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Application of Activated Charcoal in 
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Olefinic Poly(3-hydroxyalkanoates) 
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Abstract: Medium chain length poly(hydroxyalkanoates) (mcl-PHAs) are bacterial thermoplastic elastomers with a 
large potential in medical applications. The present study provides a novel process to isolate and purify poly([R]-
3-hydroxy-c.u-undecenoate-co-3-hydroxy-w-nonenoate-co-3-hydroxy- c.u-heptenoate) (PHUE) and poly([R]-3-
hydroxy-w-undecenoate-co-3-hydroxy-c.u-nonenoate-co-3-hydroxyoctanoate-co-3-hydroxy-rn-heptenoate-co-
3-hydroxyhexanoate) (PHOUE) from Pseudomonas putida species. Three d ifferent types of activated charcoal 
were compared with regard to their capability to selectively remove impurit ies. The product 'Charcoal activated, 
powder, pure' from Merck was found to be most suitable. Using ethyl acetate as solvent, the polyesters were 
extracted from freeze-dried biomass at room temperature and simultaneously purified by addition of activated 
charcoal at the beginning of the extraction. The period of extraction was one hour and the ratio solvent to biomass 
was 15:1 (vol/wt). After extraction, the solids were separated by pressure filtration through a metallic lace tissue. 
The fil trate was again passed through the previously accumulated fi lter cake, followed by a second filtration 
through a 0.45 ~·m membrane to remove finest coal particles. The resulting fi ltrate was concentrated, thus yield ing 
polyesters whose quality and yield depended on the quantity of activated charcoal applied. For highly pure PHUE 
and PHOUE with low endotoxin levels, the optimum ratio of activated charcoal to solvent for extraction 0//\/) was 
found to be 0.5 for PHUE and 0.25 for PHOUE. The yields with regard to the raw polymers amounted to 55 wt% 
for PHUE and 75 wt% for PHOUE, which are acceptable for polymers that can be used for medical applications. 
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Bacterial poly(hydroxyalkanoate)s (PHAs) 
whose monomers contain 6 10 14 carbon 
atoms are called medium chai n length 
poly(hydroxyalkanoate)s (mcl-PHAs). 
Mc l-PHAs are thermoplastic elastomers. 
Length and funclional groups of side 
chains can be control led to some extent 
by feeding the cells with appropriale or-
ganic acids during biosynthesi s in batch 

cu ltures,1 11 or more precisely under multi -
ple-nutrient-limited growt h conditions in 
chemostat cultures,12.31 When bearing car-
bon-carbon double bonds, mcl-PHAs can 
be used for chemical functionalization,H.51 
e.g. cross-l inking to obtain a biodegrad-
able rubber,16-RI They also enable covalent 
binding of small molecules such as natu-
ral anti fouling agents191 or 1he synthesis or 
organic/inorganic hybrid polymers.1 101 In 
order to separate PHA from other eel I com-
ponents such as cell walls, nucleic acids 
and peptides, appropriate extraction pro-
cesses must be applied. Besides mechani-
cal disruption, methods used most often 
are solvent ex traction as well as chemical 
and enzymatic digestion.II I ) The recovery 
by using organic solvents prevai ls over 
aqueous treaiment if PHA of high purity 
is required. PHA with a purity of about 
90% was obtained when the dry biomass 
from Pse11do111011as p11tida was pre-treated 
with methanol for 5 min and subsequently 
extracted in a Sox hlel apparatus for 5 h, 
followed by precipitation of Pl-IA in cold 
methanoJ.11 21 For the large-scale produc-
tion of poly(f Rl-3-hyclroxyoctanoate-co-
3-hydroxyhexanoate) (PHO), extraction 
or treatment of lhe biomass, respectively, 
using acetone, chloroform and sodium do-
decyl sulfate was investigatecl.11-'1 Acetone 
was found to g ive the highest y ield. Purity 
of 99% ± 0.2% was determined. when the 

