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Single-step process for production of porous scaffold based on poly(pentadecanolide) (PPDL) 
is reported. The scaffold is produced via in situ porosity generation during ring-opening 
polymerization (ROP) of the lactone pentadecanolide (PDL) in high internal phase emul-
sion (HIPE) using a water soluble enzyme (Lipase TL) as catalyst. The enzyme present in 
dispersed aqueous phase of HIPE effectively carries out ROP of monomer present in con-
tinuous oil phase. The polymerization occurs at the interface of oil and water in HIPE and 
complete monomer conversion is achieved in 96 h at 40 °C. 
Porous scaffold having interconnected pores is obtained as 
the final product and formation of PPDL is confirmed by 
spectroscopic and thermal analysis. The process thus devel-
oped is a single-step process to produce porous scaffolds 
via ROP of a lactone that can be extended to see its effi-
cacy using monomer-soluble organometallic catalysts and 
monomers other than PDL including lactones, lactides, and 
cyclic carbonates.
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culture of artificial tissues.[3,4] The cell behavior is highly 
influenced by surface texture, pore size, and interconnec-
tivity of the scaffold.[5–7] Selective adsorption, filtration and 
separation, catalysis, and energy storage are some other 
areas where use of porous scaffolds has been explored due 
to the advantage originating from their high surface area 
to mass ratio.[8–11]

There are many advanced techniques that have been 
adopted for producing 3D porous scaffolds today. Solid 
freeform fabrication (SFF) and rapid prototyping are the 
most common names given to a host of related tech-
nologies that are used to fabricate physical objects 
directly from computer aided data sources.[12–16] These 
methods are unique in that they add and bond mate-
rials in layers to form objects. Such systems are also 
known by the names additive fabrication, 3D printing 
or layered manufacturing.[8,17] Many of these advanced 
fabrication methods have been applied for the produc-
tion of porous scaffolds. However all of these methods 
are multistep, require a preformed polymer and the 

1. Introduction

Robust fabrication methods for reliable production of 3D 
porous scaffolds are in high demand due to huge poten-
tial that has been seen with application of 3D scaffolds in 
various areas specially tissue engineering.[1,2] 3D porous 
scaffolds are an absolute requirement for successful tissue 
engineering and the choice of scaffold material and its 
microstructure are prime parameters for an effective 
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fabrication is carried at high temperatures. In addition 
to SFF techniques several fabrication methods that are 
based on organic solvents have also been used to prepare 
porous scaffolds.[18–20] The three most common are: Fiber 
bonding, phase separation, and solvent casting/particu-
late leaching.[21–23] These three techniques require the use 
of organic solvents, which could reduce the ability of cells 
to form new tissues in vivo.[24,25] Thus, long processing 
time to fully remove these solvents is necessary. In order 
to extract these chemicals, the scaffold must be vacuum 
dried for several hours, making it difficult to be used 
immediately in a clinical setting and requires added cost. 
The combination of toxic chemicals and extreme temper-
ature presents difficulties if cells or bioactive molecules, 
such as growth factors, are to be included in the scaffold 
during processing. In addition, quality, speed, reproduc-
ibility, and scalability of these techniques are issues that 
still need to be addressed.

High internal phase emulsion (HIPE) is known for its 
excessive volume fraction of dispersed phase and poly-
merization of continuous phase of a HIPE was used as an 
effective approach to produce porous scaffolds via in situ 
generation of porosity during polymerization.[26–30] HIPE 
is characterized for its high volume fraction of dispersed 
phase (>0.74).[31,32] The work has so far been expanded for 
free-radical polymerization of variety of vinylic mono-
mers forming the continuous phase of a water-in-oil 
HIPE.[33,34] The initiators (thermal as well as photoinitia-
tors) used were monomer soluble and the scaffolds thus 
developed were characterized for their high porosity and 
interconnectedness of pores.[29] The work however has 
been limited to only vinylic monomers and ring-opening 
polymerization (ROP) of cyclic monomers including lac-
tones or lactides has not been carried out in HIPE. Two 
prime reasons for this state were: (a) Sensitivity of mono-
mers and catalysts toward moisture, (b) stability of emul-
sions, specially HIPEs, made using such monomers in 
water-in-oil emulsions. There are only handful of reports 
on polymerization of such monomers in a water-based 
emulsion system.[35–38] Moreover, the reports are only 
limited to formation of a conventional emulsion and its 
polymerization. Use of enzymes as catalyst under HIPE 
formulations has scantly been reported and the reactions 
were not polymerization.[39,40]

