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Abstract 10 

Commercial poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV) and poly(3-11 

hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) were used to prepare microbeads, with 12 

diameter ranging from 50 to 100 µm, by an emulsion-evaporation process. The properties of 13 

the beads reveal that the elaboration process enables the formation of spherical particles, that 14 

the crystallinity of the former polymer is not altered during the process and that the surface 15 

roughness of the particles can be tuned by changing the nature of the lateral chain in the PHA 16 

structure, in good correlation with its crystalline behavior. The mechanical properties of the 17 

different PHA beads are also found to be intimely linked with the crystalline content of the 18 

beads, with modulus varying between 1 to 7 GPa. All these properties are also governing the 19 

degradation behavior of these materials, as tested under marine environment. With a rapid 20 

degradation, similar to cellulose, and a degradation rate correlated with the crystalline content, 21 
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these results emphasize the interest in developing PHA materials with tunable functions and 22 

degradation properties.  23 

Keywords: Polyhydroxyalkanoates, microbeads, surface properties, biodegradability, seawater 24 

1. Introduction 25 

Microplastics are defined as solid plastic objects smaller than 5 mm in size, insoluble in water and not 26 

biodegradable [1]. Personal care products (PCPs) have been identified as a potential source of 27 

environmental pollution due to their high content in primary microplastics, with typical number and 28 

mass content about 2162 particles/g or 0.04 g/g [2-4]. According to the PCPs’ consumption, 29 

approximatively 1500 ton/year of micro plastics leach into the global aquatic environments, which 30 

account for 0.1% to 0.8 % of the annual global release of primary microplastics in the world oceans [2]. 31 

Until recently, PCPs products are mainly formulated with conventional microplastics such as 32 

polyethylene, polypropylene, poly(ethylene terephthalate) or poly(methylmethacrylate) [5-9]. In order 33 

to limit their impact on the marine environment, many countries have attempt to ban the presence of 34 

these microplastics in rinse-off cosmetic products (United States in 2015, France and South Korea in 35 

2016, Canada and New Zealand in 2017) [10-12]. These laws and decrees have led manufacturers to 36 

develop sustainable solutions with the use of particles or beads, for example in exfoliation products, 37 

such as natural organic ingredients including plant or fruits hulls, kernels seeds, microcrystalline 38 

cellulose or the use of mineral particles such as silica or pumice stone [13, 14]. If these additives have 39 

the benefit to being natural and biodegradable materials compared to conventional polymers [15, 16], 40 

they nonetheless also present drawbacks because of their irregular shapes and size; they are generally 41 

colored, not or poorly stable in aqueous medium, with an inadequate hardness and their commercial 42 

quantity and availability are rather limited [17]. The cosmetic industry is thus interested in developing 43 

biodegradable particles in the micrometer size range for applications such as facial cleaning or scrub [5-44 

8, 13, 42, 43] having a smoother action than natural crushed ingredients [18, 19]. 45 

Polyhydroxyalkanoates (PHA) which are bacterial polyesters produced by bacterial fermentation in 46 

particular in marine environment [20] are natural candidates for applications in cosmetic meeting 47 



environmental constraints. In addition depending on the bacteria, stress conditions and substrates, a 48 

broad variety of PHA can be produced with different monomer units and thus leading to a variety of 49 

chemical and physical properties [18]. These properties can be modulated as a function of the chemical 50 

composition or length of the lateral chain, of the proportion of the monomer units and their distribution 51 

all along the polymer chain [19]. For example, Lemechko et al. [20] obtained poly(3-hydroxybutyrate-52 

co-3-hydroxyvalerate) (PHBHV) macromolecules by optimizing the choice of carbon source (agro-53 

ressources effluents) and the amount of valeric acid to produce a range of polymers with a controlled 54 

proportion of each monomer. The thermal properties showed a decrease of enthalpy of fusion as the 55 

hydroxyvalerate unit (HV) content increases. By increasing the proportion of HV monomer (from 5% 56 

up to 20%), the PHBHV polymer becomes more ductile with a decreasing of the glass transition 57 

temperature (Tg)  and crystalline rate [21]. Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) 58 

is another kind of commercially available PHA. The substitution of the hydroxyvalerate unit by an 59 

hexanoate unit (HHx) induces changes in the polymer properties, the polymeric material becomes more 60 

ductile and stiffer [22, 23]. The Tg parameter is also affected by varying the rate and chemical structure 61 

of the unit of the copolymer [23]. For example, increasing the proportion of HHx from 7 to 18% 62 

decreases the glass transition temperature [24-26]. As a consequence of both phenomena, it has been 63 

reported that the degree of crystallinity, in the presence of HHx unit, becomes lower due to a disruption 64 

in the PHB crystal arrangement. The HHx unit generates a greater steric hindrance than HV units, the 65 

degree of crystallinity varies from 54% (with 5% HV) to 27% (with 7% HHx) [27]. Furthermore the 66 

crystalline rate of PHBHHx also decreases as the percentage of HHx unit increases from 4 to 20%, some 67 

authors have noted a decrease of 41 to 25% [26], while others have measured a decrease of 64 to 3% 68 

[28]. 69 

Several methods have been described for the production of biopolymers microparticles [29, 30] such as 70 

emulsification, gelation, drying, coacervation or precipitation. The choice of the method and then of the 71 

proceeding and formulation parameters influence the physico-chemical characteristics of the particles 72 

such as the porosity, sphericity, size, dispersity, surface appearance or shape of the particles [31-36]. 73 