PHO concentrate had been precipi1atecl in 
a volumetrically prepared mixture of 35% 
methanol, 35% ethanol and 30% water. 
When bacterial biopolymers are iso lated 
for medical applicat ions, con1a111ina1ing 
pyrogenic compounds must be removed. 
Such compounds in lhe form of endotox-
ins (l ipopolysaccharides) are present in 1he 
outer cell membrane of Gram-negative pro-
duction slrains.1141 The United States Phar-
macopeia (USP) approves maximum 20 
endotox in units (EU) per medical device, 
and 2. 15 EU per device that contacts the ce-
rebrospinal fluid.1 151 Low endotoxin PHO 
was achieved by extraction of the freeze-
dried biomass \.Vith 11-hexane at 50 °C, 
fol lowed by reducing the temperature of 
the exlractto 0-5 °C after fi ltrat ion.11 61 The 
prec ipi iate thus obtained was subjected to 
temperature conlrolled re-dissolution and 
precipitation in 2-propanol , which resulled 
in a purity of over 99 wt%. Yield and en-
dotoxic ity of mcl-PHA were invest igated 
in dependence of the solvent used for ex-
traction of the freeze-dried biornass .11 11 
The results revealed that ethyl acetate and 
acetone have the same power of extrac-
tion as methylene ch loride, but !heir use 
led to a polymer containing significantl y 
less enclotoxin. Endotoxin could be re-
moved from aqueous solutions by filtration 
through activated charcoa1.1 1s1 In the field 
of PHA, activated charcoal was also used 
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for the purpose of puri ficat ion, fo r example 
to deco lori ze and detoxify growth media 
prior to fer mentati on,l191 to deco lori ze so-
luti ons of hydroxy ac id methy l esters ,1201 or 
to puri fy poly( hydroxybutyrate) di ssolved 
in chlorofo rm .1211 

In a recent study,1221 we deve loped a 
process to isolate PHO and poly( [R]-3-
h ydrox y-w-u ndece noate-co-3-h yd rox y-w-
n o ne n oa te-co-3-h yd rox y-w-he pt e n oate) 
(PHUE) from freeze-dried biomass of 
Pse11dol//011as putida species. Hereby, af-
ter solve nt extract ion, the crude extract was 
subjected to a filtrati on through ac ti vated 
charcoa l. The resulting PHO and PHUE 
were of high purity and contained less than 
one endotoxin unit per g (EU/g). How-
ever, purifi catio n with activated charcoa l 
caused a loss of material of 50% which 
consisted not onl y of impuriti es but also 
of PHO and PHUE, respecti vely. T he pres-
ent study ai med at optim.i zing the pu rifi ca-
ti on with ac ti vated charcoal, especially in 
terms of yield. For thi s purpose, bacteri a l 
PHUE and poly( [R]-3-hydroxy- w-undec-
e noate-co-3-hyd rox y- w-none noate-co-3-
h ydrox yoctanoate-co-3-h yd rox y-co-hepte-
noate-co-3-hydroxyhexanoate) (PHOUE) 
(Fig. 1) were extracted from freeze-dri ed 
bio mass and purified with th.ree di ffe rent 
types of ac ti vated charcoa l. The quality of 
the resulting po lymers was evaluated as a 
fun ction of the quantity of the ac ti vated 
charcoal. Crit ical parameters were yie ld , 
content of endotox in and content of impu-
rities characteri zed by UV /VIS spectrom-
etry and size excl usio n chromatography 
(SEC). The goal was to deve lop a down-
stream process which consists of only few 
sim ple laboratory steps, so that mcl-PHAs 
of high quality can be produced in a time-
sav ing manner. 

2. Experimental Section 

2.1 Materials 
PHUE was produced fro m w-undece-

noate in a che mostat culture (D = 0.1 lr 1) 