In the present approach, we worked toward developing 
a single-step, solvent-free process for creating a porous 
scaffold via polymerization of a lactone in HIPE formula-
tion. The overall objective was to develop a stable HIPE 
for pentadecanolide (PDL) monomer in a water-in-oil 
emulsion that could later be efficiently polymerized to a 
3D porous scaffold via in situ porosity generation during 
polymerization. The check on stability of HIPE was not 
limited to room temperature but extended to the tem-
perature of polymerization, i.e., 40–60 °C. The lactone 

selected was PDL due to its high hydrophobicity in com-
parison to other small size lactones and better possibility 
for formation of a stable water-in-oil HIPE. The ROP was 
catalyzed using Lipase TL as the catalyst. PDL formed the 
continuous oil phase of HIPE in volume fraction = 0.26 
while the catalyst was present in dispersed aqueous 
phase of volume fraction = 0.74. Polymerization was 
carried out at varied temperature and nature and con-
centration of catalyst and effect of these parameters on 
monomer conversion was evaluated.

2. Experimental Section

2.1. Materials

Pentadecalactone (purity>99.0%) was purchased from Sigma-
Aldrich. Nonsoluble enzyme Novozyme-435 (Lipase Candida 
antarctica) Lipase B of activity ≥10 000 U g−1 (as reported by the 
supplier) immobilized on a macroporous support, Lewatit VPOC 
1600 was a kind gift from Novozymes. Lipase Thermomyces laug-
inosus (Lipase TL) having activity of ≥1 00 000 U g−1 (as reported 
by the supplier) was purchased in aqueous solution form from 
Sigma-Aldrich. The enzyme solution comprised of water (72% 
w/v), propylene glycol, and sorbitol (25% w/v), lipase (2% w/v), 
sodium benzoate (0.15% w/v), potassium sorbate (0.15% w/v), 
and calcium chloride (0.5% w/v). Deionized water (Millipore 
India), chloroform, deuterated chloroform, ethanol, dichlo-
romethane (Merck India) were used as received. Span 80 (also 
known as sorbitane monooleate, a nonionic surfactant having 
molecular formula C24H44O6) was purchased from Sigma-Aldrich.

2.2. Characterization

Proton nuclear magnetic spectroscopy (1H-NMR) spectra were 
recorded in CDCl3 using 300 MHz Bruker NMR spectrometer. 
Chemical shifts were reported in ppm relative to CDCl3 (δ = 7.27). 
Melting point and relative crystallinity of the polymer was 
determined using Perkin Elmer DSC differential scanning calori-
meter (DSC) instrument and thermal stability of the polymer 
was assessed in a TA Instruments Q500 T (thermogravimetric 
analyzer (TGA) analyzer. Gel permeation chromatography (GPC) 
was performed in chloroform on a Verotech PL-GPC 50 Plus 
system equipped with a PL-RI detector and two PolarGel-M 
Organic (300 × 7.5 mm) columns from Varian. Scanning electron 
microscope (SEM) images were acquired using a Zeiss EVO 50 
SEM on samples precoated with gold. Wide angle X-ray diffrac-
tion (WAXD) analysis was performed using PW3040/60 X’pert 
Pro instrument of PAN Analytical operating at 40 KV and 30 mA 
current at Kα, 1.54 A° wavelength, and 2θ range from 10° to 40°. 
Optical microscopic pictures were obtained using Nikon Eclipse 
E200 optical microscope in refractive mode. Gel content was 
determined gravimetrically.

