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ABSTRACT 

Hydrolytic degradation of poly(4-hydroxybutyrate) (P4HB) films has been studied 

considering media of different pH values (i.e., 3, 7 and 10) and temperatures (i.e., 37 and 

55 ºC). Enzymatic degradation has also been evaluated at physiological conditions using 

two different lipases: Pseudomonas cepacia and Rhizopus oryzae.  

Different bulk and surface erosion mechanisms with random chain scissions and 

successive removal of monomer units have been supported through weight loss 

measurements, molecular weight determinations by GPC and NMR spectroscopy and 

changes on thermal properties by DSC. Thermal annealing during exposure to different 

media and even degradation influenced on the melting temperature and crystallinity of 

samples, as well as on the lamellar geometrical parameters as evaluated by SAXS. 

Enzymatic degradation was ideal to selectively eliminate the amorphous regions and 

highlight the spherulitic morphology. Presence of ringed textures were therefore evident 

in bright field optical micrographs in addition to SEM images, namely observations under 

polarized light was not necessary to distinguish the presence of banded spherulites. 

Rhizopus oryzae was revealed to be the most suitable enzyme to crop out the P4HB 

spherulites that form part of the initial smooth surfaces of solvent casting films. After 

determining the appropriate activity and exposure time, the presence of rings constituted 

by cooperative C-shaped edge-on lamellae and flat-on lamellae was highlighted. 
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INTRODUCTION 

 

Poly(4-hydroxybutyrate) (P4HB) is a biodegradable polyester widely employed in 

biomedical applications due to its biocompatibility and unique properties. Specifically, 

P4HB is considered for developing long-term sutures, abdominal wall closure materials, 

reconstructive surgery materials, scaffolds, heart valves and vascular grafts among others 

uses [1–8]. 

P4HB, like other poly(hydroxyalkanoates) can be produced in high yield from 

microorganisms (e.g. Escherichia coli) in response to nutrient defective conditions [9]. 

P4HB mainly degrades by surface erosion giving rise to 4-hydroxybutyrate as the main 

product. This is a common metabolite of the human body and therefore minimum adverse 

reactions in soft tissues (e.g., abdominal wall and muscles) are derived after implantation. 

Microbial P4HB has a very high molecular weight (Mn ~ 106 g/mol) and a remarkable 

elastomeric character at room and body temperatures. In fact, P4HB can be stretched 10 

times its original length before breaking. Other advantages of P4HB correspond to its 

solubility in organic polar solvents and low melting temperature that facilitate its 

processing, if it is not compromised by the high molecular weight [10]. 

Despite the above indicated properties of P4HB, scarce works have been performed on 

the study of physical properties, crystalline structure, morphology and crystallization 

processes. This feature contrasts with the exhaustive information concerning to related 

polyesters (e.g., polyglycolide and poly(-caprolactone), which are the most similar -

hydroxy acid derivatives, constituted also by an even number of carbon atoms in the main 

chain) or even to other biodegradable polyesters, such as polylactide and poly(3-

hydroxybutyrate) (P3HB), which differ on the presence of methyl side groups. The 

peculiar characteristics of P4HB have enhanced the interest on their copolymers. Thus, 
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poly (3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)) is a widely employed 

bacterial copolyester where the presence 4-hydroxybutyrate units is fundamental to 

reduce the stiffness of the P3HB homopolymer [11,12]. Chemical synthesis has also been 

employed to develop copolyesters based on 4-hydroxybutyrate units [13]. 

X-ray fiber diffraction data and single crystal electron diffraction patterns pointed out that 

P4HB crystallizes according to an orthorhombic unit cell with space group P212121 and 

parameters: a = 0.775 nm, b = 0.479 nm and c (fibre axis) = 1.194 nm [14,15]. 

Diffraction data and energy calculations [15] indicated that P4HB molecules crystallized 

according to a slight distortion of an all-trans conformation. Molecular deformation under 

uniaxial stretching has been simulated, being suggested that crystalline regions played a 

fundamental role in the stretching deformation [16]. 

Concerning to the crystalline morphologies, it should be pointed out that lozenge-shaped 

multi-terrace crystals can be obtained from crystallization in dilute ethanol solutions at 

80 ºC. Growth planes corresponded to {110} planes and the ratio between the two 

diagonal axes is close to 3:5 [15].  

Enzymatic degradation of such single crystals was studied by turbidity assays in lipase 

medium from Pseudomonas sp. and an extracellular PHB depolymerase 

from Pseudomonas stutzeri YM1006 [15]. Morphological observations indicated that 

enzymatic attack took place from the crystal edges since both molecular weight and 

lamellar thickness remained unchanged. This feature, suggested that chain-folding 

regions on the lamellar surface were unaltered. Nevertheless, evidences that enzymatic 

degradation had also occurred at the folded chain region of single crystal surfaces have 

been found for P(3HB-co-4HB) copolymers [17]. 

P4HB crystallized from the melt and also from chloroform solutions as negative ringed 

spherulites [18,19]. Rings were distinguished by highly zigzag irregularities and had 
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different widths depending on birefringence (i.e., the dark and non-birefringent rings were 

the narrowest). Analysis of thin spherulites obtained by solvent casting by infrared 

microspectroscopy was not conclusive about molecular orientation differences in dark 

and bright rings [18]. Therefore, reported experimental data were not useful to discern 

between the two typical explanations formulated, to elucidate the ringed morphology of 

spherulites. Namely, a continuous twisting of constitutive lamellae [20] or alternatively a 

rhythmic growth derived from the presence of depletion zones in the growth front [21].  