The type of polymer, in particular its botanical origin, affects the size of the so-formed microparticles. 74 



This has been demonstrated for starch-based particles obtained by nanoprecipitation [31]. The process 75 

of elaboration of the micro and nanoparticle is also a fundamental parameter that govern the final 76 

properties of the beads. For example, it has been shown that ultrasound process allows to obtain small 77 

PHB microbeads in comparison with a stirring process, with diameter of 0.14 µm and 32 µm respectively 78 

[32]. The size and sphericity are also influenced by the choice of solvent. For example, dichloromethane 79 

allows to obtain more homogeneous PHBHV microbeads than chloroform (0.8-7 µm and 0.1-0.4 µm) 80 

[33]. Other authors have shown that the size of PHBHV microbeads can be tuned by adjusting the 81 

surfactant concentration, obtaining a range of microbeads from 389 µm to 39 µm for 0.5 to 4% PVA 82 

[35]. The porosity of PHB-based microbeads is also found to be dependent on the amount of aqueous 83 

phase, used in an emulsification process [32]. The final process of the bead fabrication, the solvent 84 

evaporation process including the time and temperature, is also an important step in determining the 85 

final properties of the particles [32]. The biomedical domain is certainly the one that has contributed to 86 

the most significant results in the elaboration of PHA microparticles [37]. In a majority of studies on 87 

PHA particles, the emulsification process was developed to elaborate micrometer size particles made 88 

from PHBHV or PHBHHx polymer. Table 1 sums up some of the main parameters used in these 89 

processes.  90 

Table 1: List of the different parameters used to elaborate PHBHV or PHBHHx microparticles using the emulsification process 91 

and their applications. NS means not specified. 92 

Type of 

polymer 

Polymer 

solution 

Surfactant 

solution 

Stirring 

Evaporation 

of the organic 

solvent 

Microbeads 

size 

distribution, 

µm  

Applications References 

PHBHV 

5% w/v in 

chloroform 

2% w/v aqueous 

PVA 

Mechanical stirring 

(3000 rpm) 

Mechanical 

stirring (800 

rpm) for 4 to 7 

h 

21 µm  

Encapsulation of 

andiroba oil 

[38] 

PHBHV 

1.0% w/v in 

chloroform 

solution 

1.0-3.0% w/v 

aqueous PVA 

Mechanical stirring 

Mechanical 

stirring at 300 

rpm or 900 

rpm, 

3-30 µm 

Encapsulation of 

coumarin-6 (C6) 

or pyrene (Py) 

[36] 



continuously, 

for 24 h 

PHBHV 

0.88-5.12 g mL-1 

in chloroform 

0.38-4.60% 

g.mL-1 aqueous 

PVA 

Mechanical stirring 

Mechanical 

stirring at 1400 

rpm and for 4 h 

4-19 µm 

Encapsulation of 

flurbiprofen 

[39] 

PHBHV 

2,5% w/v in 

chloroform 

1% aqueous 

PVA 

Mechanical stirring 

(1000 rpm) 

Rotary 

evaporator 

9 µm 

Encapsulation of 

annatto extract 

[40] 

PHBHV 

1% w/v in 

chloroform 

2% (w/v) 

aqueous PVA 

Mechanical stirring 

(1000-4000 rpm) 

Vacuum 

distillation 

unit, and 

heated to 45 °C 

10-300 µm 

Encapsulation of 

trypan blue dye 

[41] 

PHBHV 

2% w/v in 

dichloromethane 

1% aqueous 

PVA (w/v) 

Dropwise fashion 

900 rpm for 8 h 

at room 

temperature 

with a 3-bladed 

propeller in an 

off-centre 

position 

20-40 µm 

Encapsulation of 

diazepam 

[42] 

PHBHV 

0.05-0.20 g in 5 

mL chloroform 

1.0-1.2% 

aqueous PVA 

Mechanical stirring 

(1000 rpm) 

12 h at 25 °C 

20-60 µm 

Encapsulation of 

rifampicin 

[43] 

PHBHV 

0.5% in 

chloroform 

0-4 % w/v 

aqueous PVA 

NS 

700 rpm and 

50ºC for 6 

hours 

31-390 µm 

Process effects on 

degradation in 

vitro 

[35] 

PHBHV 

100 mg/mL 

chloroform 

1-4 % w/v 

aqueous PVA 

Mechanical stirring 

(500 rpm) 

Nitrogen 

atmosphere 

was created in 

the flask and 

the solution 

was stirred 

until all the 

chloroform was 

evaporated. 

322-538 µm 

Encapsulation of 

tetracycline 

[44] 

PHBHHx Dichloromethane Aqueous SDS NS 

Magnetic 

stirring at room 

temperature 

5-20 µm 

Encapsulation of 

5-fluorouracil or 

cyclosporin A 

[45] 



PHBHHx 

0.1% w/v in 

acetone 

ND Vigorous stirring 

Under vacuum 

at 35 °C 

overnight 

75 µm 

Effect of PHA 

particles on cell 

growth 

[46] 
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The objective of this work is to synthetize PHA microparticles for cosmetic applications with the 94 

following goals: size of approximately 100 µm, spherical shape particle with tunable surface aspect and 95 

mechanical properties and presenting good biodegradation properties in the marine environment. 96 

