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ABSTRACT

Burkholderia pseudomallei (Bps) is a Gram-negative bacterium that causes melioidosis,
an infectious disease of animals and humans. This disease has high incidence in northern and
north-eastern parts of Thailand. Successful treatment of melioidosis is difficult due to high
intrinsic resistance of Bps to most antibacterial agents. It has been studied that the antimicrobial
resistance of this organism may result from poor permeability of the active compounds through
porin channels located in the outer membrane (OM) of the bacterium. In previous work, a 38-
kDa protein, namely “BpsOmp38”, was isolated from the OM of Bps. A topology prediction and
liposome-swelling assay suggested that BpsOmp38 comprises a B-barrel structure and acts as
a general diffusion porin. The present study employed planar black lipid membrane (BLM)
reconstitution to demonstrate the single-channel conductance of the trimeric BpsOmp38. High-
time resolution BLM measurements displayed ion current blockages of each antimicrobial agent
in a concentration-dependent manner with the translocation on-rate (k,,) following the order:
norfloxacin>> ertapenem > ceftazidime > cefepime > imipenem > meropenem >> penicillin G.
The dwell time of a selected antimicrobial agent (ertapenem) decayed exponentially with
increasing temperature. The energy barrier for the ertapenem binding to the affinity site inside
the BpsOmp38 channel was estimated from the Arrhenius plot to be 12 kT and for the
ertapenem release to be 13 kT at +100 mV. Topology prediction suggested that Tyr-119,
located in the middle of the pore, may act as a pore-constricting residue that controls the
permeability of hydrophilic species through BpsOmp38. Antibiotic susceptibility assay showed
that the Omp-deficient E. coli expressing BpsOmp38Y119A and Y119F mutants were more
susceptible to meropenem and ceftazidime, but less susceptible to doripenem when compared
with the susceptibility of E. coli expressing BpsOmp38 wild-type. Liposome-swelling assay
suggested that the permeability rate of neutral sugars through the BpsOmp38 variants increased
as the molecular weight of the sugar decreased. However, the permeation of antibiotics through
the BpsOmp38 porins showed modest correlation between the molecular weight and the
diffusion rates. The result suggested that not only the pore diameter, but the interactions
between the antibiotic and the residues lining the pore interior also play an important role in the

molecular uptake through BpsOmp38.
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Black Lipid Membrane (BLM) studies have been published on the functional characterization
of various bacterial porins, however, to the best knowledge of the applicant there is nothing
available yet on porins that come from the bacterium that causes melioidosis. With the clinical
relevance of this disease, the high antibiotic resistance of Burkholderia pseudomallei (Bps)
strains, and the risk for an abuse of the Bps microorganism as biological weapon, an
assessment of the basic structural and functional properties of the Bps porin and an
evaluation of their role in the establishment of antibiotic resistance are certainly of importance

to health science and pharmaceutical industry.
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Cloning, expression, and generation of relevant mutants of Bps porin.

2. BLM measurements with both the native and mutated BpsOmp38 porin.
3. Thorough analysis of the outcome of BLM measurements and examination of the
effects of point mutations on the functional characteristics of Bps porins in terms of
e.g. the permeability for relevant ions, sugars, and antibiotics.
4. Investigation of the important residues that are responsible for the molecular uptake
through Bps channels.
321ilg125998

The research will be carried out as follows:

1.

2.

3.

10.

Literature review and database search

Recombinant expression in E. coli and purification of BpsOmp38
Refolding of BpsOmp38 in the presence of appropriate detergent and further
purification

BLM measurements of ion transport through BpsOmp38 porin

BLM measurements of sugar transport through BpsOmp38 porin

BLM measurements of antibiotic transport through BpsOmp38 porin
Point mutations of BpsOmp38 porin

Confirmation of correct mutation by DNA sequencing and recombinant
expression of the mutated Omp porins

BLM measurements of ion/sugar/antibiotic transports through mutated
BpsOmp38 porin