Partial degradation of P4HB films in a lipase from Pseudomonas sp. medium (24 h at 37 

°C) revealed the apparition of spherulites without a defined texture, while experiments 

performed with stretched films showed the apparition of shish-kebab morphologies, both 

features as consequence of a faster erosion of amorphous regions and the cropping out of 

crystal regions [15]. 

The main goal of the present work is to insist on the study of degradation of melt pressed 

films considering different media and conditions. Specifically, the evaluation of the 

impact of degradation on crystalline and amorphous regions will be considered. The 

expected preferential attack on the amorphous phase appears as a relevant feature that can 

be employed to highlight spherulitic characteristics when surface erosion is favoured. 

 

EXPERIMENTAL SECTION 

Materials  

Commercially available samples of P4HB (Monomax TM, USP 1) were kindly supplied by 

B. BRAUN Surgical S.A. Weight and number average molecular weights of these samples 

were 215,000 and 68,000 g/mol, respectively, as determined by GPC. Pseudomona cepacia 

and Rhizopus oryzae enzymes with specific activity of 40.0 and 55.7 U/mg solid, 
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respectively, were obtained from Sigma-Aldrich (Spain). All reagents, chloride acid (HCl) 

and chloroform (CHCl3) were provided from Fisher Chemical (U.S).  

Hydrolytic degradation  

In vitro hydrolytic degradation studies were performed at 37 ºC and 55 ºC to simulate human body conditions 

and compost media. Studies were performed with films with dimensions of 1 cm × 1 cm × 150 m, which. 

These films were obtained by melt pressing (5 bar) at a temperature of 60 ºC, and a subsequent spontaneous 

cooling to room temperature where they remained for 5 min.  In vitro hydrolytic degradation studies 

were performed at 37 ºC and 55 ºC to simulate human body conditions and compost media. 

Studies were performed with films with dimensions of 1 cm × 1 cm × 150 m, which were 

pressed (5 bar) and melted at temperature of 60 ºC. Assays were carried out at the two 

indicated temperatures in different pH values of 3, 7 and 10 using the Universal buffer 

(citrate-phosphate-borate/HCl) solution [22]. This buffer was prepared by mixing 20 mL of 

the stock solution with x mL of 0.1 M HCl and distilled water up to 100 mL. The stock 

solution (1 L) contained 100 mL of citric acid, 100 mL of phosphoric acid, 3.54 g of boric 

acid and 343 mL of 1M NaOH. Therefore, the buffers of pH 3, pH 7 and pH 10 values were 

obtained by mixing 20 mL of the stock solution and 56.9, 32.9 and 18.1 mL of 0.1 M HCl, 

respectively. Samples were kept under orbital shaking in bottles filled with 50 mL of the 

degradation medium and sodium azide (0.03 wt-%) to prevent microbial growth for selected 

exposure times. The samples were then thoroughly rinsed with distilled water, dried to 

constant weight under vacuum and stored over P4O10 before analysis. Weight retention was 

evaluated during degradation as well as the changes on molecular weight. Degradation 

studies were performed in triplicated and the given data corresponded to the average values. 

Enzymatic degradation 

Enzymatic degradation studies were performed at 37 ºC with melt pressed films having the 

above indicated dimensions. Indeed, according to Boesel et al. the bacterial synthesis of P4HB 
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usually leads up to very high molecular weight (Mn ~ 106 g/mol), however the Monomax suture 

(commercialized product) which was used to prepare the films is derived from poly-4-

hydroxybutyrate homopolymer, which is produced by Tepha, Inc. (Lexington, MA, USA). Tepha, 

Inc. produces P4HB using a proprietary transgenic fermentation process utilizing a genetically 

engineered Escherichia coli K12 microorganism that incorporates new biosynthetic pathways to 

produce the homopolymer. The advantage of this fermentation approach is the control of the 

molecular weight, because the varied activities of specific pathway enzymes within the cells are in 

dependence with the molecular weight. Studies were carried out in media containing lipases 

from Pseudomonas cepacia (0.1 mg/mL) and Rhizopus oryzae (0.072 mg/mL). All samples 

were exposed to 1 mL of phosphate buffered saline (PBS) (pH 7.4) containing the 

determined enzyme alongside with sodium azide (0.03% w/v). These solutions were 

renewed every 48 h to prevent enzymatic activity loss. Samples were kept at 37 °C in an 

orbital shaker at 80 rpm. Samples were taken from the media at determined times, washed 

three times with Milli-Q water and dried in an oven at 37 °C for 24 h to determine the dry 

weight. All the experiments were conducted in triplicate. The degraded samples were carbon 

coated and observed in SEM with an accelerating voltage of 10 kV.  

Measurements  

Weight loss (Wl) of the specimens was determined through equation 1 where Wd is the 

sample weight after degradation and W0 is the  initial simple weight, i.e., before exposure to 

the degradation medium:  

                         Wl = 100 × (W0 – Wd) / Wo                      (1) 

Molecular weight was estimated by size exclusion chromatography (GPC) using a liquid 

chromatograph (Shimadzu, model LC-8A) equipped with an Empower computer program 

(Waters). A PL HFIP gel column (Polymer Lab) and a refractive index detector (Shimadzu 

RID-10A) were employed. The polymer was dissolved and eluted in 1,1,1,3,3,3-

hexafluoroisopropanol (HFIP) containing CF3COONa (0.05 M) at a flow rate of 0.5 mL/min 
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(injected volume 100 μL, sample concentration 2.0 mg/mL). Number and weight average 

molecular weights were calculated using polymethyl methacrylate standards. 

