A schematic illustration of the emulsification and TIPS process for the fabrication of microspheres, including steps: i) the addi-
tion of glycerol into polymer solution under stirring, generating glycerol microdroplets; ii) phase inversion, generating glycerol-in-polymer
solution-in-glycerol double emulsions; iii) possibly the transformation into polymer solution-in-glycerol single emulsions; iv) quenching
in liquid nitrogen, solvent and glycerol extraction in water, and freeze-drying. B) Nanofibrous microspheres (with diameter ranging from
60—90 pm) from emulsion of a,d) 20 mL 2% PLLA/THF solution, b) PLLA/THF/H,O solution with H,O/THF ratio of 1:20, and c,e) PLLA/THF/
H,O solution with H,0/THF ratio of 1:10 in 100 mL glycerol under stirring for 10 s. f) All of them had a nanofibrous structure.

0.3%, the hollow microspheres transitioned into hollow
discs (Figure 2Ag—i). Despite the change of the overall
shape, the nanofibrous (NF) structure was maintained,
once again indicating that the emulsification process and
phase-separation/self-assembly process do not interfere
one another. In addition to being an emulsifier, Diacetin
has been used as a plasticizer to soften rigid plastics.[*?]
The addition of Diacetin into the polymer solution lowers
the solution viscosity. However, a high polymer solution
viscosity is needed to stabilize the spherical emulsion.['4
The intermediate level of Diacetin might lead to regional
softening and the formation of weak spherical polymer
shells, which tend to fold and collapse through the sof-
tened regions. The nanofibrous hollow disc formation
could also be attributed to the Diacetin’s softening effect.
The addition of a larger amount of Diacetin likely softens
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the entire spherical polymer solution shells and changes
the rheological properties, allowing the coordinated
deformation from spheres into discs under the shear
stresses of vigorous stirring. These results therefore have
demonstrated that by adjusting the amount of emulsi-
fier, we are not only able to fabricate nanofibrous hollow
microspheres but also nanofibrous hollow discs using a
commercial linear PLLA.

In the third approach, we also added the emulsifier
Diacetin into the polymer solution to stabilize the gener-
ated double emulsion. However, instead of varying the
amount of the emulsifier, we utilized the thermodynamic
metastability of the double emulsion and the associ-
ated structural transition over time to obtain the desired
microcarrier structures. We first demonstrated that
variable size of the openings on the nanofibrous hollow
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Figure 2. A) SEM images of nanofibrous microcarriers (with diameter ranging from 60 to 9o um) prepared from an emulsion of a,b) 20 mL
2% PLLA/THF solution and 0.05% (10 pL) Diacetin; d,e) 0.15% (30 pL) Diacetin; and g,h) 0.3% (60 pL) Diacetin in 100 mL glycerol under stirring
for 10 s. ¢ f,i) Their internal structure was observed under confocal microscopy after being stained with FITC-tagged BSA. B) Nanofibrous
microcarriers with various structures prepared from emulsion of 20 mL 2% PLLA/THF solution with 0.05% Diacetin in 100 mL glycerol
under stirring for: j,k) 10 s; |,m) 1 min; n,0) 5 min; p,q) 10 min; and r,s) 1 h. C) A schematic illustration summarizing the structural variations
of nanofibrous microcarriers in response to different emulsifier content and emulsification duration.

microspheres could be achieved. Under the nanofibrous
hollow microsphere-forming conditions (with 0.05% of
Diacetin), we collected the microcarriers at different stir-
ring times, from 10 s to 1 min, 5 min, 10 min, and 1 h.
It was found that the size of the pore openings increased
as stirring time increased (Figure 2B). When the stirring
time was 10 s, the size of pore openings on the micro-
spheres was about 20 um on average when the average
microsphere diameter was in the range of 60-90 um
(Figure 2Bjk). However, when the stirring time was
1 min, the average size of pore openings increased to
about 25 um for microspheres in the same size range
(Figure 2Bl,m). When the stirring time was 5 min, the
hollow microspheres became more like bowls (nano-
fibrous hollow hemispheres) with a significantly larger
opening size of about 63 pm (Figure 2Bn,o0). When the stir-
ring time was extended to 10 min, shallow nanofibrous
shells were obtained (Figure 2Bp,q). When the stirring
time was further extended to 1 h, smaller and essentially
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spherical nanofibrous particles were formed, most of
which do not have a hollow core (Figure 2B1,s).