Surprisingly, to the best of our knowledge, the development of PHA microparticles for such application 97 

is poorly described. Three commercial PHA, of different chemical structures, were used to prepare 98 

microbeads by emulsion-evaporation process. The physico-chemical properties of the different beads 99 

were then studied, in terms of shape, crystallinity, surface and mechanical properties as well as 100 

biodegradability and compared with PLA microparticles used as control. 101 

Among these 3 selected PHA, one (PHBHV) is readily available commercially while the other 2 (the 102 

both PHBHHx) are not. In these conditions, this prospective study will make it possible to consider 103 

expanding the range of applications of these PHA, especially for the both PHBHHx which are a new 104 

PHA kind, and find new potential uses for these PHA. 105 

2. Materials and methods 106 

2.1. Materials 107 

Poly(3-hydroxybutyrate-co-hydroxyvalerate) (PHBHV) with 3 mol% in HV was supplied by Tianan 108 

Biological Materials Co. Ltd. (China), under the trade name ENMAT Y1000P. Poly(3-hydroxybutyrate-109 

co-hydroxyhexanoate) (PHBHHx) with 6 mol% in HHx and PHBHHx with 11 mol % in HHx were 110 

supplied by Kaneka Corporation (Japan), under the trade name Aonilex X131A and Aonilex X151A, 111 

respectively. Polylactic acid (PLA) was purchased from NatureWorks under the trade name Ingeo 112 

7001D. The physico-chemical properties of the investigated commercial polymers are given in Table 2. 113 

For clarification in the following text, the notation PHBHV, PHBHHx (6%) and PHBHHx (11%) and 114 

PLA will be used. All chemicals products and reagents used in these experiments were analytical grade 115 

and were purchased from Sigma-Aldrich. 116 



Table 2: Physico-chemical characteristics of PHBHV, PHBHHx (6% and 11% HHx) and PLA pellets 117 

Polymer Chemical structure 

Average 

molecular mass 

(×103 g mol-1)  

PDI Χc (%) 
Tm 

(°C) 

Tg 

(°C) 
References 

PHBHV 

(3% HV) 
 

340-400  2.5--2.7 54-65 165-175 4-8 [27, 47] 

PHBHHx 

(6% HHx) 

 

345-452  1.9-2.6 27 142-145 2 

[27] 

Technical sheet 

from Kaneka 

PHBHHx 

(11% HHx) 

 

550-614  2.0-2.4 34 126-136 0-2 

[48-50] 

Technical sheet 

from Kaneka 

PLA 

(4% D-

lactide)  

174-220  1.6-1.8 5 150-160 55-60 

[51-54] 

Technical sheet 

from NatureWorks 

 118 

2.2. Synthesis of biopolymers microparticles 119 

Microparticules of PHBHV, PHBHHx (6% and 11%) and PLA were elaborated by emulsification 120 

process. PHBHV was dissolved at 50 g L-1 in chloroform under reflux conditions (50 °C), PHBHHx and 121 

PLA were dissolved at the same concentration but in dichloromethane under reflux conditions (40 °C) 122 

during 24 hours. These polymer solutions were then slowly added in an aqueous solution of polyvinyl 123 

alcohol (2%) under mechanical stirring (4000 rpm). The emulsion time was fixed at 15 min. The 124 

particles were then dried by gently evaporating the solvent under continuous magnetic stirring during 125 

24 hours. The dried particles were collected by sequential sieving (Inox sieve with 250 µm and 50 µm 126 

mesh, Granuloshop, Chatou, France), washed several times with deionized water and lyophilized. 127 

2.3. Characterization of the microparticles 128 

2.3.1. Morphological analysis 129 

The morphology of the microbeads was analyzed by a scanning electron microscope (JSM-IT500HR 130 

from JEOL). SEM observations were carried out with secondary electron detector at an acceleration 131 

voltage of 3 kV. The particles were stuck on adhesive carbon tape, then gold-coated using a sputter 132 

coater (Scancoat6 from Edwards). The quantitative determination of the microbeads diameter and their 133 
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shape was performed form image analysis following SEM observation. For each sample, a minimum of 134 

500 microparticles were analyzed using ImageJ software (version 1.52, NIH) The circularity factor (CF) 135 

was determined using Equation (1): 136 

𝐶𝐹 = 4𝜋 × 𝑎𝑟𝑒𝑎(𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟)2 (1) 

The surface topographies of the microbeads were also evaluated by Atomic Force Microscopy (AFM). 137 

AFM measurements were obtained with a multimode 8 atomic force microscope (Bruker, Santa Barbara, 138 

CA) operated on the scanasyst@ mode (Bruker) under ambient conditions (23 °C, RH=50%). Standard 139 

scanasyst tips (Bruker), with a resonance frequency of 70 KHz and a spring constant of 0.4 N/m were 140 

used. Images were analyzed using the Nanoscope analysis software (V1.80). To ensure a good 141 

reproducibility in the measurements, for each sample, a minimum of three areas were investigated for 142 

each microbead, and for each sample a minimum of five different microbeads were observed. 143 

2.3.2. Thermal properties 144 

Thermal properties were analyzed by Differential Scanning Calorimetry (DSC). About 5-8 mg were 145 

introduced in standard aluminium pans, using Mettler-Toledo DSC882 equipment. Samples were heated 146 

from 25°C to 180°C at a scanning rate of 10°C min-1 under nitrogen flow. Thermal characteristics were 147 

recorded such as transition temperatures (melting, crystallization and glass temperatures) and melting 148 

enthalpy (ΔHm). Each sample was analyzed in triplicate. 149 

2.3.3. Infra-red spectroscopy 150 

Attenuated Total Reflection Fourier Transform Infrared (spectrophotometer ????) (ATR-FTIR 151 