1H-NMR spectra were acquired with a Bruker NMR Ascend 400 spectrometer operating at 

400 MHz. Chemical shifts were calibrated using tetramethylsilane as an internal standard. 

Deuterated chloroform was used as the solvent.  

Calorimetric data were obtained by differential scanning calorimetry with a TA Instruments 

Q100 series equipped with a refrigerated cooling system (RCS) operating at temperatures 

from -50 ºC to 150 ºC. Calibration was performed with indium. Experiments based on 

heating runs at 10ºC/min were conducted under a flow of dry nitrogen with a sample weight 

of approximately 5 mg.  

WAXD and SAXS data were obtained at the NCD beamline (BL11) of the ALBA 

synchrotron facility (Cerdanyola del Vallès, Barcelona, Spain), by using a wavelength of 

0.100 nm. A WAXD LX255-HS detector from Rayonix and an ImXPAD S1400 photon 

counting detector were employed. Polymer samples were confined between Kapton films. 

WAXD and SAXS diffraction patterns were calibrated with Cr2O3 and silver behenate 

(AgBh), respectively. The correlation function and the corresponding parameters were 

calculated with the CORFUNC software for Fibre Diffraction/Non-Crystalline 

Diffraction provided by the Collaborative Computational Project 13. Deconvolution of 

WAXD peaks was performed using the PeakFit 4.0 software. 

Spherulite cropping out by enzymatic degradation 

Spherulites were grown from homogeneous thin films prepared by evaporation of dilute 

solutions of the polymer in CHCl3 (0.01 g/mL). The films were dried at vacuum until a 

constant weight was achieved. The prepared thin films were exposed to both 

Pseudomonas cepacia (0.1 mg/mL) and Rhizopus oryzae (0.072 mg/mL) enzymatic 
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media during different exposure times. Samples were subsequently washed three times 

with Milli-Q water and dried in an oven at 37 °C for 24 h to determine the dry weight. 

Bright field and polarized optical micrographs were taken with a Zeiss Axioskop 40 Pol 

light polarizing microscope. A first-order red tint plate was employed to determine the 

sign of spherulitic birefringence under crossed polarizers.  

Scanning electron micrographs were taken using a Phenom XL Desktop SEM equipment. 

Degraded films were mounted on a double-sided adhesive carbon disc and were sputter-

coated with a thin layer of carbon to prevent sample charging problems using a K950X Turbo 

Evaporator. All samples were observed at an accelerating voltage of 10 kV.  

Statistical Analysis 

Values were averaged and graphically represented together with their respective standard 

deviations. Statistical analysis was performed by one-way ANOVA test to compare the 

means of all groups, and then Tukey's test was applied to determine a statistically 

significant difference between two groups. The test confidence level was set at 95% 

(p < 0.05). 

 

RESULTS AND DISCUSSION 

Hydrolytic degradation of P4HB films 

Hydrolytic degradation of P4HB is a bulk process that is influenced by the pH of the medium 

and obviously by temperature. The evolution of weight loss and molecular weight have been 

evaluated at representative pH values of 3, 7 (close to physiological) and 10 and temperatures 

of 37 ºC (physiological) and 55 ºC (maximum allowed value before to start the melting 

process). Figure 1a shows that the degradation at 37 ºC is not significant when only the 

weight loss is considered. Note that, only a small weight loss that reaches a value lower than 

0.2% can be detected during the 3 first days of exposure and that probably corresponds to 
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additives, like typical colorants and very small fragments that have been incorporated to the 

commercial sample. The behaviour is different at 55 ºC where a loss of material around 2.1% 

can be determined for the pH 10 medium suggesting a very small degradation process. 

Results were again not significant at the other two pH values (i.e., around 0.6% after 3 days 

of exposure at pH 3 and around 0.7% after 21 days at pH 7). It is evident, as well-reported, 

that hydrolytic degradation of P4HB is a slow process that leads to few small and soluble 

fragments. Obviously, these are the only ones that can be detected through simple weight 

loss measurements and become originated from a depolymerization process, which seems 

not favoured. Logically, solubilization of these small fragments having carboxylate end 

groups, can only be significant at basic pH media.  

Nevertheless, GPC measurements allowed confirming that degradation is relatively 

significant at 55 ºC and even at 37 ºC since a reduction of molecular weight is clearly 

detected (Figure 1b). In this case, the more aggressive medium corresponds to the acidic pH, 

demonstrating the contradictory conclusions that could be derived if only the weight loss of 

material is taken into account. Random chain scissions seem to be the preferential 

degradation mechanism and consequently, small soluble fragments are produced in 

agreement with weight loss measurements. An important conclusion is that a preferential 

attack over the amorphous domains in polymer films cannot be easily detected by simple 

morphological observations, due to both a bulk erosion and scarce production of soluble 

fragments.  

NMR spectra allowed estimating also the number average molecular weight of exposed 

samples to hydrolytic degradation media. In this case, measurements have the advantage of 

being independent of the solution molecular chain conformation and the appropriate 

selection of the GPC calibration standard, although some imprecision is expected for 

samples with high molecular weight (e.g., Mn higher than 10,000 g/mol). Figure 1c displays 
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a typical spectrum of a representative sample, where in addition to the proton signals of the 

three CH2 groups of the main chain repeat unit at 4.08 ppm (OCH2, t), 2.35 ppm (CH2CO, t) 

and 1.94 ppm (OCH2CH2, m), small signals associated to terminal groups can be observed. 