There were two possible key factors that contributed to
the structural transition from small opening size to larger
opening size of the nanofibrous hollow microspheres, and
later to nanofibrous shallow shells, and smaller nano-
fibrous nonhollow microspheres. One was likely the sof-
tening effect of Diacetin, which allowed for easier shape
change. The other factor is the thermodynamic insta-
bility or metastability of the hollow microspheres. The
higher system-free energy due to the existence of the two
interfaces (between core and shell, and between shell
and the outer medium) likely drove the reduction of the
interfacial areas. However, Diacetin likely reduced the
free energy difference and substantially slowed down
the shape change process. With 0.05% emulsifier and vig-
orous stirring, the originally concentric spherical polymer
solution shell and the encapsulated glycerol core might
slowly move off-center away from each other to reduce
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Figure 3. SEM micrographs of A) Nylon matrices fabricated by a) TIPS from 2% Nylon solution in formic acid or b) in a solvent mixture of
formic acid and DMF with a mixing ratio of 3:1 or c) 1:1; PAN matrices fabricated by d) TIPS from 2% PAN solution in DMSO or e) in solvent
mixture of DMSO and H,0 with a mixing ratio of 9:1 or f) 7:1. B) NF-MS fabricated from g,h) Nylon and i,j) PAN via phase separation and
surfactant-free emulsification techniques; NF-HMS fabricated from k,I) Nylon and m,n) PAN via surfactant-assisted emulsification and
phase separation techniques; S-HMS fabricated from o,p) Nylon and q,r) PAN via surfactant-assisted emulsification technique.

the interfacial areas. As they moved off-center, the size
of the neck connecting the encapsulated glycerol and the
surrounding glycerol increased, and therefore the size
of the generated openings on the hollow microspheres
increased. Once passing the hollow hemisphere stage,
the polymer solution changed into shallow shells. Given
a long enough time, these polymer solution domains
transitioned into the more stable (lower energy) smaller
nonhollow microspheres (equivalent to the escape of the
initially encapsulated glycerol core and the healing of the
hollow shell into a sphere). The structural changes of the
second and third approaches (varying emulsifier content
and stirring duration before quenching the polymer solu-
tion) are summarized in Figure 2C. Due to the slow evo-
lution of the emulsion structure, different microcarrier
structures can be arrested in liquid nitrogen in a robust
manner. However, varying the stirring time was less effec-
tive in the first approach, where H,0/THF solvent mixture
was used (data not shown), probably because the addition
of water had little effect on the rheological properties of
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the polymer (water is not a solvent or effective plasticizer
for PLLA).

Biomaterials’ physical shape and structural feature size
on the micro and nanoscales are increasingly recognized
to play important roles in their function as cell carriers
for tissue engineering!'®121>21l and as vehicles for con-
trolled or targeted therapeutic delivery.?>3% Recently,
novel nanofibrous hollow polymer microspheres have
been developed for the first time in our laboratory and
demonstrated to be an excellent cell carrier for cartilage
regeneration.['®! However, the nanofibrous hollow micro-
spheres could only be self-assembled from a star-shaped
polymer, which was synthesized through a costly and
more time-consuming process than commercially avail-
able linear polymers. In this work, we formed general-
ized hypotheses of nanofibrous hollow structure forma-
tion and developed techniques to fabricate nanofibrous
hollow microspheres using a conventional linear PLLA
for the first time. In addition, we developed techniques
to control the open hole size on the nanofibrous hollow
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microspheres. Furthermore, we developed new and facile
fabrication techniques to generate nanofibrous hollow
discs and nanofibrous shells for the first time. These are
important advances in the fabrication of complex nano/
micromaterials. The new microcarriers will be evaluated
for applications in tissue regeneration and biomolecule
deliveries in future studies.

