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a  b  s  t  r  a  c  t

In  this  study,  polyaniline  nanofibers  are  used  as  a novel  immobilization  support  and  evaluated  using
l-asparaginase  as  a model  protein  enzyme  for  precise  investigation  of  the  immobilized  state  of enzymes
as  well  as  its  functional  activity  on polyaniline  nanofiber  surfaces  at  different  concentrations.  The  sup-
ported  enzyme  has  been  characterized  by  XPS,  XRD,  TEM  and  FTIR,  and  the  effect  of  polymer  nanofiber
eywords:
anostructures
olyaniline
olymerization

conformations  on  the  enzymatic  activity  is discussed  in detail.  Immobilized  l-asparaginase  showed
greater  stability  towards  decomposition/denaturation  at different  temperatures  and  pH  conditions
compared  to  the  free  enzyme.  The  calculated  Km values  are  1.809  and  3.705  mM  L−1 for  immobilized
l-asparaginase,  respectively,  which  are  2.05-fold  lower  in magnitude  in comparison  with  the  value
obtained  for  free  l-asparaginase;  the  Vmax values  for  immobilized  and  free  l-asparaginase  are  90.57  and

−1 −1 pecti
nzyme immobilization 48.04 �M min mg res

. Introduction

l-Asparaginase (l-asparagine amidohydrolase; EC 3.5.1.1) is a
etrameric protein with a molecular weight of 140 kDa that irre-
ersibly catalyses the hydrolysis of l-asparagine to l-aspartic acid
nd ammonium ion under physiological conditions [1,2]. This
nzyme gained importance in the Pharmaceutical industry as a
hoice for the treatment of acute lymphoblastic leukemia and
ymphosarcoma, and in clinical experiments relating to tumour
herapy, often in combination with chemotherapy. However, its
otential application in anti-tumour treatment depends on the
ffinity of the enzyme towards a substrate, stability in various bio-
ogical environments (pH, temperature and ionic strength), and
he clearance rate by plasma. The major limiting factor in phar-

aceutical application is its short half-life in vivo (t1/2 = 1.2 days),
ecessitating multiple injections [3],  which causes hypersensitiv-

ty (mild allergic reactions to anaphylaxis) and immunogenicity
4].  Consequently, attention is being given to prolong the half life,
mprove the stability in the body, decrease antigenicity and lower
he affinity to natural inhibitors. One approach to improve the

tability and functional property is by chemical modification via
mmobilization on biocompatible polymers.

∗ Corresponding author. Tel.: +91 40 27191385; fax: +91 40 27160921;
obile: +91 9440698069.

E-mail address: sghosh@iict.res.in (S. Ghosh).

381-1177/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.molcatb.2011.09.009
vely.
© 2011 Published by Elsevier B.V.

In this context, many polymeric materials like polypyrrole and
oxidases were studied as matrix materials for enzyme immobi-
lization [5].  Among these, polyaniline (polymers, nanofibers and
composites) is gaining importance in catalysis as energy storage
devices, sensing materials [6] and as a biological mediator [7,8]
because of its environmental stability (high stability to extremes
of temperature and pH and resistance towards microorganisms),
unique conduction mechanism (a direct electron transfer capa-
bility between an enzyme and a polymer), ease of preparation
and high yield in synthesis. In addition, Liu et al. showed its bio-
compatibility nature in PC-12 cells [5,6,9–11]. In fact, conducting
polymer nanofibers as immobilization matrices are preferred over
other carrier materials (typical membranes) due to the smaller size
(denoting large specific area) of the fiber, higher porosity (higher
enzyme loading per unit mass with reduced diffusion resistance
and the shortened path for substrate diffusion), higher conductiv-
ity and more facile fabrication, hence, they have great potential
for enzyme immobilization with high efficiency, in situ formation
of nanofiber reinforcement composites, biosensors, and biocatal-
ysis/separation. Polyaniline-immobilized enzymes have also been
applied in the fields of biosensing and biofuels [12–14].  Interest-
ingly, little effort has been given to their medical applications and
very few reports are available on l-asparaginase immobilization
such as liposomes [15] and poly(d,l-lactide-co-glycolide) (PGLA)

[4,16].