Thus, Mn could also be estimated taken into account the intensity ratio between signals at 

4.08 ppm and 4.29 ppm (CH2OH, t):  

                             Mn (g/mol) = 86*I4.08/I4.29 + 87+103  (1) 

where 86, 87 and 103 are the molecular weights of the repeat unit, the hydroxyl terminal 

group and the carboxyl terminal group, respectively. 

NMR results indicate a molecular weight dependence with medium pH that is in full 

agreement with that observed from GPC measurements, although values are usually higher. 

Only data corresponding to the lower molecular weights (i.e., degradation at 37 ºC and 55 

ºC during 14 and 27 days) are plotted in Figure 1b and summarized in the supporting 

information section.  

Enzymatic degradation of P4HB films 

Degradation in lipase media was clearly more efficient, as can be detected in the SEM 

micrographs taken after 27 days of exposure. Assays were performed using Pseudomonas 

cepacia and Rhizopus oryzae enzymes, where different susceptibility of P4HB films towards 

the indicated enzymes is clear. It should be pointed out that the surface of films is clearly 

more eroded using Rhizopus oryzae, a feature that evidences the capacity to finely tune the 

degradation by the selection of the appropriate enzymes. The surface of films used as control 

was practically not affected due to the scarce hydrolytical degradation at 37 ºC. Micrographs 

depict also the presence of crystals produced from degradation products that evidenced the 

problems associated with their low solubility (Figure 2a). 

In contrast with results attained using hydrolytic media, Figure 2b demonstrates the highly 

significant weight loss of exposed samples (e.g., 25% and 40% after 7 days of exposure to 
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Pseudomonas cepacia and Rhizopus oryzae media, respectively). A practically complete 

degradation (i.e., 95%) was even produced after only 21 days of exposure to the most 

aggressive medium. These high weight loses were observed despite that the solubility 

problems remain and that the erosion is a surface process instead of a bulk degradation. 

Results suggest that a selective erosion of amorphous regions can be achieved through 

appropriate selection of an enzyme and exposure time. 

Figure 2c compares the GPC molecular weights of samples exposed to both enzymatic media 

and the control (pH 7.4 aqueous medium). In this case, differences between hydrolytic and 

enzymatic degradation is not so noticeable than those deduced from the weight loss 

measurements. It is evident that degraded fragments are retained in the bulk-eroded sample 

and probably a different chain scission mechanism exists (i.e., random chain scission for the 

hydrolytic process and depolymerization or successive removal of monomer units for the 

enzymatic one). Molecular weight results were again in agreement with a preferential 

degradation on the Rhizopus oryzae medium. 

Thermal properties of hydrolytically and enzymatically P4HB degraded samples 

Fusion of the P4HB homopolymer is characterized by a double melting peak, as shown in 

the left inset of Figure 3a. This complex fusion has been associated to the existence of two 

lamellar populations with different thicknesses since no polymorphic forms have been 

described for P4HB [18]. Temperatures of the melting peaks are susceptible to thermal 

annealing processes since clear differences have been reported [18] between melt 

crystallized sample and annealed sutures.  Specifically, the temperature of the lower (Tm1) 

and the main (Tm2) melting peak can be increased from 58 ºC to 72 ºC and from 50 ºC to 62 

ºC, respectively.  

P4HB films exposed to hydrolytic degradation showed a significant change in thermal 

properties (i.e., Tm1, Tm2 and melting enthalpy) as summarized in Table 1. Interpretation of 
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the observed changes is difficult since annealing effects derived from exposure to different 

temperatures, times and media may play a significant role and mask those effects attributed 

to the potential degradation of molecular chains. Nevertheless, experimental data allow us 

to perform the following conclusions: 

a) Thermal annealing caused a significant increase on the melting temperatures as shown in 

the left inset of Figure 3a that compares the DSC traces of the initial sample and films 

exposed for 27 days to a pH 10 representative media at 37 ºC and 55 ºC.  According to Table 

1, Tm1 increased from 49.7 ºC (initial film and 25 ºC) to 53.2-59.0 ºC after exposure to the 

media at 37 ºC, and Tm2 increased from 58.2 ºC (initial film at 25 ºC) to 59.5-63.3 ºC and 

71.4-75.9 ºC for media at 37 ºC and 55 ºC, respectively. Samples hydrolyzed at 55 ºC showed 

a broad and low intense Tm1 peak that was produced as consequence of some residual 

crystallization during the subsequent drying at room temperature. It is obvious that the initial 

thinner crystals were melted and recrystallized in the degradation media at 55 ºC. Note also 

that in these media, films could reach a Tm2 temperature higher that the annealed commercial 

sutures. An effect caused by degradation could in addition be considered. Namely, 

degradation of crystalline regions should proceed through the amorphous lamellar folding 

surfaces giving rise to a significant decrease on the molecular weight as detected at 55 ºC 

and an increase of the lamellar core thickness and even on the thickness of the amorphous 

lamellar surface layer. 