While this proposed theory has been supported by
the data from linear PLLA, can other polymers be uti-
lized to generate nanofibrous hollow micro objects? We
have found that Nylon and polyacrylonitrile (PAN) can
also be fabricated into nanofibrous materials via phase-
separation (Figure 3A). Using our technology developed
from PLLA, we have experimentally demonstrated that
both Nylon and PAN can be fabricated into nanofibrous
microspheres and nanofibrous hollow microspheres
(Figure 3Bg—n), supporting our new generalized hypoth-
eses. When solvents that do not allow nanofibrous struc-
ture formation are chosen, we can also use our techniques
to fabricate hollow micro objects that are not nano-
fibrous (Figure 3Bo-T), supporting our hypothesis that the
phase-separation process (nanofiber formation) and the
hollow object formation process do not interfere with one
another. In addition, we have demonstrated that the sol-
vent exchange process (using ice water to replace organic
solvent) does not affect the nanofibrous structure (com-
paring Figures S1 and S2 in the Supporting Information),
which should have formed during the phase-separation
process before the solvent exchange process. The above
supplementary data are consistent with the new hypoth-
eses and have expanded the polymer types for nano-
fibrous hollow microobject fabrication.

3. Conclusions

In addition to biomolecule release and tissue regenera-
tion, micro- and nanoparticles have found a wide variety
of applications in electronic displays,?! photonic crystal
preparation,33-3°] self-healing structural materials,?®! sep-
aration and catalysis,[*”?%! highly sensitive protein detec-
tion,3%4%1 and so on. The new theory may be utilized to
generate nanofibrous hollow spheres/discs/shells from
additional polymers and materials, which may potentially
be employed in biocatalysis, separation, cosmetics, food
additives, and other applications.

4. Experimental Section

Materials: PLLA with an inherent viscosity of approximately
1.6 was purchased from Boehringer Ingelheim (Ingelheim,
Germany). Tetrahydrofuran (THEF), glycerol, Diacetin (a mixture
of glycerol 1, 2-diacetate, glycerol 1,3-diacetate, and some

/ Macromolecular

Macromol. Rapid Commun. 2015, 36, 1735-1741
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Z.Zhangand P.X. Ma

glycerol triacetate) were purchased from Aldrich Chemical
(Milwaukee, WI). Deionized water was obtained with a Milli-Q
water filter system from Millipore Corporation (Bedford, MA).
Polyacrylonitrile (PAN) (with an average molecular weight of
150 kDa) and Nylon6/6 were purchased from Aldrich Chemical
(Milwaukee, WI). Formic acid, dimethylformamide (DMF),
dimethyl sulfoxide (DMSO), silicon oil, and olive oil were
purchased from Aldrich Chemical (Milwaukee, WI) and used
as received. Poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol) (PEO-PPO-PEO) with Mn of 5800 Da
and viscosity of 350 000 cps (60 °C) was purchased from Aldrich
Chemical (Milwaukee, WI) and used as received.

Surfactant-Free Emulsification Using Solvent Mixture: In the
first approach, a mixture of THF and H,0 with different mixing
ratios (H,O/THF = 1:20 and 1:10, v/v) was used as the solvent to
prepare the PLLA solutions at 50 °C with a concentration of 2.0%
(w/v). Under rigorous mechanical stirring (speed 7, MAXIMA,
Fisher Scientific Inc.), glycerol (50 °C) with a volume at least three
times larger than that of PLLA solution was gradually added into
the polymer solution, and the stirring continued for another
5 min. The mixture was then quickly poured into liquid nitrogen.
After 10 min, ice/water mixture was added for solvent exchange
for 24 h. The microspheres were then sieved and washed with
distilled water for a few times to remove residual glycerol. The
microspheres were then lyophilized for 2 d.