In the present study, l-asparaginase (known for its anti-
leukemia properties) was  chosen as a model protein enzyme
to evaluate polyaniline nanofibers (PANI) as an immobilization

dx.doi.org/10.1016/j.molcatb.2011.09.009
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:sghosh@iict.res.in
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ig. 1. Schematic representation of supporting l-asparaginase enzyme on polyani
-asparaginase immobilized on polyaniline nanofiber (EI-PANI).

atrix, and the immobilized enzyme activity investigated. The
esults show enhanced stability and activity of the enzyme after
mmobilization and the effects of polymer nanofiber conformations
n the enzymatic activity are also discussed in detail. A schematic
epresentation of this study is shown in Fig. 1.

. Experimental

.1. Synthesis of polyaniline nanofibers (PANI)

All chemicals of analytical grade were used as received.
eactions were generally carried out in 20 mL  vials. Polyaniline
anofibers (PANI) were synthesized following a literature method
17]. Typically, an aqueous solution of aniline (3.2 mmol) in 1 M
ydrochloric acid (10 mL)  and another solution of ammonium per-
xydisulfate (0.8 mmol) in 1 M hydrochloric acid (10 mL) were
repared and mixed using a syringe pump. The feeding rates of
ne solution into another were set at 5 mL  h−1 and were car-
ied out at 0 ◦C. For rapid mixing of reactants, the two solutions
ere combined with vigorous stirring to ensure sufficient mixing

efore polymerization began. The onset of polymerization could be
bserved when the characteristic green color of polyaniline emeral-
ine salt began to appear. Reactions were repeated using increasing
r decreasing concentrations of the reactants. In all cases, uniform
anofibers were obtained (confirmed TEM analysis). For reactions

n ethanol and isopropanol, 1 M hydrochloric acid was prepared
y diluting concentrated aqueous acid with the appropriate alco-
ol. The products were purified by centrifugation and washed with
thanol or isopropanol until the suspension pH was neutral.

The morphologies of the nanofibers were examined by TEM
JEOL 100CX) and SEM (JEOL 6700) [17]. For the morphological evo-
ution experiments (Fig. 2), samples (0.1 mL)  were extracted from
he reaction at different times and diluted immediately in distilled
ater (0.5–2 mL). An appropriate amount of this suspension was

hen cast onto copper TEM grids (Formvar coated, 300 mesh, Ted-
ella Inc.). The grids were placed on filter paper to absorb any extra
uspension and to facilitate rapid drying, thereby quenching the
olymerization process. Samples for SEM experiments were made
n conducting stages and observed without gold coatings (Fig. 3).

.2. Preparation of enzyme impregnated PANI

l-Asparaginase derived from Bacillus circulans was  used in this
nvestigation and purified by a reported method [18]. Under nitro-
en atmosphere, 100 mg  of the enzyme was dissolved in 1 mL  of
istilled water followed by the addition of 100 mg  of synthesized

atrix particles (PANI). With constant mixing, the suspension was

ncubated at 30 ◦C for 30 min, then centrifuged at 10,000 rpm for
 min  at 30 ◦C. Unbound enzyme was removed by washing the solid
ith sterilized distilled water until the supernatant was free of
anofiber. (A) Polyaniline nanofiber (PANI), (B) l-asparaginase enzyme (EI), and (C)

protein and/or enzyme activity. Finally, the enzyme impregnated
PANI (EI-PANI) was dried using a vacuum evaporator.

Characterization of PANI and EI-PANI: PANI and EI-PANI were
investigated for their surface chemistry and morphology to under-
stand the nature of physicochemical properties and enzyme
binding using different analytical techniques (XRD, XPS, and FT-IR,
etc.). Samples of PANI and EI-PANI were mounted onto quartz syb-
strates and analyzed by X-ray diffraction (XRD) using D/8 BRUKER
AXS operating at 40 kV with a current of 30 mA and Cu KR radia-
tion. FT-IR studies were conducted using a Thermo Nicolet Nexus
670 spectrometer. Dried samples before and after enzyme bind-
ing (1–2 mg)  were homogenized with 100 mg  of dry KBr and
made into pellets. These pellets were analyzed for transmittance
in the range of 4000–400 cm−1. X-ray photoelectron spectroscopy
(XPS) measurements were obtained on a KRATOS-AXIS 165 instru-
ment equipped with dual aluminum–magnesium anodes using
Mg K� radiation (the X-ray power supplied was 15 kV and 5 mA
at 10−9 Torr). The peak positions were based on calibration with
respect to the C 1s peak at 284.6 eV. The obtained XPS spectra
were fitted using a nonlinear square method with the convolution
of Lorentzian and Gaussian functions after the polynomial back-
ground subtraction from the raw data. For microscopic studies,
different materials (PANI and EI-PANI) were fixed by incubating
in 2% aqueous osmium tetraoxide for 2 h. The samples were then
dehydrated using graded alcohol in series and dried to critical point
by incubating in an Electron Microscopy Science CPD unit. Scanning
electron microscopy (SEM; HITACHI) and transmission electron
microscopy (TEM; TECH NAI-12, operated at 120 keV) were used
to carry out the morphological studies.