2.3. General Procedure for Enzyme Catalyzed Interfacial 
HIPE-ROP

A predetermined amount of PDL monomer was taken in a 
vial along with the emulsifier Span 80 (50 wt% with respect 
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to monomer) and the mixture was stirred at 40 °C to make a 
clear solution (oil phase). Precalculated quantity of aqueous 
phase (containing adjusted amount of aqueous enzyme solu-
tion with respect to monomer) was added at controlled rate to 
the oil phase under high speed stirring. The volume fraction of 
dispersed aqueous (  Φ  d  ) and continuous oil (  Φ  c  ) phase was kept 
constant at 0.74 and 0.26, respectively. The HIPE thus formed 
was stirred for an additional hour and the polymerization was 
started by immersing the vial in an oil bath heated at controlled 
temperature using a thermocouple. Samples were withdrawn 
intermittently to determine monomer conversion. The poly-
merizations were continued for maximum 6 d and monomer 
conversion obtained within this period was reported for various 
samples. Polymer free from other reactants was obtained by dis-
solving the crude mixture in chloroform and precipitating in cold 
methanol. Effect of temperature, nature, and amount of enzyme 
was studied on monomer conversion and details are provided in 
Table  1 . 

     3 .        Results and Discussion 

 HIPE of PDL forming the continuous phase was found to 
be stable at temperatures up to 60 °C and no phase sepa-
ration was observed visually for over one week (Figure  1 ). 
The dispersed phase was formed by the aqueous enzyme 
solution and additional water to keep the volume fractions 
of dispersed aqueous (  Φ  d  ) and continuous oil (  Φ  c  ) phases at 
desired levels. The polymerization was fi rst conducted at 

40 °C at   Φ  d  /  Φ  c   = 0.74/0.26 and samples were withdrawn at 
regular intervals to determine monomer conversion using 
 1 H-NMR. It was observed while dissolving the crude reac-
tion mixture in solvent (chloroform or deuterated chloro-
form) that a part of sample remained insoluble. The NMR 
was therefore performed on the fi ltrate after removal of 
the insoluble content of the sample. Disappearance of oxy-
methylene proton peak from monomer ( δ  = 4.05 ppm) was 
taken as the completion of polymerization (Figure  2 ). A 
comparison of the intensity of oxymethylene proton peak 
originating from soluble polymer fraction ( δ  = 4.14 ppm) 
and unreacted monomer ( δ  = 4.05 ppm) was used to calcu-
late the monomer conversion during polymerization. The 
monomer conversion values thus obtained were though 
not true representation of the polymer that was getting 
formed, as a fraction of polymer sample remained insol-
uble in the solvent and the extent of formation of insoluble 
content increased with time of polymerization. 

   ROP occurred at the interface of two phases as shown 
in scheme under table of content. The enzyme-activated 
monomer (EAM) complex was formed at the interface 
which led to formation of ring-opened monomer due 
to nucleophilic attack from the initiator, i.e., water. The 
polymer chain grew further via repetitive nucleophilic 
attack from hydroxyl end of the ring-opened monomer/
oligomers on EAM complex. It was observed that a frac-
tion of the sample taken out for NMR analysis remained 
insoluble in chloroform at room temperature. On the 
other hand, insoluble fraction immediately solubilized 
when the mixture was heated to 60 °C or few drops of 
trifl uroacetic acid were added to the mixture. Thus, the 
insoluble fraction formed during polymerization was not 
a cross-linked polymer; possibility for formation of which 
anyway was remote as no cross-linking could have hap-
pened during polymerization based on the formulation 
selected. The insoluble portion thus formed could pos-
sibly be due to the initiation of ROP by stabilizers, viz., 
sorbitol and propylene glycol present in high quantity in 
the enzyme solution and trans-esterifi cation occurring 
simultaneously (Scheme  1 ). A hyperbranched polymer 
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  Table 1 .       Formation of stable water-in-oil high internal phase emulsion of PDL. 