Melting enthalpy was also clearly influenced by the lamellar reordering process induced by 

temperature and probably in a minor degree by degradation as discussed in the following 

points. Thus, the enthalpy of the initial sample (34.5 J/g) increased to 49.1-59.7 ºC and 54.7-

70.6 ºC after exposure to media at 37 ºC and 55 ºC, respectively. Note that the observed 

changes cannot be attributed to degradation and solubilization of amorphous domains as 

could be deduced by the minimum weight losses indicated in Figure 1. 
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b) For a given degradation assay melting peak temperatures and melting enthalpy gradually 

increased with the exposure time. Figure 3a illustrates the evolution of the melting peak for 

a sample exposed to a pH 10 medium at 55 ºC. In this case, the melting temperature regularly 

increased from 71.5 ºC to 75.2 ºC as the degradation time increased from 3 to 27 days. In 

the same way, the melting enthalpy slightly increased from 54.0 J/g to 65.2 J/g. Results 

indicate a significant increase on the crystallinity of the sample during exposure, as reflected 

by the variation of enthalpy. A crystallization process may occur as consequence of both the 

decrease of molecular weight and a time dependent annealing since as indicated the 

solubilization of amorphous domains is discarded. A regular increase on the lamellar 

thickness that justifies the observed change on the melting temperature can also be inferred. 

Change on thermal properties were logically more significant at the higher temperature and 

for example, the melting enthalpy of samples exposed to the pH 3 medium at 37 ºC and 55 

ºC varied from 54.7 J/g to 70.9 J/g (i.e., 16.2 J/g) and from 50.1 J/g to 59.7 J/g (i.e., 9.6 J/g), 

respectively.  

c) The pH of the medium had a slight influence on thermal properties but as a general trend 

it was observed that both melting peak temperature and melting enthalpy slightly increased 

whit the decrease of the pH value (Table 1 and right inset of Figure 3a). Thus, samples 

exposed for 27 days at 37 ºC showed a Tm2 increase from 63.6 ºC to 64.1 ºC and a melting 

enthalpy increase from 58.5 J/g to 59.7 J/g when pH decreased from 10 to 3. Similar changes 

were observed at 55 ºC and specifically temperature increased from 75.2 ºC to 75.9 ºC and 

the enthalpy from 65.2 J/g to 70.6 J/g.  This trend correlates with the observed higher 

degradation in acidic media.  

Figure 3b shows the evolution of DSC heating runs of samples exposed, for increasing times, 

to the less aggressive Pseudomonas cepacia enzymatic medium. Basically, the behavior 

became similar to that found for the control (i.e., aqueous medium without enzyme and pH 
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7.4) and clearly demonstrated that this enzymatic degradation has a very small effect on the 

crystalline regions. A slight shift of the main melting peak (Tm2) and the associated shoulder 

(Tm1) can be detected as the exposure time increased (Table 2), but this evolution appears in 

full agreement with the data corresponding to the hydrolytic degradation. The inset of Figure 

3b compares the DSC heating runs of samples exposed to Pseudomonas cepacia and the 

Rhizopus oryzae media for the maximum studied exposure of 21 days. In this situation, small 

differences can be detected and demonstrated that the higher attack of Rhizopus oryzae to 

the amorphous regions leading to a significant weight loss and an small increase on 

crystallinity (i.e., higher melting enthalpy) with respect to the samples coming from the 

Pseudomonas cepacia medium.  It can also be indicated the shift of the Tm1 shoulder to 

higher temperatures, a  reature that may suggest that the amorphous folding surfaces of the 

thinner lamellae were more susceptible to the enzymatic attack. 

Influence of hydrolytic and enzymatic degradation on the P4HB lamellar thickness  

In order to complement the DSC observations, small angle X-ray scattering (SAXS) patterns 

were also considered to analyse the change on the lamellar morphologies during exposure to 

the different media and temperatures. 

Analysis was performed through the use of the normalized correlation function:  

 (r) = 


0

2 )cos()( dqqrqIq  / 


0

2 )( dqqIq  (2)  

where I (q) is the intensity of the SAXS peak at each value of the scattering vector (q = 

[4/] sin d, with  and d being the Bragg angle and the Bragg spacing, 

respectively). 

Long period, L, amorphous layer thickness, la, and crystalline lamellar thickness, lc, can 

be determined by the normalized one-dimensional correlation function [23] and applying 
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the Vonk’s model [24] and Porod’s law to perform extrapolations to low and high q 

values. 

Figure 4a illustrates 1D-SAXS profiles and the corresponding correlation functions of 

samples degraded during 27 days at 37 ºC. Differences are significant with respect to the 

original film and agrees with the previously indicated thermal annealing effect. 

Nevertheless, correlation functions were practically identical, despite the change of the 

pH of the medium. In fact, data summarized in Table 3 indicated Llc and la values of 

8.50-8.60, 6.80-6.91 and 1.62-1.70, which means random changes of the three parameters 

that are lower than 0.12 nm and that have no physical meaning.  

Clearer differences were observed with the previous data when degradation was performed 

at 55 ºC, since L increased significantly to 9.60-9.80 nm and lc increased to 7.29-7.62 nm 

(Figure 4b). Note that this evolution is in agreement with the discussed DSC observations 

that suggested an increase on the lamellar spacing as degradation and annealing temperature 

were increased. Lamellar parameters of samples degraded at 55 ºC in different pH values 

were relatively similar, but evidenced a significant increase of la from 1.98 nm to 2.48-2.51 

nm when pH was lowered. The advance of degradation seems to affect clearly the lamellar 

folding surfaces, with the corresponding thickness increase being associated to the breakage 

of chains in the irregular folds and the production of less compact layers. Note also the 

increase of la when samples degraded at 37 ºC and 55 ºC are compared. The shape of the 

correlation functions also varied and specifically showed that minima and maxima were 

sharper as the degradation progressed. This feature is consequence of a greater difference 

between the electronic densities of amorphous and crystalline layers as could be justified 

from the loosely packing of broken folds. 