Data analysis and preparation of manuscripts and final report
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Burkholderia pseudomallei (Bps) is a Gram-negative bacterium and pathogen that triggers
melioidosis, an infectious disease that is primarily a problem in tropical and subtropical regions,
especially southeast Asia and northern Australia, and reason for significant counts of fatalities [1,2]. B.
thailandensis (Bth) is a homologue of Bps but not infectious. As all Gram-negative bacteria, both Bps
and Bth are delimited by an outer lipid bilayer membrane (OM) that is at the same time cell wall and
effective barrier against the free diffusional exchange of hydrophilic solutes between the cytosol of the
microorganisms and their surroundings. In- and outward movements of e.g. ions, sugar nutrients or
amino acid metabolites through the outer membrane of a bacterium is, however, essential for the
maintenance of a balanced intracellular environment and typically controlled by passive diffusion
through transmembrane protein channels (porins) or by means of active pump-like transporter proteins.
Bacterial porins are, in general, made of 3-barrel proteins that insert as trimers into the OM to form
water-filled channels through which molecules can diffuse [3-4,5]. Representing the first gateway for
substances into bacterial cells, porins fulfill a number of modulatory physiological functions and thus
are intensively studied for fundamental reasons to get a better understanding of this type of membrane
trafficking and for practical applications in pharmaceutical research to explore opportunities for optimal
drug delivery to intracellular target sites.

In an earlier work, two 38 kDa integral outer membrane proteins of Bps and Bth, in the following
named BpsOmp38 and BthOmp38, were isolated and purified in non-denatured and entirely functional
conformation from whole-cell lysates [6,7]. As well, the genes encoding for BpsOmp38 and BthOmp38
were cloned and sequenced with their nucleotide sequences discovered to be 99.7% identical. MALDI-
TOF (Matrix-Assisted Laser-Desorption lonization-Time of Flight) and ESI (ElectroSpray lonization)
mass spectrometry on the two purified Burkholderia proteins showed a broad sequence similarity to
the OpcP1 porin from Burkholderia cepacia. By means of secondary structure analysis via FTIR
(Fourier-Transform InfraRed) spectroscopy it was furthermore possible to resolve the typical R-sheet
structure of bacterial porins for both BpsOmp38 and BthOmp38 proteins. With proteoliposomes
reconstituted from BpsOmp38 and BthOmp38 (native or refolded) in common phospholipids, it was
demonstrated via the conventional liposome swelling assay that both proteins showed fairly similar
permeability for a set of small saccharides (molecular masses, M,, between about 180 and 660) and
antibiotics (M, between about 380 and 780), with the rate of diffusion linearly decreasing with
increasing M. of the diffusing species. The latter finding provided a further hint that the refolded trimers
of BpsOmp38 and BthOmp38 proteins were porins. Finally, a topology prediction and molecular

modelling strongly suggested that the newly-isolated and cloned porins most likely fold as a 16-



stranded [-barrel with eight loops and eight turns, expressing closest structural similarity to an anion-
selective porin from Comamonas acidovorans [8].

Successful medical treatment of melioidosis has been demonstrated difficult owing to the well
recognized high resistance of Bps to a variety of antibiotics, including R-lactams, aminoglycosides,
macrolides, and polymyxins [9-11]. It has been suggested for Bps and other bacterial species that their
antibiotic resistance may be induced by a limitation of the permeability of the active compounds
through the porin channels in the outer membrane of the bacterium [12-15]. Although liposome-
swelling assay [16] is frequently used for permeability studies with porins, a more suited technique to
obtain structural and functional information is electrophysiology, as this technique allows channel
properties, including pore size, ion selectivity and gating to be measured more accurately. More
recently, high resolution electrophysiology known as black lipid membrane (BLM) measurements had
been applied to investigate in detail the permeation of single molecules through the porin channel [17]
and a similar method could also be used to quantify the permeation of antibiotic molecules.