Sample ID PDLa)

[ml]
Enzyme Temp

[°C]
Monomer Conversion 

[%]d)
Time
[h]e)

Mn

[g mol−1]f)
Polydispersity 

Index (PDI)f)
Natureb) [wt%]c)

PDLH-1 2.6 Soluble 1.0 40 46 144 892 1.6

PDLH-2 2.6 Soluble 2.0 40 81 144 970 1.5

PDLH-3 2.6 Soluble 5.0 40 100 96 1515 1.2

PDLH-4 2.6 Insoluble 10.0 60 0 120 – –

    a) PDL monomer containing 50 wt% of Span 80 comprised the continuous phase of HIPE;  b) Soluble enzyme: Aqueous Lipase  TL  solution. 
Insoluble enzyme: Novozyme-435;  c) With respect to PDL;  d) Obtained from  1 H-NMR;  e) Time of polymerization to obtain maximum 
monomer conversion within 6 d;  f) Values obtained from chloroform soluble fraction using GPC.   

 Figure 1 .        Stable high internal phase emulsion of PDL.
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was therefore formed resulting into formation of a gel in 
chloroform at room temperature. 

  A higher monomer conversion was obtained using 
high amount of Lipase  TL  in the dispersed aqueous phase 
of HIPE when ROP was conducted at 40 °C (Table  1 ). A 
plot of monomer conversion with time using varying 
amounts of Lipase  TL  is shown in Figure  3 . The rate of 
polymerization increased with increase in lipase concen-
tration in aqueous phase, as expected. The apparent rates 
of polymerization calculated from linear fi t of the data in 
Figure  3  were found to be 0.38, 0.56, and 1.16 sec −1  with 
Lipase  TL  amount of 1, 2, and 5 wt%, respectively. 100% 
monomer conversion was achieved in 96 h using 5 wt% of 

Lipase  TL  (with respect to monomer) at 40 °C. An increase 
in gel fraction was also seen as the polymerization pro-
gressed (Figure  3 ). Due to limited solubility of the sample 
in chloroform at room temperature, molecular weight 
determination using gel permeation chromatography 
could not be performed for all the samples. Values pre-
sented in Table  1  for poly(pentadecanolide) (PPDL) sam-
ples were obtained from GPC analysis of soluble fraction 
of the samples. Soluble fraction was obtained as fi ltrate 
after removal of insoluble part from the crude reaction 
mixture and the fi ltrate was later precipitated in cold 
methanol. The precipitated part of the sample was then 
redissolved in chloroform for GPC analysis. An increase in 
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 Figure 2 .        Change in intensity of oxymethylene protons of monomer (4.14 ppm) and polymer (4.05 ppm) with time a) PDLH-1, b) PDLH-2, 
and c) PDLH-3.
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 Scheme 1 .       Formation of hyperbranched PPDL via initiation of ROP from sorbitol and propylene glycol during HIPE-ROP of PDL.
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number average molecular weight ( M  n ) with increasing 
Lipase  TL  amount was observed, however, the readings 
could only be taken as representative values originating 
from soluble fraction of the polymer in chloroform. The 
trend could be taken as confi rmation for formation of 
high-molecular-weight polymer with higher quantity 
of Lipase. The HIPE-ROP for PDL was also conducted in 
presence of an insoluble enzyme Lipase  CA  (Novozyme 
435) which was present in dispersed aqueous phase. As 
expected, no monomer conversion was seen even when 
the polymerization was conducted at a slightly higher 
temperature, i.e., 60 °C. 

  Formation of PPDL was confi rmed by thermal and 
WAXD analysis of ethanol washed samples. Crude 
polymer obtained after maximum monomer conver-
sion that could be achieved within 6 d of polymerization 
was taken out and thoroughly washed with ethanol to 
remove all the enzyme, stabilizers, and 
emulsifi er. DSC analysis of the dried, 
purifi ed sample (PDLH-3) showed a 
melting peak at ≈81 °C and a relative 
crystallinity value of ≈45% calculated 
using heat of fusion of 100% crystalline 
PPDL [ 41 ]  (Figure  4 ). TGA analysis of the 
polymer (PDLH-3) showed maximum 
degradation temperature at ≈405 °C 
(Figure  5 ) and peaks at 2 θ  = 21° and 24° 
were obtained in WAXD measurement 
(Figure  6 ). All these values matched 
with previously reported values for 
PPDL in literature suggesting forma-
tion of high-molecular-weight polymer 
under HIPE-ROP conditions. 