of Pse11do111011as p11tida GPo 1 under dual 
(carbon, ni trogen) limited growth condi -
ti ons (C/N = 12.5 g/g).1 -'1 Gas chromato-
graphic analys is revea led the fo llowing 
compos iti on: 17.8 molo/t of 3-hydroxy-co-
undecenoate, 63.2 11101 % of 3-hydroxy-w-
nonenoate, and 19.0 mo]% of 3-hydroxy-
w-heptenoate. PHOUE was prod uced fro m 
octanoic and w-undecenoic acid in ache-
mostat culture (D = O. l lr 1) of Pse11dol/lo-
11as p11tida Gpo 1 under dual (carbon, ni tro-
gen) limi ted growth conditions (C/N = 12.5 
gig). According to gas chro matographic 
analys is, the polymer consisted of 6.5 
mol% of 3-hyd roxy-w- undecenoate, 22.9 
mol% of 3-hydroxy-w-nonenoate, 58.2 
mol% of 3-hydroxyoctanoate, 5.3 mo lo/t 
of 3-hydroxy-w-heptenoate. and 7. I mol% 
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Fig. 1. CJ1 emical structure of poly([R] -3-hydroxy-w-undecenoate-co-3-
hydroxy-w-nonenoate-co-3-hydroxy-w-heptenoate) (PHUE) produced 
by Pseudomonas putida GPo1 when cultured on w-undecenoic acid 
(top), and of poly([R]-3-hydroxy-rn-undecenoate-co-3-hydroxy-w-
nonenoate-co -3-11ydroxyoctanoate-co-3-hydroxy-w-heptenoate-co-3-
hydroxyhexanoate) (PHOUE) produced by Pseudomonas putida GPo1 
when cultured on octanoic acid and w-undecenoic acid (bottom). 

of 3-hyd roxyhexanoate. E thy l acetate wa 
of Ph. Eur. quality and was obtained from 
Hanseler AG , Heri sau, Switzerl and . T hree 
types of activated charcoal were tested : i) 
charcoa l acti vated, granular, about 1.5 mm, 
pure, food grade, fro m Merck, Darmstad t, 
Germany, hereinafter ca ll ed 'Merck gran-
ul es ', ii ) charcoal acti vated, powder, pure, 
from Merck, Darmstad t, Germany, here-
i1iafter called 'Merck powder', iii ) Norit®, 
fro m peat, steam act ivated, granular, 1-3 
mm from Sigma Aldrich, Ste inheim, Ger-
many, hereinafter call ed Norit. 

2.2 Isolation of PHUE and PHOUE 
from Freeze-Dried Biomass 

A portion o f LO g of freeze- dri ed bio-
mass was manuall y crushed to small pieces 
and mixed with 150 ni.L of ethy l acetate . 
The soli ds in the solvent were further re-
duced using a Sile ntCrusher M (He ido lph, 
Ke ll1e im, Germany) equipped with a dis-
perser 18 G/M. Afterwards, y mL of ac ti -
vated charcoa l were added, where y was 9, 
18, 37 .5, 75 , or I 12.5 mL. The suspension 
was stirred fo r 1 h at room temperature. 
The phases were separated by pressure 
filtrati on (air, 2-5 bar) th rough a metalli c 
lace ti ssue Duplex LS (d iameter of 47 mm , 
G. Bopp, Z lirich, Switzerl and) us ing a 200 
mL pressure vessel (SM 16249, Sartorius 
Gottingen, Germany) . In order to remove 
particles that swept along with the so lu -
tion, the fi ltra te was aga in passed th rough 
the prev iously accumulated fi lter cake. The 

metalli c lace tissue was rep laced by a 0.45 
~tm me mbrane fi lter (RC 55, Whatman. 
Gottingen, Germany) and the so lutio n 
was again filtered to remove fin est coal 
parti c les . The fi ltra te was concent rated 
in a rotary evaporator at 40 °C and abo ut 
200 mbar. Res idual sol vent was removed 
by drying the gel-like so li d in a vac uum 
dryer (VTR 5036. Heraeus, Hanan, Ger-
many) for 24 h at 40 °C and I 00 mbar. T he 
pure po lymer was weighed and afterwards 
stored at -20 °C to prevent autox idati on.1 231 
The raw PHA was obtained in the same 
manner, bu t without addi tio n of act ivated 
charcoal. 

2.3 Polymer Characterization 
Molecul ar weight fract ionatio n was 

performed by size exclusion chromatog-
raphy (SEC) using a d iffe rential refracti ve 
index detec tor (SEC apparatus: V iscotek, 
Houston, TX USA). About 30 mg of each 
polymer sample were di sso lved in I 0 mL 
of te trahydrofuran (TH F). Aliq uots of 
LOO pL of the po lymer solution were in-
jected and separated on three sequentia lly 
coupled SEC co lumns (300 mm x 8 111111 , 
po re s izes I 03, IO', ·rncl I oc• A, PSS, Mainz, 
Germany) at 35 °C, apply ing a fl ow ra te 
of I mL/min with THF. Cali bration was 
perfo rmed with l 0 narrow standard po ly-
styrene samples from PSS (2 x I 03 g/mo l 
to2. 13 x 106 g/mol). 