First BLM measurements in an own-newly established experimental setup in the laboratory at the
Suranaree University of Technology have been successfully conducted with an outer membrane porin
(VhOmp) from Vibrio harveyi, a pathogenic bacterium that causes fatal Vibriosis in marine animals [18].
Later, the preliminary BLM measurements confirmed the porin nature of the refolded trimers of
BpsOmp38 and BthOmp38 and proved the inserted units functional as ion channels. Figure 1 is
displaying representative fractions of typical BLM recordings (I vs. t traces) with the two porins. The
ionic currents through Bps and Bth channels appeared in the high-resolution electrophysiology
measurements about equal in amplitude but multiple times smaller than the ones that are measured
under same conditions with for instance the well-studied bacterial OmpF porins. Also in contrast to the
OmpF porins, the Bps and Bth channels did not remain open long but fluctuated rapidly between the
open and closed states. A comparison of the behavior of the Bps and Bth porins suggested that the
Bps variant in average displayed a higher ratio topen/iclosed of the opening to closing times. The
observed channel characteristic may be sign of the distinct character of Bps and Bth porins, however,

more intense studies and a thorough statistics are needed for proper validation.

2. 95N NAaa9

2.1. Cloning and site-directed mutagenesis

The genes encoding full-length BpsOmp38 was isolated from genomic DNA of B.
pseudomallei and cloned into the pGEM-T easy vector as described previously [7]. Since the
BpsOmp38 expressed from prvious work was not solubilized and it was tedius to obtain the functional
protein by the refolding protocol. Therefore, in this study we set out a new cloning strategy by
including a signal peptide sequence at the 5’-end of the BpsOmp38 DNA so that the expressed
BpsOmp38 could readily insert in the cell wall of the E. coli expression host. This protein was also

engineered to have hexahistidine residues tagged at the C-terminus to aid purification. To do so, the
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recombinant plasmids, designated pGEM-T-BpsOmp38, was used as templates for PCR amplification
of the BpsOmp38 fragments. The forward primer included the initiation codon ATG following an Ncol
restriction site and the nucleotides that encode BpsOmp38 has a signal peptide fragment. The reverse
primer included an Xhol restriction site following the nucleotides that encodes BpsOmp38 having six
histidine residues attached to its C-terminal end. The primer sequence are: Ncol (sequence underlined)
forward primer, 5-TACCATGGCAAATAAGACTGATTGTTG-3’; Xhol (sequence underlined) reverse
primer, 5-TACTCGAGGAAACGTGACGCAGACC-3'. Gene amplication was carried out with Pfu DNA
polymerase in a GeneAmp® PCR System 9700 termocycler (PE Applied Biosystems, Foster City, CA,
U.S.A.). The PCR product of expected size (1.1 kb) was purified using PureLinkTM Genomic DNA Kits
(Invitrogen, Gibthai Company Ltd., Bangkok, Thailand), then digested with the corresponding
restriction enzymes to generate cohesive ends. The 1.1-kb DNA fragment was re-extracted from an
1% agarose gel. The purified DNA fragment was subsequently ligated to the plasmid pET23d(+)
previously digested with the same restriction endonucleases and transformed into E. coli host strain
DH5C, according to the standard protocol.

For site-directed mutagenesis, the pET23d(+) plasmid harboring the BpsOmp38/His, DNA
fragment was used as DNA template. Mutations of the desired nucleotides were carried out using the
PCR-based strategy. For BpsOmp38 mutant Y119A, the mutagenic primers are 5'-
CTGGGCCGTCAGGCCGACGCAACCCAAGAC-3 (forward primer) and 5-
GCTTTGGGTTGCGTCGGCCTGACGGCCCAG-3’ (reverse primer). For BpsOmp38 mutant Y119F, the
forward primer is 5-GGGCCGTCAGTTCGACGCAACCCAAG-3' and the reverse primer is 5'-
CTTGGGTTGCGTCGAACTGACGGCCC-3'. Sequences underlines represent the mutated codons. The
PCR product was digested with Dpnl to remove the non-mutated parental DNA strand. The Dpnl-
treated DNA was transformed into E. coli XL1-Blue supercompetent cells. The recombinant plasmids
obtained from positive colonies were extracted, using Qiagen Plasmid Miniprep kit (QIAGEN,
Germany). The recombinant plasmid, designated pET23d(+)/BpsOmp38Y119A and
pET23d(+)/BpsOmp38Y119F, were re-transformed into E. coli DH5 cells. To verify correct mutation,
the nucleotide sequences of sense an anti-sense strands of the PCR fragments were determined by

automated sequencing (First BASE Laboratories Sdn Bhn, Selangor Darul Ehsan, Malaysia).