    SEM pictures of the fi nal polymer 
PDLH-3 synthesized via HIPE-ROP were 
obtained after thoroughly washing the 
samples with ethanol and drying under 

vacuum. No clear pores could be seen from the images 
for any of the samples rather a more fl aky structure was 
obtained. This is because the glass transition of the PPDL 
polymer is much below room temperature (−27 °C) and 
by the time samples were dried and coated for SEM scan-
ning, the structure was collapsed into more like a fl aky 
structure. This observation however revealed the hetero-
geneity present in the polymerization mixture comprised 
in HIPE conditions and showed that the polymerization 
indeed occurred at the interface of oil and water phases 
thus producing thin fl akes of the polymer at the inter-
face. The SEM images are shown in Figure  7 . Since clear 
porous structure could not be seen in SEM images of 
the PPDL samples, it was decided to capture the optical 
microscopic images under cryo-conditions by freezing 
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 Figure 3 .        Monomer conversion with time using varying amount 
of Lipase  TL  for HIPE-ROP of PDL.
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 Figure 4 .        DSC thermogarm of PPDL synthesized via HIPE-ROP.

 Figure 5 .        TGA plot of PPDL synthesized via HIPE-ROP.
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the polymer in liquid nitrogen and taking pictures as 
soon as possible. A compiled view of pore formation for 
PDLH-3 is shown in Figure  8  when the polymer sam-

ples were taken at different intervals, frozen, and then 
images were taken under optical microscope. Porous 
structure having interconnected pores could be seen 
from the optical microscopic images thereby revealing 
a true HIPE structure that was formed under the chosen 
set of polymerization conditions and formulation. The 
disparity in pore size increased as the polymerization 
proceeded. In the SEM analysis no well-defi ned porous 
structure based on HIPE could be seen as the sample 
structure was collapsed after drying and coating. Also the 
samples polymerized in the vial were too thick to be seen 
under the optical microscope. Hence, the polymerization 
was later carried out on glass slides. The optical images 
of the polymer synthesized on glass slides are shown 
in Figure  9 . A well-defi ned HIPE structure with inter-
connected pores was seen from the images obtained 
and the average pore size was found to be in the range of 
30–70 microns. 

 Figure 9 .        Optical microscopic images of PPDL synthesized via 
HIPE-ROP.
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 Figure 6 .        WAXD plot of PPDL synthesized via HIPE-ROP.

 Figure 7 .        SEM images of PPDL synthesized via HIPE-ROP a) sur-
face and b) cross-section.

 Figure 8 .        Optical microscopic images of PPDL synthesized via 
HIPE-ROP; samples analyzed at different time of polymerization.
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4. Conclusions

Water-in-oil HIPE of PDL was formed using Span80 as the 
emulsifier and the emulsion was found to be stable for 
more than a week at temperatures up to 60 °C. PDL pre-
sent in volume fraction of 0.26 comprised the continuous 
phase of HIPE. ROP of PDL in HIPE was conducted at 40 °C 
using a water soluble enzyme Lipase TL as the catalyst. 
The enzyme was present in the dispersed phase and poly-
merization occurred at the interface of dispersed and con-
tinuous phases of emulsion. 100% monomer conversion 
was achieved at 40 °C in 96 h and the apparent rate of 
polymerization was found to increase with higher amount 
of Lipase TL. Formation of PPDL was confirmed by spectro-
scopic, thermal, and WAXD characterization. A fraction of 
polymer that remained insoluble in chloroform was due to 
initiation of ROP by sorbitol and propylene glycol present 
in the enzyme solution. Formation of pores and their inter-
connectedness was seen in the final polymer synthesized 
via HIPE-ROP of PDL. The method based on HIPE-ROP is a 
single-step process for generation of porous scaffold free 
from organic solvents and organometallic catalysts. The 
method may further be explored for polymerization of 
other lactones and lactides under HIPE conditions using 
catalysts other than enzymes and may become commer-
cially viable for production of porous scaffolds fulfilling 
shortfalls of the existing scaffolding techniques.
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