Surfactant-Assisted Emulsification: In the second and third
approaches, 0.4 g PLLA was dissolved in 20 mL THF at 50 °C to
achieve a concentration of 2.0% (w/v). Different amounts of
Diacetin (0.05%, 0.15%, or 0.3% (v/v)) were then added into the
polymer solution. Under rigorous mechanical stirring (speed 7,
MAXIMA, Fisher Scientific Inc.), glycerol (50 °C) with a volume
at least three times larger than that of the PLLA solution was
gradually added into the polymer solution, and the stirring
continued for another 10 s, 1 min, 5 min, 10 min, or longer. The
mixture was then quickly poured into liquid nitrogen. After 10
min, ice/water mixture was added for solvent exchange for 24 h.
The microspheres were then sieved and washed with distilled
water for a few times to remove residual Diacetin and glycerol.
The microspheres were then lyophilized for 2 d. It should
be noted that the emulsification conditions described above
typically generate microcarriers with a size ranging from 10 pm
to 500 pm in diameter; microcarriers with a smaller size can
be obtained by changing the emulsification conditions, such as
increasing the amount of the surfactant or stirring speed.

Preparation of Nylon and Polyacrylonitrile (PAN) Nanofibers:
Nylon6/6 was dissolved in pure formic acid and formic acid/
dimethylformamide (DMF) solvent mixture with a mixing
ratio of 3:1 or 1:1 (v/v) to make a 2% (w/v) polymer solution at
80 °C. PAN was dissolved in pure DMSO and DMSO/H,0 solvent
mixture with a mixing ratio of 9:1 or 7:1 (v/v) to make a 2% (w/v)
polymer solution at 80 °C. The polymer solutions were quickly
transferred into liquid nitrogen to induce phase separation. After
10 min, the frozen polymer gels were immersed into ice water for
solvent exchange for 4 h. The polymer foams were subsequently
frozen at —80 °C for 2 h and freeze-dried overnight.

Preparation of Nylon and PAN Microspheres with Different
Nano and Micro Features: Nylon NF-MS were fabricated under
the same process that PLLA NF-MS were fabricated, except
that Nylon6/6 was dissolved in a mixture of formic acid and
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DMF (formic acid:DMF = 3:1, v/v) to form a 2.0% (w/v) polymer
solution for emulsification in olive oil (50 °C). After quenching
in liquid nitrogen and solvent extraction in ice water, the
microspheres were then sieved and washed with hexane once,
ethanol once, and distilled water for four times to remove the
oil. Nylon NF-HMS were fabricated the same way Nylon NF-MS
were made, except that 0.2% (w/v) surfactant poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(PEO-PPO-PEO) was added into the Nylon polymer solution prior
to the emulsification and phase separation steps. Nylon S-HMS
were fabricated the same way as Nylon NF-HMS, except that the
solvent to dissolve Nylon was formic acid alone (2% w/v Nylon in
formic acid).

PAN NF-MS were fabricated under the same process that
Nylon NF-MS were made, except that PAN was dissolved in a
mixture of DMSO and deionized water (DMSO:H,0 = 9:1, v/v) for
emulsification in silicon oil (50 °C). PAN NF-HMS were fabricated
under the same process that PAN NF-MS were made, except that
0.2% (w/v) PEO-PPO-PEO were added into the PAN polymer
solution before the emulsification and phase separation. PAN
S-HMS were created by emulsifying 2% (w/v) PAN in pure DMSO
under the same emulsification process that PAN NF-HMS were
fabricated.

Observation: The morphologies of the microspheres, discs,
or shells were examined using SEM (Philips XL30 FEG) with an
accelerating voltage of 10 kV. The samples were coated with gold
for 120 s using a sputter coater (DeskII, Denton Vacuum Inc.).

The internal structure of the spheres/discs was examined
using confocal laser scanning microscopy (CLSM) (Nikon Eclipse
C1). Fluorescein isothiocyanate (FITC)-conjugated bovine serum
albumin (BSA) was adsorbed on the nanofibrous microcarriers to
visualize their structures under confocal microscopy.
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Library or from the author.
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