2.2. BpsOmp38 expression and purification

The E. coli strain BL21 (DE3) Omp8 Rosetta was a gift from Ralf Koebnik, Laboratoire
Génome et Développement des Plantes, Universit € de Perpignan via Domitia, Montpellier, France.
This strain of E. coli does not express major outer membrane proteins: LamB, OmpA, OmpC and
OmpF [19]. The cells were transformed with the recombinant plasmid pET23d/BpsOmp38. Purification
of the recombinant BpsOmp38 followed a modified version of protocols described by Garavito and
Rosenbusch [20] and Rosenbusch [21]. In brief, transformed cells were grown at 37°C in Luria-Bertani
(LB) liquid medium containing 100 pg/ml ampicillin. At an OD,,, reading of 0.5, IPTG (isopropyl B-D-

thiogalactoside) was added to a final concentration of 0.4 mM. Cell growth was continued for a further
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6 h and then cells were harvested by centrifugation at 2,948 xg for 10 min. The cell pellet was
resuspended in buffer containing 20 mM Tris-HCI, pH 8.0, 2.5 mM MgCl,, 0.1 mM CaCl,, 10 ug/ml
DNase | and 10 pg/ml RNase A and then disrupted using a high-pressure homogenizer (EmulsiFlex-
C3, Avestin Europe, Mannheim, Germany). The recombinant BpsOmp38 was further extracted from
the peptidoglycan layer using sodium dodecyl sulfate (SDS)-containing solutions based on a procedure
reported by Lugtenberg and Alphen [22]. Briefly, SDS was added to the cell suspension to a final
concentration of 2% (v/v) and incubation carried out for 1 h at 60°C with gentle shaking. The crude
extract was then centrifuged at 40,000 xg for 60 min at 4°C. The pellet, which at this stage included
the cell envelopes, was re-suspended in 20 mM phosphate buffer, pH 7.4 (PBS), containing 0.125%
(v/v) octyl-POE (n-octyl-polyoxyethylene; ALEXIS Biochemicals, Lausanne, Switzerland). The
suspension was incubated at 37°C with gentle shaking for 60 min and then centrifuged at 100,000 xg
at 4°C for 40 min. The new pellet, now rich in outer membranes, was re-suspended in 20 mM
phosphate buffer, pH 7.4 containing 3% (v/v) octyl-POE and the suspension incubated at 37°C with
shaking at 250 rpm for 1h to solubilize the porin. Insoluble material was removed by centrifugation at
100,000 xg at 20°C for 40 min and the porin-rich supernatant concentrated using Amicon Ultra-15
centrifugal filter devices with a nominal MW limit of 30 kDa (Millipore, Schwalbach, Germany). Amicon
centrifugal filters were also used to exchange the original preparation buffer with 20 mM PBS,
containing 1% (v/v) octyl-POE. Aliquots of the final protein sample were used for absorbance
measurement at 280 nm for the determination of protein concentration using NanoDrop-T 1000
Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, U.S.A) and for SDS-polyacrylamide gel

electrophoresis (SDS-PAGE) for the assessment of sample purity.

2.3. Lipid bilayers measurements and single channel analysis

The following chemicals were used: NaCl, KCI, MES, n-pentane, hexadecane (Sigma-Aldrich,
Hamburg, Germany); ceftazidime, norfloxacin, penicillin G, (Sigma-Aldrich); cefepime, imipenem,
meropenem and ertapenem (Basilea Pharmaceutica Ltd, Basel, Switzerland); 1, 2-diphytanoyl-sn-
glycero-3-phosphatidylcholine (DPhPC) (Avanti Polar Lipids, Alabaster, AL, U.S.A). Double distilled
and deionised water was used to prepare chemical reagents and the freshly-made solutions passed
through a 0.4-um filter. The drug stock solutions for translocation experiments were prepared with 1 M
KCI in electrolyte buffer (20 mM phosphate buffer, pH 7.0 or in 20 mM HEPES, pH 8.0). Lipid bilayer
measurements and single channel analysis were performed as described elsewhere [23,24]. Briefly, a
cell with a 40-60 ym diameter aperture in a 15 pum-thick Teflon partition provided a two-compartment
black lipid membrane (BLM) chamber and two silver-silver chloride electrodes at either side of the
dividing wall allowed voltage control of solvent-free planar lipid bilayers that were formed using a
solution of DPhPC in pentane. Low levels of the study BpsOmp38 channel were introduced to the cis-
or trans side of the bilayers by adding the protein stock solution of about 1-2 ng/ml containing 1%