The change of the correlation function during enzymatic degradation in different media is 

also shown in Figure 4c and Table 3. Yet again, more degraded samples showed sharper 
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maxima and minima, and increased Land la values.Note for example that the enzymatic 

degradation for only 14 days (pH 7.4, 37 ºC) in the Rhizopus oryzae medium becomes similar 

to the hydrolytic degradation for 27 days in a pH 3 medium at 55 ºC. This feature suggests 

that the observed morphological changes were not only a direct consequence of lamellar 

reordering processes induced by temperature and that degradation played also a highly 

significant role.  

Despite the observed changes in the lc and la values, it should be pointed out that the 

crystallinity of the lamellar stacks (i.e., SAXS = lc / l ) is relatively constant and specifically 

varies between 0.75 and 0.81 without any specific trend (Table 3). The morphology of 

lamellae changed during annealing and degradation but the corresponding crystallinity does 

not change significatively in contrast with the global crystallinity of the sample that is 

affected by the attack, solubilization or recrystallization of the amorphous domains. 

Revealing P4HB spherulitic morphologies by enzymatic degradation of thin films 

Thin films of P4HB (thickness lower than 10 m) were prepared as exposed in the 

materials and methods section. Films were placed to the same enzymatic media, 

considering the two previously evaluated lipases in order to visualize the morphology of 

crystalline spherulites developed on the surface of films. The activity of enzymes was 

however increased (i.e., from 4 to 40 U/mL for both Pseudomonas cepacia and Rhizopus 

oryzae) to get sufficiently eroded surfaces within a reasonable time of exposure (i.e., 

maximum 3 hours). 

Figures 5a and 5b show bright field and polarized optical micrographs of the P4HB film 

initial surface. Bright field image allows detecting the presence of multiple bumps in the 

film surface, which can be related to the spherulites as clearly observed in the 

corresponding micrograph taken under polarizers. The observed spherulites had a 
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variable size with diameters ranging between 20 and 40 m and a banded texture with a 

spacing between rings close to 5 m. A negative birefringence was always detected (see 

inset of Figure 5b) as characteristic of aliphatic polyesters and as reported for melt 

crystallized P4HB. 

Origin of banded spherulites is a matter motif of controversial with different explanations 

being postulated. Thus, development of interlamellar screw dislocations or presence of 

polymorphic structures have been in some cases indicated.  

An interesting explanation was also given considering the effects of a rhythmic growth 

caused by the periodic presence of depletion zones in the crystal growth front [25]. A 

diffusion rate of the melted polymer, lower than the rate at which chains are consumed to 

form the crystalline lamellae, leads to these depletion zones. Films having concentric-

ringed textures and an alternate disposition of ridges and valleys (i.e., the depletion zones) 

have been observed in polymers like isotactic polystyrene [26,27]. Moreover, ringed 

textures constituted by flat on lamellar crystals were characteristic of some solution 

crystallized thin films and explained in some cases by the rhythmic model (e.g., 

poly(bisphenol A hexane ether) [28] and poly(ε-caprolactone) [25]. 

Nevertheless, the most generalized interpretation considers a continuous twisting of 

constitutive lamellae along the spherulite radius.  Imbalanced stresses at the two lamellar 

folding surfaces have been postulated as the main reason to induce a regular lamellar 

twisting [29]. Imbalances can be a consequence of the presence of chiral units (e.g., 

poly(3-hydroxybutyrate) [30] and isotactic poly(1-butene) [31]), chain tilt respect to the 

lamellar surface (e.g. polyethylene [32,33]), asymmetric repeat units (e.g., -hydroxy 

acid derivatives like polypivalolactone [34]) and differences on the folding units (e.g., 

nylon 6,6 [35] and poly(vinylidene fluoride) [36], which lead in this case to a lamellar 

scrolling). Lamellar twisting can also be deduced from SEM micrographs of melt 
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crystallized spherulites after chemical etching [37] (e.g., polyethylene [38]) where 

cooperative C-shaped lamellar edges (or alternatively inverted C-shaped edges depending 

on the handle sense of lamellae) can be observed surrounding rings constituted by flat-on 

crystals with low birefringence. The peculiar shape of lamellar edges has been associated 

to the intersection of the twisting lamellae and the spherulite surface [39].  

In a previous work, FTIR microspectroscopic experiments were performed with a 

solution of P4HB crystallized spherulites which displayed a ringed texture in POM 

observations [19]. FTIR results showed a spherulitic sectorization when chemical images 

were obtained from integration of highly specific infrared peaks. Thus, only few bonds 

had a sufficiently different geometrical orientation to render a typical Maltese cross under 

polarizers.  Chemical mapping was unable to show a ringed texture derived from a change 

of the orientation of selected chemical bonds along the spherulitic radius as could be 

expected for a twisted lamellar morphology. However, experimental limitations 

concerning a resolution limit that is very close to the interring spacing could not be 

discarded. Therefore, direct microscopy images obtained after selective removal of the 

amorphous regions were considered ideal to support the lamellar twisting in P4HB 

spherulites. Figure 5c reveals as the banded texture is defined after an appropriate 

exposure to enzymatic degradation media. Note that the bright field image showing the 

cropped out spherulites is fully consistent with the corresponding POM image (Figure 

5d). 