2.3. Estimation of l-asparaginase activity

Following the method of Wriston and Yellin [19], l-asparaginase
assays were measured by a colorimetric method at 436 nm and
37 ◦C using a CECIL UV-visible spectrophotometer. The ammonium
ion produced during l-asparagine catalysis was  determined using
Nessler’s reagent. The reaction mixture, consisting of 0.1 mL  of
186 mM l-asparagine, 1.0 ml  of 0.05 M tris buffer (pH 8.5) and 5 mg
of EI-PANI, was  incubated for 30 min  at 37 ◦C then centrifuged to
separate the EI-PANI from the solution. The reaction was stopped
by the addition of 0.1 mL  of 1.5 M trichloroacetic acid solution.
The liberated ammonium ion was coupled with Nessler’s reagent,
quantitatively determined using a standard curve. The temperature
effect on the enzyme was studied by performing the reaction at
predetermined temperatures. Reusability studies were performed

by washing the EI-PANI particles after every reaction with distilled
water. One unit of the l-asparaginase (IU) is defined as that amount
of enzyme capable of producing 1 �mol  of ammonia per minute at
37 ◦C.
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Fig. 2. TEM images of (a) neutral polyaniline nanofiber (PANI) and (b) l-asparaginase immobilized to polyaniline nanofiber (EI-PANI).
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concentration is almost identical to that of neutral PANI. Further-
more, the intensity of the sharp diffraction peak of neutral PANI
at 2� = 5.5◦ slowly decreases and broadens as the enzyme concen-
tration of the EI-PANI is increased. Moreover, two additional peaks
Fig. 3. SEM images of (a) l-asparaginase immobilized to polyani

.4. Calculation of Km, Vmax, activation energy values, and
rotein estimation

Reaction kinetics for EI-PANI and EI (free enzyme) were esti-
ated by measuring the catalytic activity at different substrate

oncentrations ranging from 2 to 18 �mol  with an interval of
 �mol  at 37 ◦C. Km and Vmax values were calculated by represent-

ng the enzyme activity values at different substrate concentrations
n a Lineweaver–Burk equation. The protein content of the enzyme

as estimated according to the method of Lowry et al. [20].

. Results and discussion

.1. Evaluation of enzyme binding

Conducting nanofibers as immobilization matrices are favored
ver other carrier materials due to their environmental stabil-
ty (high stability to extremes of temperature, pH and resistance
owards microorganisms), direct electron transfer capability
etween an enzyme and a polymer, ease of preparation, higher
nzyme loading per unit mass with reduced diffusion resistance
ith the shortened path for substrate diffusing, higher conductiv-

ty and more facile fabrication. In view of the above, the present
tudy assumes importance. Fig. 1 is a schematic representation
or the formation of l-asparaginase impregnated PANI (EI-PANI)

rom polyaniline nanofiber (PANI). Figs. 2 and 3 show the TEM and
EM of PANI and EI-PANI. The TEM images of EI-PANI clearly show
he change in morphology of the fibers, indicating the electronic
nteraction of the enzyme and PANI.
anofiber (EI-PANI) and (b) neutral polyaniline nanofiber (PANI).