T he partitions of 3-hydroxya lkanoates 
in PHUE and PHOUE were determined by 
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Fig. 2. Charts for evaluating quantity and type of activated charcoal 
for the purification of PHUE and PHOUE. The yield of PHA (A and D) is 
related to the corresponding raw polymer. The light absorption at 380 
nm (B and E) is a measure for the unwanted yellow tinge of the polymer. 
A,mpun./APHA (C and F) means the ratio of the area of the impurity peak to 
the area of the adjoining PHA peak in chromatograms obtained by SEC. 
The values of the raw polymers can be seen at the volume ratio 111 = 0. 
The dotted lines show the optimum choice of an activated charcoal for 
PHUE (A to C) and PHOUE (D to F) when highest quality is required. 

gas chromatography (GC) after conver-
ion of the polymer into the methyl ester 

of the monomers using boron trifluoride in 
methanoJ.124 1 The analyses of the resulting 
hydroxya lkeno ic and hydroxya lkano ic ac-
id methyl ester were performed wi th a ga 
chromatograph (GC Trace 2000 Series, CE 
Instruments, Rodano, Jtaly) equipped with 
a flame ionization detector and a capill ary 
column DB-Wax (30 111 x 0.32 mm, film 
thickness: 0.3 µm, Agilent, Santa C lara, 
CA, USA). 

UV /VIS absorption spectra were taken 
from olutions of PHUE and PHOUE in 
chl oroform at ambient temperature u ing 
a Synergy Mx UV /VlS spectrophotometer 
from Biotek Instrument GmbH, Luzern , 
Switzerland . Endotox ic ity was determined 
by means of the Limulus Amebocyte Ly-
sate (LAL) assay Endosafe-PTS (Charles 
Rjver, L' Arbresle Cedex, France). Samples 
were prepared by dissolving 200 mg of 
polymer in 13 mL of chloroform and cast-
ing into depyrogenized g las Petri clishe 
(cl = 4 cm), fo llowed by drying at 40 °C 
and LOO mbar for 24 h. In order to ex tract 
endotox ins, samples were incubated wi th 
3 mL of e nclotoxin-free water (LAL Re-
agent Water Endo afe) at 37 °C for 24 h. 

Aliquots of 200 µL were withdrawn and 
each mi xed with 200 ~tL of disper ing 
agent BO I 00 (Endosafe) . Samples which 
contained more than I 0 EU/g of endotoxin 
were diluted 20 to 50 times with dispersing 
agent BD J 00. The resulting solutions were 
measured according to the manufacturer ' 
instructions with the spectrophotometer 
Endosafe-PTS using ca rtridges PTS200 I. 
PTS cartridge a llow testing of sample 
and positive sample control in duplicates . 
When the enclotoxi n content of the raw 
polymers was determined, water extracts 
were diluted 10 times wi th e ndotoxin-free 
water and no di spersi ng agent was added . 
ln this case, measu rements were taken with 
the cartridge Endo afe PTS2005. 