Vertex70v, Bruker) was operated in the range from 4000 to 600 cm-1 with 4 cm-1 resolution. Dried 152 

microbeads were deposited directly on to the diamond crystal. For each sample, a minimum of 16 scans 153 

were performed to ensure a good reproducibility in the signals.  154 

2.3.4. Nanomechanical properties 155 

Nanoindentation experiments were obtained with a Nanoindenter XP from MTS Nano Instruments 156 

equipped with a three-side pyramid (Berkovich) indenter, as previously described [55]. All Experiments 157 



were conducted under ambient conditions (23°C, RH 50%) and using the continuous stiffness 158 

measurement (CSM) method with the following parameters: 3 nm amplitude and 45 Hz oscillations 159 

using a 0.05 s−1 loading rate. Measurements were taken at depths to 1500 nm. A Poisson's ratio of 0 was 160 

used in all modulus calculations. For each sample, around 75 indents were performed with 5 × 5 matrix 161 

on different locations; average values of both elastic modulus and hardness were then calculated from 162 

curves according to the method of Oliver and Pharr [56]. Experiments were performed on polymer 163 

pellets included in an epoxy resin, polished prior experiments.  164 

The AFM technique was also used to probe the nanomechanical properties of the polymer microbeads 165 

using the PeakForce Quantitative Nanomechanical Measurements (PFQNM). In PFQNM, the piezo of 166 

the AFM is vertically oscillating at a frequency of 2 kHz, with an amplitude of 150 nm. While the piezo 167 

move the sample beneath the tip in the X and Y direction, a force curve is recorded in every coordinate, 168 

allowing to extract mechanical properties from the materials. The spring constant of RTESP-525 169 

commercial tips were evaluated using the Sader method (https://sadermethod.org) and the tip radius was 170 

determined using the relative calibration method. A polystyrene film of 2.7 GPa was used as a standard 171 

of calibration (PFQNM SPM kit-12M, Bruker). The peak force setpoint was typically set at 200 nN. 172 

The indentation modulus was calculated using the Dejarguin-Muller-Toporov (DMT) model and 173 

extracted using the nanoscope image analysis software (V1.80). For each sample, a minimum of three 174 

areas were recorded and for each polymer, a minimum of three different bead were analyzed.  175 

2.3.5. Biodegradability 176 

Biodegradability of microbeads was determined with the NF EN ISO 19679 test that measures aerobic 177 

biodegradation of non-floating plastics at the seawater / sediment interface. The amount of total organic 178 

carbon contained in each sample (𝑚𝐶𝑂2,𝑡ℎ𝑒𝑜𝑟𝑖𝑐𝑎𝑙) was determined by elemental analysis. The mass 179 

percentage is 44.44 ± 0.02 for micronized cellulose, 55.18 ± 0.02 for PHBHV, 56.52 ± 0.25 for PHBHHx 180 

(6%), 57.08 ± 0.18 for PHBHHx (11%) and 49.59 ± 0.17 for the PLA. 181 

Sample preparation was previously described for solid/liquid state, as an adaptation of the Strum test 182 

[57]. Under continuous oxygenation in a sealed closed system, a first compartment contains the 183 



microbeads in a mixture of seawater (100 mL) and sediment (30 g), and the second an absorbing solution 184 

with a NaOH solution (20 mL, 0.2 mol L-1) and distilled water (20 mL). A blank flask with no sample 185 

is included in each test set up to determine the blank respiration of the seawater, as well as a standard 186 

composed of micronized cellulose to validate the results of the test. The test was carried out for 250 187 

days in a water bath at 25 °C.  188 

Since the produced carbon only comes from the biodegraded sample, the trapped CO2 by the absorbing 189 

solution is proportional to the amount of carbon consumed. The product sodium carbonate by the 190 

reaction of CO2 and NaOH is precipitated by a BaCl2 solution. The remaining NaOH is titrating with 191 

hydrochloric acid (0.1 mol L-1) to determine the CO2 trapped by the absorbing solution. Rate of 192 

biodegradation (%CO2) was determined from the Equation (2): 193 

%𝐶𝑂2 = (𝑚𝐶𝑂2,𝑠𝑎𝑚𝑝𝑙𝑒 −𝑚𝐶𝑂2,𝑐𝑜𝑛𝑡𝑟𝑜𝑙) × 100𝑚𝐶𝑂2,𝑡ℎ𝑒𝑜𝑟𝑖𝑐𝑎𝑙  (2) 

Where 𝑚𝐶𝑂2,𝑠𝑎𝑚𝑝𝑙𝑒  is the amount of CO2 produced in the sample test, 𝑚𝐶𝑂2,𝑐𝑜𝑛𝑡𝑟𝑜𝑙  is the amount of CO2 194 

produced in blank test.  195 

3. Results and discussion 196 

3.1. Morphology of microbeads 197 

SEM images of the different microbeads are presented in Figure 1. All the beads are spherical, as 198 

revealed by a circularity factor close to 1 (Table 3). The diameter of the beads (Table 3) is found to be 199 

dependent on the polymer nature, thus indicating that, for a similar elaboration process, using identical 200 

parameters, the chemical nature of the polymer controls the final size of the bead. PHBHV and PLA 201 

microbeads are the largest particles, with diameter around 100 µm, whereas PHBHHx particles have 202 

smaller diameters, that also decrease with a lower content in HHx. The large standard deviation 203 

measured on our samples may be associated with the elaboration process but also to the limited the 204 

number of particles measured by image analysis. These diameters are nonetheless consistent with other 205 

types of microparticles obtained using a similar process and determined by SEM or optical microscopy 206 