Fig. 4 shows the XRD pattern of neutral PANI and EI-PANI. It
can be seen that the XRD pattern of EI-PANI with a low enzyme
Fig. 4. XRD pattern of neutral PANI and EI-PANI.
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Fig. 6. Comparison of XPS of N 1s core-level spectrum of [A] neutral PANI (polyani-

ticles prepared using with mineral acid (HCl/H2SO4) than weak
acid (acetic acid). It is observed that enzyme loading is higher
ig. 5. FT-IR spectra of EI-PANI (immobilized l-asparaginase to polyaniline
anofiber) composite and PANI (polyaniline nanofiber).

t 2� = 7.0◦ and 2� = 10.0◦ are seen in EI-PANI, which indicates that
he presence of enzyme in the PANI strongly affects the crystalline
ehavior of the polymer system. This is also shown in the calculated
rystalline size of the polymer–enzyme composite based on the
bserved d-spacing values, which decrease with increasing enzyme
oncentration; the first peak is found to be more affected than the
ther two peaks. EI-PANI samples having 4:1, 8:1 and 20:1 ratios
f PANI and enzyme show a crystalline size of 8.307 nm,  11.070 nm
nd 116.600 nm,  respectively, for the first peak (Fig. 4). In Fig. 4, four
ell-resolved peaks are observed, suggesting that a highly ordered,
exagonally arranged pore system present. According to the Bragg
quation [21], the strong, sharp peak is due to the (0 0 1) diffraction
f the mesoporous film, and indicated a mesoscopic order with a d
pacing of 5.8 nm.

Fig. 5 shows the FT-IR spectra of EI-PANI composite and
ANI nanofibers. In the FT-IR spectra, the bands observed at
he higher wave number region correspond to N–H stretching
3200–3500 cm−1) and aromatic C–H stretching (2850–3000 cm−1)
ibrations. The group N Q N, where Q represents a quinoid ring,
how bands in the region 1570–1600 cm−1 and N–B–B, where B
epresents a benzenoid ring, absorbs between 1480 and 1550 cm−1

15]. Bands at 1297, 1250 and 1130 cm−1 are assigned to the C–N
tretching vibration of the secondary aromatic amine, protonated
–N group, and aromatic C–H in-plane bending vibrations, respec-
ively. The FT-IR spectra of EI-PANI composites are presented in
ig. 5. In the spectrum for the EI-PANI, a band at 3251 cm−1,
hich is absent in the spectrum for PANI, is consistent with

he presence of antisymmetric and symmetric methylene vibra-
ions, presumably due to the presence of enzyme. This is further
videnced with an intense OH stretching band in the range of
600–3400 cm−1.

X-ray photoelectron spectroscopy, a sensitive surface specific
nalytical technique, was used to characterize the neutral PANI
anofiber and EI-PANI to determine the changes in the electronic

nvironment arising from enzyme immobilization. The N 1s, C 1s
nd O 1s binding energies of the nanofibers differ slightly to those of
he enzyme immobilized nanofibers. Peaks associated with C 1s are
line nanofiber) fiber and [B] EI-PANI (immobilized l-asparaginase on polyaniline
nanofiber).

observed at 284.608, 286.145 and 287.999 eV for neutral PANI and
shifted to 284.617, 285.834 and 286.950 eV in EI-PANI. Similarly,
O1s peaks noticed at 530.815 and 531.923 eV for neutral PANI fiber
are shifted to 531.331 and 533.093 eV upon enzyme binding. The
binding energy of N 1s of PANI are deconvoluted into Gaussian com-
ponent peaks corresponding to quinonoid imine ( N–), benzenoid
amine (–NH–), polaron species (N+) and the peaks are centered at
397.837, 398.967, 400.118 eV, respectively. EI-PANI showed single
N1 peak with a binding energy of 399.50 eV. This data further indi-
cated that the binding energies observed for PANI nanofibers are
lower with those of EI-PANI. Such a shift in binding energy of N 1s
to a single peak is attributed to the binding of enzyme with that of
polyaniline nanofiber similar to other reports [22]. The equal peak
area of imine and amine N 1s indicated the conversion of amine to
an imine form which acted as source of electrons for the binding of
enzyme.

Fig. 6(A) and (B) show the wide scan XP spectra of neutral PANI
fiber and EI-PANI. The quinoid/benzenoid ratio (–N/–NH–) for the
PANI fiber was  found to be 0.45, indicating the nitrogen is present
mainly in the benzenoid amine form and therefore in the oxida-
tion state of emeraldin, in agreement with the UV–vis spectrum of
this sample. The signal at around 400.8 eV is associated with chain
defects.