3. Results 

3.1 Comparison of Three Types of 
Activated Charcoal 

The PHA were extracted from freeze-
dried biomass with ethyl acetate and s i-
multaneously purified by addition of dif-
ferent quantities of activated charcoa l to 
the mi xture of extraction. Afterwards, the 
mixture was filtered in three steps and the 
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filtrate was concentrated , thus yield ing pu-
rified po lymers. Three types of activated 
charcoa l were compared : Merck granules. 
Merck powder, and Norit. Their su it-
abi lity to purify PHUE and PHOUE was 
evaluated on the basis of their capabi lity 
to remove impuri ties and of the result-
ing yield related to the raw polymers. In 
Fig. 2 , the results for PHUE (A to C) and 
PHOUE (D to F) are depicted in function 
of the ratio ~I of activated charcoa l to so l-
vent used for ex traction (VIV) . The va lues 
of the raw polymers can be seen at \If = 
0. With increasing \If, the y ie ld decreased 
almost linearl y to 20-50 wt% (PHUE) or 
to 35-55 wt% (PHO UE), depending on the 
type of ac ti vated charcoal u. eel (Charts A 
and D). Charts B and E show the light ab-
sorbance of the raw and pure PHA at 380 
nm. Since molar extinction coeffic ie nts 
differ over log sca les, direct conclusions 
about the quantity of impurities cannot be 
drawn from UV /VIS absorbance without 
knowing the substances respons ible for ab-
sorption . Nevertheless , the UY/VIS absor-
bance was judged to be critical, because it 
gradua lly decrea ed fro m 380 nm to longer 
wave length and came to zero in the middle 
part of the visib le spectrum (see spectra a 
and b in Fig. 3). Such absorption spectra 
go along with a yellow tinge of the poly-
mer which is not acceptab le for products 
of high quality. According to the results 
of the UV/VIS measurements (Fig. 2 and 
3), compounds causing thi s tinge were se-
lective ly removed by all types of activated 
charcoa ls except for Merck granules in 
ca e of PHUE (Fig. 2B). In Charts C and 
F, the ratio Aim 11 ,;,/APHA is shown in func-
tion of~/. lt refers to the areas of the SEC 
peaks at 30-30.5 mL (i mpurity) and at 
24-26 mL (PHA) (see Fig. 4) , respectively. 
and is a measure for the removal of poly-
meric impurities being contained in PHUE 
and PHOUE. T he ir complete removal re-
quired a \If of0.5 fo r PHUE and of0.25 for 
PHOUE (Fig. 2C and F) . The selectivi ty of 
Norit for polymeric impurities was found 
to be low. These impurities were not even 
removed completely at \If= 0.5 , nei ther in 
case of PHUE nor of PHOUE. 

3.2 Molecular Weight Fractionation 
Fig. 4A shows the SE chromatograms 

of raw PHUE and PHOUE which have not 
been treated with activated charcoal. The 
weight average molecular weight Mw of 
PHUE was fo uud to be 135 kDa accom-
panied by a polydisper ity (PDI) of 3.3. 
For PHOUE, an M value of 20 l kDa and 
a PDI of 3.6 were ''determi ned . A can be 
seen from Fig. 4A, both raw polymers con-
tained polymeric impurities, indicated by a 
peak at 30.4 rnL and corresponding to an 
M"' of about 9 kDa. The peaks overlap in 
both cases . It could be observed by SEC 
that not onl y impurities but also PHUE and 
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Fig. 3. UVNIS spectra of raw PHUE (a) and 
PHUE purified with Merck granules (b), Merck 
powder (c). and Nori! (d). Purification was 
performed applying the ratio ~' = 0.25 = volume 
of activated charcoal I volume of solvent for 
extraction. Spectra were taken from polymers 
dissolved in chloroform and diluted to identical 
concentration. A = absorbance. 

PHOUE were retained by acti vated char-
coal. Fig. 4B shows an example in which 
PHUE was treated wi th different quanti-
ties of Merck powder during extraction . 
The common intersection point of th ree 
curves at 26.5 rnL (raw PHUE, \jf = 0.06 
and 0.12) can be ex plained by adsorption 
of impurities causing a decrease of the 
peak at 30.5 mL and a corresponding in-
crease of the main peak clue to the stan-
dardization to identical peak areas. Once 
the impurities had been removed to some 
extent, low molecul ar PHUE was addi -
tionally retained and the main peak con-
sequentl y shifted towards lower retention 
volumes (\jf = 0.25 and 0. 75 , see arrows) . 
The se lect ive removal of low molecular 
PHUE caused a decrease of the polydi sper-
sity from 2. 1 (\jf = 0.25) to 1.6 (\jf = 0.75), 
ind icati ng a decrease of the broadness of 
the molec ul ar weight di stribution . When \jf 
was increased from 0 to 0.75, the M"' of 
PHUE continuously increased from 135 to 
219 kDa whil e the PDI decreased fro m 3.3 
to l.6. Ana logous effects were observed 
in case of the other charcoals and with 
PHOUE. However, the change of M and 
PDI caused by Norit was J ess~ pronou;\ced, 
because thi s activated charcoa l showed i) 
low selectiv ity in terms of impurities , espe-
ciall y for the ones of PHUE and ii ) rather 
low adsorpti on capac ity for the material in 
questi on. 
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Fig . 4. Size exclusion chromatograms of raw PHUE and raw PHOUE 
which were extracted from freeze-dried biomass without addition of 
activated charcoal (A) , and size exclusion ch romatograms of PHUE 
extracted from freeze-dried biomass in the presence of different 
quantities of activated charcoal (B). The quantities of activated charcoal 
are given as a rat io 'I'= volume of activated charcoal I volume of solvent 
used for extraction . All chromatograms are normalized to identical 
peak areas. The arrows point to the adsorption of low molecular PHUE, 
which occurred as soon as the impurities had almost been removed. 