[16]. 207 



Table 3: Mean diameter and circularity factor of the microparticles as determined from SEM image analysis. The average 208 

diameter and standard deviation were estimated on more than 500 particles.  209 

Microbeads 
Microbeads size distribution (µm)  

(mean diameter ± SD) 
Circularity factor 

PHBHV  94 ± 25 0.91 

PHBHHx (6%)  48 ± 20 0.93 

PHBHHx (11%)  75 ± 25 0.92 

PLA  111 ± 42 0.93 

 210 

From the SEM images, the surface roughness can be qualitatively observed. The SEM images at 211 

different resolution (Figure 1) reveals that the PLA bead is rather smooth in comparison with the rough 212 

surfaces of PHBHHx or PHBHV. The roughness was quantitatively estimated by means of the AFM, 213 

on area of approximatively 25 µm2. It should be noted here that stable AFM images were difficult to 214 

obtained on larger scale (> 25 µm2) due to instabilities generated by the topography on top of each bead 215 

and the variation in height imposed by the radius of curvature of the beads. Figure 2 presents AFM 216 

images obtained of the top of the different beads and their corresponding surface analysis, confirming 217 

the smooth topography of the PLA beads and the important roughness of the PHA beads. At such scan 218 

size, the roughness between ~130-210 nm is obtained for the three PHA particles whereas a roughness 219 

of only 25 nm is obtained for the PLA. This observation is well correlated with the maximum height, 220 

Rmax, measured on these images, showing the large distribution in height for the PHA particles (up to 221 

1 µm) and the relatively small height distribution for the PLA particle (200 nm). The roughness of the 222 

PHA particles can be associated with the semi-crystalline character of the polymer and fast precipitation 223 

induced by the rapid evaporation of the solvent. This trend was also reported in other studies but not 224 

quantified [58, 59]. Finally, it should also be mentioned, that considering scan area of 25 µm2, no 225 

differences in RMS can be attributed to the different PHA beads indicating that the crystallites of 226 

PHBHV and PHBHHx are forming similar surface structures on the periphery of the bead, considering 227 

the RMS and topographic point of view. 228 

3.2. Thermal properties 229 



The thermal properties of the four microbeads are reported in Table 4. Characteristic values are 230 

determined from the first heating to observe the effect of the elaboration process on the final properties 231 

of the beads. No difference can be observed between the thermal properties of the beads and of the 232 

original polymer pellets. PHA microbeads have a glass transition temperature around 0 °C. PHBHV 233 

exhibits one melting temperature at about 173 °C. Two melting peaks were detected for the PHBHHx 234 

sample, at 125 and 144 °C for PHBHHx (6%) and 109 and 137 °C for the PHBHHx (11%), attributed 235 

to the PHB segment melting temperature and to the PHHx segment melting temperature, respectively. 236 

These values are similar to the literature data [23, 24, 27, 39]. In contrast, PLA microbeads exhibits 237 

glass transition temperature around 60-63 °C, and a melting temperature of 147 °C. These results are 238 

also in good agreement with  those described for amorphous PLA microbeads obtained by emulsion-239 

evaporation in the presence of dichloromethane [33]. 240 

Table 4: Thermal characteristics of the different microbeads determined by DSC 241 

Microbeads Tg (°C) Tm (°C) ∆Hm (J/g)a 

PHBHV  2.0 - 3.7 173 97 

PHBHHx (6%) 1.9 - 2.3 125 and 144 b 56 

PHBHHx (11%) -1.1 - -0.5 109 and 137 b 40 

PLA  60 - 63 147 22 

a Values of melting enthalpy, ∆Hm, are given as raw data and not converted into crystalline content because of the absence of 242 

reference for a PHA with 100 % crystallinity. 243 

b Two melting peaks were detected, one corresponding to PHB and the second one to HHx unit. 244 

Thus, it can be concluded from these DSC analyses, that the elaboration process has no impact on the 245 

crystallization process of the PHA bead, as revealed by the SEM and AFM images. From these data, it 246 

appears that the most crystalline bead is the PHBHV sample. A difference in crystalline content can also 247 

be observed between the two PHBHHx samples, with the most crystalline bead being the 6% in HHx 248 

content. This data emphasizes the role of the chemical nature of lateral chain (HV vs HHx) in the PHA 249 

structure and in the final properties of the polymer material. The lateral chain may play the role of a 250 

plasticizer. For example, it has been demonstrated that increasing the fraction of HV monomers in 251 

PHBHV samples render the materials more ductible and less brittle, associated with a decrease in the 252 

melting and glass temperature proportionally [60]. Similarly, it has been shown that, increasing the 253 



percentage of HHx from 7 to 18% results in a decrease in the crystallization rate and suppression of the 254 

spherulitic growth rate [24]. 255 

FTIR spectroscopy was performed in order to evaluate the surface crystallinity of the different beads. 256 