Controlling the exposure time and selecting the appropriate enzyme allows highlighting 

the spherulite morphology with high detail precision. Thus, SEM micrographs in Figure 

6 shows the evolution of the initial sample, where bumps with diameters between 20-30 

m could be detected during exposure for 1, 2 and 3 days to the Pseudomonas cepacia 

enzymatic medium. The progressive erosion of the amorphous regions  enables the 
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identification  the banded structure, which began to be cropped after only 1 day (Figure 

6b) and allows distinguishing the presence of edge lamellae at 2 days (Figure 6c). After 

that, images became unclear due to the presence of big crystals involving molecules 

produced during degradation (Figure 6d). Nevertheless, it is clear that erosion has clearly 

increased. 

The sequence of degraded spherulites in the Rhizopus oryzae medium is shown in Figure 

7. In this case, degradation advanced faster as it can be deduced by the comparison of 

images taken after 1 day (i.e., Figures 6b and 7a), when by-products of degradation caused 

less interferences in the visual aspect of the spherulites. 

The performed assays indicated that the Rhizopus oryzae medium was the adequate one 

to visualize the spherulitic morphology and that after 3 days of exposure the crystalline 

texture of the spherulite was clearly delimitated. Figure 8a depicts a degraded spherulite 

where rings formed by cooperative C-shaped lamellar edges are highlighted. The 

magnification in Figure 8b enables the distinction of the main features of the two kinds 

of band: those mainly constituted by edge-on lamellae and those based of flat-on lamellae. 

Besides that, an abrupt lamellar twist seems to be produced, but similar effects have been 

reported for other systems indicating that lamellae curve smoothly despite the optical 

illusion [40].  

CONCLUSIONS 

Hydrolytic and enzymatic degradation of P4HB proceeds by following different 

mechanisms. Bulk degradation and a random chain scissions are characteristic of samples 

exposed to hydrolytic media, whereas surface erosion and depolymerization are 

characteristic of samples exposed to enzymatic media. Hydrolytic degradation rate can 

be controlled through the pH of the medium, being specifically enhanced in acidic media, 

and more significantly by increasing the temperature. Solubilization of degraded 
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fragments is significant in the enzymatic degradation due to its mechanism based on the 

successive removal of monomer units. Degradation processes affected predominantly to 

the amorphous regions, causing an increase on the degree of crystallinity as determined 

by DSC. Furthermore, the amorphous folds on the lamellar surface were more susceptible 

to degradation, leading to a slight change on the lamellar morphology. An increase on the 

lamellar width has been clearly inferred through DSC data by considering the increase on 

the melting temperature, and more directly by the analysis of SAXS correlation functions. 

Surface attack, high solubilization and high degradation rate (when appropriate enzymes 

with high activity are selected) are characteristics that enhance the interest towards the 

enzymatic process to crop out the morphologies of constitutive spherulites. In the present 

work, the enzymatic degradation has been successfully employed to show directly the 

structure of P4HB banded spherulites once the amorphous regions were selectively 

removed. SEM micrographs clearly pointed out an alternate disposition of edge-on and 

flat-of lamellae, and supported the theories based on a lamellar twisting.  
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Table 1. Melting peak temperatures and enthalpies of P4HB samples hydrolytically 

degraded at different pH values, temperatures and exposure times.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 a Peaks of samples coming from 55 ºC are very broad and have small intensity. Probably 

correspond to highly defective crystals of distinct nature than those detected for samples 

exposed to 37 ºC. Peak temperatures are written in italics to point out this feature.  

b Enthalpies corresponding to the main peak for degradations performed at 55 ºC and 

the global value for the shoulder and the main peak for degradations performed at 37 

ºC. 

 

  

pH 
T 

(ºC) 
Time 

(days) 

Tm1
a 

(ºC) 

Tm2
 

(ºC)

 Hm
b 

(J/g) 

3 37 3 54.4 61.5  50.1 

3 37 7 55.2 61.8  54.4 

3 37 14 55.9 62.1  55.4 

3 37 27 58.8 64.1  59.7 

3 55 3 47.7 71.5  54.7 

3 55 7 47.8 73.4  58.0 

3 55 14 50.1 75.8  61.5 

3 55 27 50.7 75.9  70.6 

7 37 3 53.8 61.1  49.1 

7 37 7 54.5 61.8  49.6 

7 37 14 56.0 62.1  54.8 

7 37 27 59.0 63.8  59.3 

7 55 3 47.9 71.4  54.2 

7 55 7 47.9 73.5  58.9 

7 55 14 49.2 75.1  60.1 

7 55 27 51.4 75.8  69.1 

10 37 3 53.2 59.5  50.1 

10 37 7 54.7 60.5  51.2 

10 37 14 55.8 61.8  54.0 

10 37 27 58.9 63.6  58.5 

10 55 3 47.9 71.5  54.0 

10 55 7 48.0 73.3  59.3 

10 55 14 48.7 74.6  60.3 

10 55 27 53.5 75.2  65.2 
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Table 2. Melting peak temperatures and enthalpies of P4HB samples enzymatically 

degraded at a pH of 7.4, 37 ºC and different exposure times.  