3.3 Endotoxicity 
Borh raw polymers were contaminated 

with more than 50 EU/g of endotox in . 
Since medical devices such as vascu-
lar grafts, heart va lves or catheters often 
weig h onl y few grams, and the limit ap-
proved by US P is 20 EU/dev ice,1151 the 
basic materia ls require endotox in contents 
of less than 1 to 2 EU/g. The capability 
of the three types of act ivated charcoa l to 
adsorb endotox ins was examined by ap-
plication of \jf = 0.25. After purification 
with Merck granules or Merck powder, 
the endotoxin conten t of PHUE was still 
22 EU/g or 13 EU/g, respecti ve ly. When 
PHUE was purified with Norit, the amount 
of endotoxin could not be determined ac-
curately, because the spike recove ry was 
too low. Norit granules were accompanied 
by very fine powder. Some small particles 
probably passed through the filter and con-
taminated the polymer, where they could 
in terfe re with the measurement by partial 
adsorption of the sp ike. Removal of enclo-
toxins from PHOUE was more successful : 
from PHOUE treated with Merck granules 
or Merck powder, endotox ins were almost 

complete ly eliminated ; the conte nts were 
found to be 0.4 or 0. 7 EU/g, respecti vely. 
A content of 3. 1 EU/g was measured after 
pu rificati on using Norit. When applying 
Merck granules at \jf = 0.5 in a separate 
fi ltration step,1 22 1 we obtained PHO and 
PHUE wi th an endotoxin level of less tban 
l EU/g. Simi lar values were obtai ned in 
another project, where PHOUE was pro-
duced with the fo llowing molar ratios of 
octanoic to co-undecenoic ac id: 90/lO, 
75/25 and 50/50. Enclotoxin contents of a ll 
samples decreased from 20 to 50 EU/g to 
va lues below I EU/g by purificati on with 
Merck granules (data not shown). 

4. Discussion 

We recentl y developed a downstream 
process which uses Merck granules to 
puri fy PHO and PHUE.1121 The process 
consisted of nine steps including a sepa-
rate filtration of the PH A so lution through 
a column fill ed with ac ti vated charcoal as 
well as subsequent precipitat ion of PHO 
and PHUE to remove remaining impuri-
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tie . The fi ltration step lasted 5 h and ha I 
to be repeated if the fi ltrate was still yel-
lowish. In the new process reported here, 
the two steps mentioned above have been 
eli minated. Purification with activated 
charcoal i now performed si multaneously 
with the ex traction of PHA from freeze-
lried biomass. After filtration , the PH As 

are isolated by direct concentration of the 
filtrate without prior precipitation. The 
novel process allows the production of 
PHUE and PHOUE of high quality. 