This technique is complementary with the DSC technique that give an overall estimation of the 257 

crystallinity, independently of the structural organization of the polymer within the bead and from the 258 

center of mass. FTIR, owing to the penetration depth of the IR beam of a about one micron [61], can be 259 

directly applied on the beads in contact with the ATR crystal and thus may give access to the polymer 260 

organization on its periphery, or close to it.   261 

FTIR spectroscopy analysis were performed in order to get access to the surface crystallinity of the 262 

different beads. This technique is highly complementary with the DSC technique that give an overall 263 

estimation of the crystallinity, independently of the structural organization of the polymer within the 264 

bead and from the center of mass. FTIR is sensitive to the polymer organization on its periphery and 265 

within a thickness of a one micron approximatively. FTIR spectra of PHA microbeads are presented on 266 

Figure 4. 267 

Figure 4 represents an IR spectrum of the PHA microbeads and reveals the different bands of interest 268 

for this polymer. The bands at 1230, 1380 and 1724 cm-1 are assigned to the crystalline part of the PHA 269 

sample whereas those at 1186 and 1741 cm-1 are representative of the amorphous part (see Table 5A). 270 

By comparing the intensities ratio of some of the characteristic bands of PHA, some authors were able 271 

to evaluate a crystallinity index and established a correlation between FTIR and DSC measurements 272 

[62, 63]. In the work of Xu et al. [62], the crystallinity index was calculated as the ratio of the crystalline 273 

band at 1380 cm-1, assigned as the conformational band of helical chains in the crystalline phase, over 274 

the amorphous reference peak at 1453 cm-1, assigned as methyl (CH3) or methylene (CH2) deformations 275 

[63]. In other studies, the crystallinity index of PHA samples was also evaluated by calculating the ratio 276 

of the absorbance peak at 1227 cm-1 over the absorbance peak at 1184 cm-1 [61], between the 277 

absorbance peak at 1724 cm-1 over the absorbance peak 1453 cm-1 [63], or between the 278 

absorbance peaks at 1380 cm-1 over the amorphous band at 1186 cm-1 [64].  279 



Intensities of these ratio are reported in the Table 5B. The ratios of the crystalline peaks on to the 280 

amorphous peaks gives the highest ratio for the PHBHV bead, followed by the PHBHHx at 6% and 11% 281 

respectively.  These results are in good agreements with the previous DSC results and confirms that the 282 

crystallinity on the surface of the particles is well correlated with the crystallinity content of the particles. 283 

The roughness parameter is also in good correlation with this finding. 284 

Table 5A: identification of the representative FTIR peak for the different PHA samples 285 

Frequency (cm-1) Description References 

1741 stretching vibration of the amorphous carbonyl group 
[61-63, 65, 

66] 

1724 stretching vibration of the crystalline carbonyl group 
[61-63, 65, 

66] 

1453 
methyl (CH3) or methylene (CH2) deformations in the 

amorphous phase 
[63] 

1380 symmetric wagging of CH3 in the crystalline phase [61-63] 

1227-1230 
absorption of helical (α-type) crystals (C-O-C 

stretching modes of the crystalline components) 
[61, 62, 67] 

1184-1186 asymmetric C-O-C stretches (amorphous phase) [61-63] 

 286 

Table 5B: Comparison of the representative FTIR peak intensities ratios for the different PHA samples. 287 

Microbeads 
𝑰𝟏𝟑𝟖𝟎𝑰𝟏𝟏𝟖𝟔 

𝑰𝟏𝟐𝟑𝟎𝑰𝟏𝟒𝟓𝟑 
𝑰𝟏𝟐𝟐𝟕𝑰𝟏𝟏𝟖𝟒 

PHBHV 0.52 2.6 0.53 

PHBHHx (6%) 0.27 1.21 0.28 

PHBHHx (11%) 0.21 0.87 0.15 

 288 

3.3. Mechanical properties 289 

Nanoindentation measurements on the microbeads, with the MTS equipment, required their 290 

immobilization by an inclusion in an epoxy resin. However, due to their size and color, they were not 291 

clearly distinguishable on the surface of the resin. Furthermore, with an epoxy resin with a similar 292 

Young’s modulus as the polymer beads (between 3-5 GPa), the experiment was not successful in 293 



identifying correctly the polymer beads among the resin. Thus, nanoindentation test have been 294 

performed here directly on the pellets, even if a direct comparison with the bead materials should be 295 

cautious. In parallel to this nanoindentation experiments, PFQNM were realized directly on the top of 296 

the microbeads. With the AFM, it is easier to place the AFM tip on a top a bead to measure its mechanical 297 

properties locally. 298 

Table 6 reports the values of the modulus for the different polymers pellets, as measured by 299 

nanoindentation. At first, the Young’s modulus for PLA is found to be around 5.5 GPa, in good 300 

agreement with the literature value [68]. For the PHA samples, the two PHBHHx samples give the 301 

lowest Young’s modulus as compared to the PHBHV. For the PHBHV polymer, a Young’s modulus of 302 

7.5 GPa has been found, similar to the measurements of Chick et al on injected PHBHV polymer [47]. 303 

The highest modulus found for the PHBHV sample can be related with its high crystalline content. In 304 

contrast, the PHBHHX samples shows the lowest Young’s modulus, the 11% content in HHX monomer 305 

having the lowest modulus. These results are in good agreement with the recent work of Voyiadjis et al. 306 