3.2. Evaluation of enzyme binding

The purified l-asparaginase enzyme isolated from B. circulans
binding pattern is investigated with respect to solution pH by
using a 4:1 ratio (PANI and enzyme) (w/w) at room temperature
by measuring protein content (l-asparaginase enzyme) in reac-
tion solution after separation of enzyme bound PANI particles
by centrifugation. Reaction solution pH has a major influence on
the enzyme loading. Maximum loading is noticed with PANI par-
at neutral pH [the maximum loading (48%) at pH 7.0] and fur-
ther increase caused drastic reduction (3–4 times) in enzyme
loading.
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free and immobilized l-asparaginase enzyme were monitored
using UV–vis spectroscopy. To carry out the enzyme assay, free
and PANI nanoparticle-bound l-asparaginase enzymes (5 mg) were
ig. 7. Effect of different pH on free enzyme l-asparaginase (EI) and l-asparaginase
mmobilized to polyaniline nanofiber (EI-PANI).

.3. Biocatalytic evaluation of EI-PANI

The biocatalytic properties of l-asparaginase enzyme adsorbed
nto PANI (EI-PANI) was  evaluated at different temperatures,
ubstrate concentrations and pH by determining the amount of
mmonium ion released during the catalytic reaction. Maximum
nzyme activity (65 U/�g  of protein) was observed at pH 8.5, and
ny variation in the medium pH drastically reduced the biocat-
lytic activity (Fig. 7). The enzyme activity inhibition for the free
nzyme is greater than 35% when the pH is changed from 8.5
o 9.0 but is only 11% for the immobilized enzyme under similar
onditions. This suggests immobilization mediated enzyme activ-
ty provides protection against variation in medium pH, which is
ependent on the chemical and electrostatic nature of the immo-
ilization matrix. This is consistent with the observation that a
ariation of one pH unit towards alkalinity revealed an almost sim-
lar inhibitory effect for free (40%) and PANI bound l-asparaginase
ctivity (46%) compared to the enzyme activity at pH 8.5. Simi-
arly, changing the medium pH by 0.5 pH units towards neutrality
esulted in a reduction of enzyme activity of 17% for the free and
% for the immobilized enzyme. A further decrease in pH from 7.5
o 7.0 resulted in enzyme activity inhibition of 12% and 18% for
he free and immobilized enzyme, respectively (Fig. 7). However,

 change of one pH unit from 8.5 to 7.5 showed an approxi-
ately 26% reduction in enzyme catalytic function irrespective of

ts physiological state. This data clearly suggest an enhanced activ-
ty (2.26 folds) of EI-PANI relative to that of the free l-asparaginase
nzyme. This data indicate that upon immobilization of enzyme
nto PANI, the electrostatic nature of the enzyme active site is
aried, giving rise to variations in its catalytic behavior compared
o that of the free enzyme. Such altered enzyme activity results
ave been noticed with enzyme activity when immobilized on
hiolated gold-nanoparticles [23] or on composite temperature-
ensitive membrane [24].

The pH dependent stabilization of enzyme is further confirmed
y variations in the conductivity of the enzyme bound polyaniline
anofiber. An increase in conductivity is observed upon enzyme
inding, which increases with increasing enzyme concentration
Fig. 8). Conformational changes of the enzyme upon ionic bonding
ith the polyaniline nanofiber may  be responsible for the enhanced
atalytic activity of EI-PANI.
Variation of external temperature also resulted in alteration of

nzyme activity but, its influence is not as great as that of varia-
ions in pH (Fig. 9). The maximum enzyme activity of immobilized
Fig. 8. Influence of different temperatures on conductivity of polyaniline nanofiber
(PANI) and l-asparaginase enzyme immobilized to polyaniline nanofiber (EI-PANI).

(66 U/�g  protein) and free (29 U/�g  protein) enzyme occurs at
37 ◦C, indicating >100% improvement in catalytic activity upon
immobilization and suggests enzyme structural alterations are
associated upon binding on the PANI. An increase in the reaction
temperature from 37 to 40 ◦C did not have a significant effect on
the catalytic activity of either the bound or free enzyme, how-
ever, increasing the temperature to 50 ◦C resulted in a reduction
of enzyme activity. At this temperature, the enzyme activity was
reduced to 17% and 26% for EI-PANI and free enzyme, respectively,
compared to those obtained at 37 ◦C. Consequently, immobilized
enzyme kinetics and reusability studies were studied at 37 ◦C and
at pH 8.5. Under these conditions, the immobilized enzyme showed
stable activity for more than 40 cycles with a variation of only 5%
(results not shown).