As can be learned from Fig. 2, Merck 
powder applied with \jf = 0.5 led to PHUE 
free from detectable polymeric impurities 
(Aimpurii/APHA = O) and yellow tinge (A3K0 = 
0) (dotted line on the left). The resulting 
yiel I of 55 wt% might be acceptable for a 
polymer that can be u. eel for medical pur-
poses. A similar quality was achjeved by 
analogous application of Merck granules, 
but the yield decreased lo 35 wt%. PHUE 
of middle quality but in high yields was 
obtained by treatment with Merck powder 
at \jf = 0.25. The resul ting polymer was col-
orle:. and contained only small amounts 
of polymeric impurities. In contrast, appli -
cation of Merck gran ules at \jf = 0.25 led 
to 60 Wl~ of a yellowish PHUE free or 
polymeric impurities. In order to achieve 
low endoroxin levels, the ratio of activated 
charcoal had to be increased to \jf = 0.5 at 
the expense of yield. However, application 
of higher quantities of Merck powder (\Jf > 
0. 12) caused unwanted loss of low molecu-
lar PH UE (Fig. 48 , arrows). Similar effects 
were observed in case of the two other ac-
ti vated charcoals and with PHOUE (data 
not shown). With Norit, PHUE could not 
be purified efficiently; the highest \jf value 
was still too low for complete removal of 
polymeric impuritie. (Fig. 2C). In case of 
PHOUE, application of Merck powder or 
Merck granules with a volume rntio 'I' = 
0.25 yielded a pure polymer (dotted line 
on the right) with an endotoxin content of 
less than I EU/g. The yield with respect 
to the raw polymer was fou nd to be 75 or 
70 wt%, respecti vely, which is acceptable 
for a product that can be used for medical 
applications. If high yield at the expense 
of the quality was required, Merck gran-
ules could be applied with a rat io of 0. 12 
or even of 0.06. In order to remove the 
polymeric impurities from PHOUE with 
Nori t, a high volume ratio \jf of 0.75 wa 
necessary, which entailed a yield of only 
55 wo/o. In comparison to the downstream 
proces recently developed,1221 the required 
quantity of activated charcoal Lo prod uce 
highly pure PHA could be halved in the 
case of PHOUE. On the ba i of the il1Ves-
Ligated parameters, the following rat ing for 
the su itability to purify PHUE or PHOUE 
was fou nd: Merck powder > Merck gran-
ules >> Noril. A disadvantage of these 
activated charcoals is their low adsorption 

capac ity for organic acids and their alts. 
When the biomass of Pse11do/11011as 1111tida 
GPo I contained co-undecenoate, for ex-
ample, PHUE purified by activated char-
coal was fou nd to be contaminated by this 
educt. Therefore, it is of importance that al l 
carbon substrates are metabolized to com-
pletion during biosynthesis of PHA. This 
can be achieved by continuous cultivation 
when the carbon to nitrogen ra tio in the 
medium feed are controlled accurately.f15J 
Interestingly, PHUE requ ired signi fican tly 
more activated charcoal for the purification 
than PHOUE. One can argue that this fact 
i · based on the higher content of impuri-
ties found in PHUE (see Fig. 2 at \jf = 0 
and Fig. 4A). However, with increasing \j/, 
the decrease of the yield continued wi thout 
changi ng the slope after complete adsorp-
tion of tbe impurities (Fig. 2A and D). This 
suggests that PH As were strongly adsorbed 
by activated charcoal. and hence were in 
competition with impurities for adsorption 
sites. Due to the pore size distribution of 
the activated charcoals used, low molecu-
lar PH As were adsorbed preferentially (see 
Fig. 4B). Since PHUE has a lower M, than 
PHOUE (Fig. 4A), more PHUE molecules 
could enter into the pores and hence the 
ad orption capacity for impurities became 
lower. This may be the explanation why 
different quantities of activated charcoal 
were needed to purify PHUE and PHOUE. 

5. Conclusions 

The present study provides an opti-
mized downstream process that permits 
the isolation and purificat ion of PHUE 
and PHOUE from freeze-dried biomass 
u ing activated charcoal. Three charcoals 
were compared in terms of yield of FHA 
and removal of impurities. Merck powder 
excelled at its pec ificity for impurities, 
whereas Norit was not suitable for the in-
tended purpose. Extraction from biomass 
and purification from soluble impuri ties 
were performed simultaneously by addi-
tion of activated charcoa l ju. t at the begin-
ning of the extraction process. Sub equent 
separation of the solid. by filtrati on fo l-
lowed by concentration of the fi ltrate led 
to a pure polymer that is almost free of en-
dotox ins and thu i suitable fo r medical 
application . 

In the present process, all steps in-
volving separate fi lt rat ion through acti-
vated charcoal or precipitation of PHAs 
to remove impurities could be eliminated. 
Thus, time, energy, solvent and non-sol-
vent can be saved. The developed process 
is bener sui.ted to isolate and purify PHUE 
and PHOUE. However. the method needs 
further optimization to improve the yield 
of PHUE. Possible approaches include i) 
fine-tuning of the volume ratio \Jf, ii) op-

Swiss B10TECH 

tirnization of the period of extraction, and 
iii ) the inclusion of further type. of acti-
vated charcoal or of zeolite. 
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