[69], who studied the mechanical properties of PEEK semi-crystalline polymers. By varying the cooling 307 

rate of their sample, they vary the degree of crystallinity of their samples and observed a softer response 308 

of the amorphous polymer part as compared to the crystalline regions.  309 

Table 6: Modulus and hardness of the different polymer materials (pellets) as measured by nanoindentation  310 

Microbeads Modulus (GPa) Hardness (GPa) 

PHBHV 6.9 ± 0.8 0.26 ± 0.06 

PHBHHx 6% 2.8 ± 0.5 0.10 ± 0.02 

PHBHHx 11% 1.7 ± 0.2 0.07 ± 0.01 

PLA 5.6 ± 0.2 0.31 ± 0.02 

 311 

Figure 5 represents the distribution in the indentation modulus for the different beads as measured by 312 

PFQNM. Results obtained are consistent with the moduli obtained by nanoindentation. One should 313 

observe nonetheless a slight increase in the modulus of the PHBHHx beads, measured by PFQNM as 314 

compared to the modulus of the pellets, obtained by nanoindentation. However, precautions should be 315 



taken for an accurate determination of the modulus by PFQNM. At first, the calibration of the tip radius 316 

was performed on fairly flat Polystyrene film with a low roughness in comparison with the rough surface 317 

topographies of the different beads. Tip convolution effect is likely to occur, especially on rough 318 

surfaces as it is the case here and may result in different contact area which can affect the indentation 319 

modulus calculated from the force curve analysis. It has also been recently postulated that PFQNM 320 

experiments may provide slightly larger modulus as compared to other mechanical techniques, since the 321 

force curve may be partially impacted by the presence of adsorbed water that may increase the adhesion 322 

force between the tip and sample [70]. Nonetheless, the variation in the mechanical properties, as 323 

observed by the two techniques confirms that the bead present different mechanical properties, in 324 

correlation with their crystalline content and their chemical structure. Furthermore, it was found that the 325 

mechanical properties of the so-formed microparticles, following the described fabrication process, are 326 

comparable with the initial properties of the polymer pellets.  327 

Finally, the hardness of the different samples was extracted from the nanoindentation measurements, as 328 

described by Oliver and Pharr [56]. The results, presented in Table 6, reveal that both PHBHHx samples 329 

have the lowest hardness in contrast with the PHBHV and PLA samples with a hardness around 0.3 330 

GPa. Despite the PLA sample, the trend for PHA samples is also following the crystalline state of the 331 

different samples, the more crystalline being the more tough. For the PLA sample, which is less 332 

crystalline than the PHA sample, the mechanical properties can be correlated to its high glass transition 333 

in comparison with the PHA samples. It has been reported that the intrinsic stiffness of glassy polymers 334 

below the Tg may leads to microhardness values larger than those obtained for semi-crystalline polymers 335 

[71]. 336 

3.4. Stability in aqueous medium and biodegradability in marine environment 337 

The stability of these particles in aqueous medium, with various conditions to mimic ageing conditions 338 

for cosmetic products (room temperature, room temperature in the presence of light and accelerated 339 

ageing at 45 °C) was verified by measuring the pH of the solution during a period of 3-months storage. 340 

The comparison between the PHA and PLA microbeads allows to observe different trends. On the one 341 



hand, the pH variation for the solution containing the PHA microbeads was only slightly decreasing, 342 

with a pH variation inferior to 1 pH unit. For example, after 3 months at room temperature, pH of 3.9 343 

for PHBHV, 3.7 for PHBHHx (6%) and 3.8 for PHBHHx (11%) were measured respectively in contrast 344 

with a starting pH of 4.2. Similar results were obtained when the PHA microbeads suspension was 345 

exposed to the 45°C thermostated aqueous solution (pH of 3.8, 3.6 and 3.7 for PHBHV, PHBHHx (6%) 346 

and PHBHHx (11%) respectively) and a more pronounced decreased of the pH, but still less than 1 pH 347 

unit, was recorded for the suspension in the solution at room temperature and exposed to light (pH of 348 

3.5, 3.6 and 3.6 for PHBHV, PHBHHx (6%) and PHBHHx (11%) respectively). 349 

On the other hand, the pH of the PLA suspension is decreasing of 1 pH unit for the normal aqueous 350 

solution conditions and aqueous solution plus light exposure conditions (from a pH = 4.4 down to a pH 351 

= 3.4) and by 2 pH unit for the 45°C aqueous solution conditions (from pH = 4.4 to pH = 2.4). The 352 

acidification of the PLA suspension can be correlated with a degradation of the polymer particles, 353 

showing that the PHA microparticles are less degradable and more sable under these conditions than 354 

PLA in aqueous medium. 355 

The Figure 6 shows the biodegradability of the different microbeads in seawater. The biodegradation 356 

has been performed on marine environment (seawater + sediments) at 25 °C, according to the NF EN 357 

ISO 19679 standard. 358 

As expected, PLA microbeads are poorly biodegradable in these conditions since their biodegradation 359 

degree is only about 20% after 250 incubation days. It has been previously demonstrated that PLA is 360 

relatively stable, due to its glassy state at 25 °C, as long as the medium temperature does not exceed the 361 