 

 

 

 

 

 

 

                   a
 Global enthalpy corresponding to the shoulder and the  main peak. 

Enzyme 
Time 

(days) 

Tm1, Tm2
 

(ºC) 

Hm
a 

(J/g) 

Pseudomonas cepacia 3 52.6, 61.7 54.7 

Pseudomonas cepacia 7 52.7, 61.3 56.8 

Pseudomonas cepacia 14 52.9, 61.5 56.9 

Pseudomonas cepacia 21 53.4, 61.7 57.0 

Rhizopus oryzae 3 53.6, 61.6 56.4 

Rhizopus oryzae 7 53.5, 61.3 57.5 

Rhizopus oryzae 14 54.3, 61.5 59.1 

Rhizopus oryzae 21 54.2, 61.5 59.9 
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Table 3. Lamellar morphological parameters of P4HB samples after being exposed to 

different degradation media.  

 

 

 

 

 

 

 

  

Medium pH 
T 

(ºC) 

Time 

(days) 
L

 

(nm) 

lc
 

(nm) 

la
 

(nm) 
SAXS 

Original film - - - 8.80 7.10   1.70 0.81 

Hydrolytic 3 37 27 8.60 6.91 1.69 0.80 

Hydrolytic 7 37 27 8.50 6.80 1.70 0.80 

Hydrolytic 10 37 27 8.50 6.88 1.62 0.81 

Hydrolytic 3 55 27 9.8 7.32 2.48 0.75 

Hydrolytic 7 55 27 9.8 7.29 2.51 0.74 

Hydrolytic 10 55 27 9.6 7.62 1.98 0.79 

Pseudomonas cepacia 7.4 37 14 9.5 7.72 1.78 0.81 

Pseudomonas cepacia 7.4 37 21 9.3 7.32 1.98 0.79 

Rhizopus oryzae 7.4 37 14 9.6 7.25 2.35 0.76 
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FIGURE CAPTIONS 

 

Figure 1. (a) Weight loss percentage versus exposure time to the hydrolytic degradation 

media at pH values of 3, 7 and 10 and temperatures at 37 ºC (dashed lines) and 55 ºC 

(solid lines). (b) Mn (о, □) and Mw (●, ■) molecular weights determined from GPC during 

degradation at the indicated pH values and temperatures. For the sake of completeness 

Mn values estimated from NMR spectra are also incorporated (◊) and specifically showed 

in the inset. (c) 1H-NMR spectra of a P4HB melted film exposed to a pH 3 solution at 55 

ºC for 27 days. Insets show the presence of terminal groups.  

Figure 2. (a) SEM micrographs of P4HB films after being submitted to enzymatic 

degradation in a Pseudomonas cepacia (middle) and Rhizopus oryzae (right) media at 37 

ºC for 21 days. A micrograph corresponding to a control (left) (degradation without 

enzyme in a pH 7.4 medium at 37 ºC) is also depicted for comparative purposes. (b) 

Weight loss percentage versus exposure time to enzymatic media containing lipases from 

Pseudomonas cepacia (0.1 mg/mL) and Rhizopus oryzae (0.072 mg/mL) at 37 ºC. (c) Mn 

(■) and Mw (☒) molecular weights determined from GPC during degradation at the 

indicated enzymatic media and temperature. 

Figure 3. (a) DSC heating runs of P4HB hydrolytically degraded films after 3, 7, 14 and 

27 days at 55 ºC and pH 10. Insets show the comparison between films degraded at 37 ºC 

and 55 ºC after 27 days of exposure at a pH 10 medium (left) and films degraded by 

exposure for 14 days to pH 3, pH 7 and pH10 media at 55 ºC (right). For the sake of 

comparison the DSC trace of the initial melt pressed sample is shown in the left inset. (b) 

DSC heating runs of P4HB enzymatically degraded films in a Pseudomonas cepacia 

medium after 21 days at 37 ºC. The inset shows, for the sake of completeness, the DSC 
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curves of samples exposed for 21 days to both enzymatic media and the comparison with 

the control.  

Figure 4. SAXS correlation functions of P4HB films exposed for 27 days to aqueous 

medium of pH 3, pH 7 and pH 10 at 37 ºC (a) and 55 ºC (b). Correlation function during 

enzymatic degradation exposed to two different lipases: Pseudomonas cepacia and 

Rhizopus oryzae (c) after 14 and 21 days. Insets show in all cases the corresponding 1D-

SAXS profiles. 

Figure 5. Optical micrographs showing P4HB thin films before (a, b) and after being 

exposed to a Pseudomonas cepacia (0.1 mg/mL) medium at 37 ºC (c, d) for 3 days. 

Images were taken without (a, c) and with polarizers (b, d) for the indicated days. Red 

and blue dashed ellipsoids point out spherulites before and after being exposed to the degradation 

medium. 

Figure 6. SEM micrographs showing P4HB thin films before (a) and after being exposed 

to a Pseudomonas cepacia (1 mg/mL) medium at 37 ºC for 1 (b), 2 (c) and 3 (d) days.  

Figure 7. SEM micrographs showing P4HB thin films after being exposed to a Rhizopus 

oryzae (0.72 mg/mL) medium at 37 ºC for 1 (a), 2 (b) and 3 days (c). 

Figure 8. SEM micrographs showing the details at different magnifications of a 

highlighted P4HB spherulite after exposure of a thin film to a Pseudomonas cepacia (1 

mg/mL) medium for 3 days at 37 ºC. 
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