3.4. Enzyme kinetics

To further understand at the interactive level, the activity of
Fig. 9. Effect of different temperature on free enzyme l-asparaginase (EI) and immo-
bilized l-asparaginase to polyaniline nanofiber (PANI-EI), residual activity of the
l-asparaginase (REI) and residual activity of immobilized l-asparaginase on polyani-
line nanofiber (RPANI-EI).
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ig. 10. Comparison of substrate kinetics for the free enzyme l-asparaginase
EI)  and l-asparaginase immobilized to polyaniline nanofiber (EI-PANI), using
ineweaver–Burk plot.

ixed in 1 mL  of tris-buffered solution of pH 8.5, 1 mL  of distilled
ater and 0.1 mL  of 186 mM of l-asparagine, a substrate, sep-

rately. The increased absorbance recorded at 436 nm indicated
n enhanced activity of immobilized l-asparaginase on the PANI
anofibers. Additionally, the l-asparaginase activity increased with
n increase in asparagine concentration up to 18 �mol  mL−1; any
urther increase in enzyme concentration did not show any signifi-
ant change. The values of the kinetic parameters (Km and Vmax)
ere determined by an analysis of the Lineweaver–Burke plot

Fig. 10). The Km value for an enzymatic reaction determines the
ffinity of the enzyme for the substrate, whereas the value of Vmax

rovides the maximum rate of enzyme reaction when the enzyme
s saturated by the substrate. The smaller value of Km indicated
n increased affinity of the enzyme for the substrate. The values
f Km in the present enzymatic assay were found to be 1.809 and
.705 mM L−1 for the immobilized and free l-asparaginase, respec-
ively. The value of Vmax (90.57 �M min−1 mg−1) obtained for the
ovalently immobilized l-asparaginase was one order of magnitude
igher than that of free l-asparaginase (48.04 �M min−1 mg−1).
owever, the value of Km for the covalently immobilized l-
sparaginase was 2.05 fold lower in magnitude in comparison with
he value obtained for free l-asparaginase indicating more affinity
owards substrate binding.

. Conclusions

Enzyme–nanofiber composites provide numerous advantages
ver costly unbound enzymes in various fields of study and
evelopment, including food, pharmaceutical and bioremedia-
ion processes. In this study, we report greater activities of
he enzyme l-asparaginase for catalysis of l-asparaginase when
mmobilized on polyaniline nano sized fibers compared to
ther supports like fibroin nanoparticles, carboxymethyl kon-

ac glucomannan–chitosan nanocapsules, chitosan modified by
oly(ethylene glycol) [25–27],  activated carbon [28], polysaccha-
ide levan [29], polyacrylamide gel [30] natural silk sericin protein
31] or polyethylene glycol hydrogel [32]. This report describes

[
[

[

sis B: Enzymatic 74 (2012) 132– 137 137

the enhanced activity, reusability and sustainability of the l-
asparaginase enzyme with temperature and pH variations after
immobilization on environmentally stable polyaniline nanofibers,
which is a novel aspect of this work with respect to previous reports.
The enhanced activity may  be due to conformational changes of
the enzyme upon ionic interactions with the polyaniline nanofiber.
Conducting nanofibers as immobilization matrices show superior
properties over other carrier materials, such as their environmental
stability (high stability to extremes of temperature, pH and resis-
tance towards microorganisms), direct electron transfer capability
between an enzyme and a polymer, ease of preparation, higher
enzyme loading per unit mass with reduced diffusion resistance
with a shortened path for substrate diffusion, higher conductivity
and more facile fabrication.

Using FT-IR, TEM, XPS and XRD analyses, this study has shown
that the polyaniline nanofiber supported enzyme is more stable
and more active than the free enzyme. After immobilization, the
Km value of the enzyme is significantly smaller than that of the
free enzyme. The effects of reaction temperature and pH on the
enzyme activity profile were also investigated and it was  shown
that changes in pH have a greater impact than temperature effects.
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