PLA glass transition temperature, i.e. about 55 °C [72]. 362 

Concerning the PHA series, significant differences on the biodegradability can be noted depending on 363 

the chemical PHA structure. The PHBHV turns out to be the most biodegradable as its biodegradability 364 

percentage reaches to 90% after 250 days of immersion. For the PHBHHx, the composition of monomer 365 

units also influences the biodegradability since the PHBHHx with 11% in HHx biodegrades faster than 366 

the PHBHHx with 6% in HHx. The biodegradation rate is 80% for the first one and 62% for the second 367 



one. It is very interesting to note in the Figure 6 that all these PHA present a biodegradability greater 368 

than or close to that of the cellulose which is considered as a reference in terms of biodegradability. The 369 

beginning of the biodegradation is even faster for the 3 PHA compared to the cellulose. 370 

This spectacular PHA biodegradability is explained the action of some marine microorganisms such as 371 

bacteria which excrete extracellular PHA degrading enzymes, i.e. PHA depolymerases, that hydrolyze 372 

water-insoluble PHA chains into water-soluble forms [73]. The resulting products are finally 373 

metabolized into the cells and utilized as nutriments [57]. At this temperature, the microbead degradation 374 

is therefore managed by an enzymatic degradation which is a heterogeneous surface reaction. Previous 375 

studies have revealed the presence of two PHA degradation mechanisms occurring in parallel 376 

(enzymatic degradation and chain scission by hydrolysis) but the enzymatic degradation is largely 377 

predominant at 25 °C in marine ageing conditions [72]. This process, whatever the sample shape, takes 378 

place in the presence of PHA depolymerase involving two steps: the first step involves the adsorption 379 

of the enzymes on the surface by the binding domain of the enzymes and the second step involves the 380 

enzymatic cleavage of polymer chains by the active sites of the enzymes [74]. 381 

The slight differences in terms of biodegradation between the 3 PHA studied are more complicated to 382 

explain since the biodegradation is a combination of physical, chemical and biological phenomena 383 

leading to the material dissolution by enzymatic action of microorganisms. More experiments are needed 384 

in order to understand the role of the extrinsic (correlated to the medium) and intrinsic (relative to the 385 

polymer) parameters influencing the biodegradation process. It might be relevant to identity and quantify 386 

the microorganism population which specifically colonizes the microbeads surface during the test [75]. 387 

The diversity of microorganisms associated with these different stages of biodegradation is not yet 388 

characterized but this is being further explored in order to better understand the mechanisms. Likewise, 389 

the surface morphology of the different PHA has also to be studied in order to correlate the surface 390 

properties with the colonization and then the biodegradation. In this study, the PHBHV with 3% in HV 391 

is the most biodegradable while being the most crystalline compared to the 2 other PHBHHx. This could 392 

a priori constitute a surprising result even if some bibliographic data show that the substrate binding 393 

domain of the enzyme is capable to bind to the crystalline PHA material. PHA depolymerase being an 394 



enzyme made up of a catalytic domain and a substrate-binding domain, both these domains are 395 

connected by a linker domain. Subsequently, the catalytic domain starts to cleave the single crystals 396 

which can be enzymatically hydrolyzed [18]. Other parameters relative to PHA will have to be explored 397 

as the hydrophilic/hydrophobic balance of the surface as well as the surface porosity. Understanding the 398 

mechanism of PHA degradation and the factors that affect its degradation will help the researcher in 399 

designing suitable material for the specific needs. 400 

4. Conclusion  401 

The emulsion-evaporation method allowed the preparation of spherical micrometer PHA beads with 402 

tunable materials properties, surface morphologies and related degradation behavior. Using different 403 

chemical PHA structures, we showed that the different beads have properties and surface morphologies 404 

that are governed by the crystalline organization of the polymer chains within the beads, thus able to 405 

provide suitable abrasive and mechanical properties for cosmetics applications. Since pollution of 406 

aquatics systems by microplastics should be stopped, the degradation behavior of these PHA microbeads 407 

were further tested in marine environment. The degradation experiments reveal that the degradation rate 408 

and kinetic were even faster than those of cellulose polymer considered as the most biodegradable 409 

polymer materials and also suggest the crucial role of the crystalline content in the degradation process 410 

of PHA beads. Very interestingly, these PHA particles are stable in the aqueous media commonly used 411 

in cosmetics while being rapidly biodegradable in the marine environment. By combining these two 412 

behaviors, they thus offer ideal characteristics for the development of microbeads in cosmetics. In 413 

addition, tuning the surface morphologies and biodegradable properties of PHA beads, by using different 414 

PHA structures, this provides an effective and promising approach to replace conventional plastic beads 415 

from formulation in cosmetic products. 416 
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Figures

Figure 1

SEM images of the different microbeads are presented in Figure 1.



Figure 2

Figure 2 presents AFM images obtained of the top of the different beads and their corresponding surface
analysis, con�rming the smooth topography of the PLA beads and the important roughness of the PHA
beads.



Figure 3

Microparticules of PHBHV, PHBHHx (6% and 11%) and PLA were elaborated by emulsi�cation process.
PHBHV was dissolved at 50 g L-1 in chloroform under re�ux conditions (50 °C), PHBHHx and PLA were
dissolved at the same concentration but in dichloromethane under re�ux conditions (40 °C) during 24
hours.



Figure 4

Figure 4 represents an IR spectrum of the PHA microbeads and reveals the different bands of interest for
this polymer.



Figure 5

Figure 5 represents the distribution in the indentation modulus for the different beads as measured by
PFQNM. Results obtained are consistent with the moduli obtained by nanoindentation.



Figure 6

The Figure 6 shows the biodegradability of the different microbeads in seawater. The biodegradation has
been performed on marine environment (seawater + sediments) at 25 °C, according to the NF EN ISO
19679 standard.