(v/v) octyl-POE (Alexis, Switzerland). In the trials addressing the temperature dependence of drug
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translocation, a peltier element (Dagan Corporation, Minneapolis, MN, U.S.A) was used for accurate
temperature regulation of the BLM chamber. At an applied transmembrane voltage of + 200 mV,
spontaneous channel insertion was usually obtained within a few minutes after adding the protein
solution. Conductance measurements were performed using an Axopatch 200B amplifier (Molecular
Devices, Sunnywale., CA, U.S.A.) in the voltage clamp mode and the internal filter at 10 kHz.
Amplitude, probability, and single channel analyses were performed using pClamp v.10.0 software
(Molecular Devices). Control experiments (refer to Supplementary S3, upper left recording) showed no
dependence of the BpsOmp38 conductance and open channel noise on the presence of the buffer
alone.

Black lipid bilayer measurements with BpsOmp38 from an earlier preparation with mass
spectrometry (MS) identification established that the single-channel conductance of the targeted
reconstituted protein channel is about 2.7 nS £ 0.3 nS in 1M KCI. A channel of identical conductance
also routinely appeared when freshly formed solvent-free DPhPC bilayer membranes were exposed to
the protein prepared by the procedure described in the preceding section. Accordingly, translocation of
drug molecules was analyzed in recordings of this particular channel. Another channel that frequently
incorporated during the BLM experiments was not used for the translocation studies after its small

conductance (0.3 nS in 1 M KCI) and MS data suggested it was a maltoporin.

2.4. Porin homology modelling

The structural model of recombinant BpsOmp38 was built based upon the Modeller suite of
programs [25]. Initially, several iterations of the PSI-BLAST protein sequence search program in the
pdb database were performed to allow detection of remote homologues of the BpsOmp38 porin. Only
the templates with non-redundant structures were kept and further used for building the homology
model. Such templates included the pdb codes 3K1B (OmpF), 2IXX (OmpC), 1E54 (Omp32), 10SM
(Ompk36) and 3A2R (PorB). A multiple-sequence alignment revealed a complete coverage of the
homology sequence, although only about 24% sequence identity was observed between the
BpsOmp38 and the template amino acid residues. Fifty structural models of the BpsOmp38 trimers
were further generated by the Modeller program, from which the “representative model”, was defined
as the one that minimized both the overall ‘Modeller objective function’ and the ‘Dope score evaluation
function’. Finally, the “final best model” was assessed with the energetic based validation suite ProQ
[26] and the geometric based PROCHECK, with the latter showing only 2.8% of Ramachandran

disallowed regions, and absence of close (or "bad") contacts.

2.5. Liposome swelling assay

Trimeric BpsOmp38 channel was reconstituted into liposomes as described previously [27,28].
E. coli total lipid extract was used to form liposomes and 15% (w/v) dextran (M, 40,000) was entrapped
in the liposomes. The size of the formed liposomes was checked using a Nano-ZS ZEN3600 zetasizer.

The isotonic solute concentration was determined with different concentrations of raffinose solution
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(prepared in 20 mM HEPES buffer, pH 7.5) added into the protoliposome suspension. The value
obtained for isotonic concentration of raffinose was used as an approximation to facilitate the
adjustment of isotonic concentrations for different solutes. Twenty microliters of liposome or
proteoliposome solution was diluted into 500 pL of the isotonic test solution in a 1-mL cuvette and
mixed manually. The initial swelling rate upon addition of the isotonic sugar solutions was monitored
using a UV-Vis spectrophotometer with the wavelength set at 500 nm. The absorbance change over
the first 60 sec was used to estimate the swelling rate (3'1) following the equation: D[ 1= (1/A,)dA/dt, in
which D is the swelling rate, A the initial absorbance, and dA/dt the rate of absorbance absorbance
change during the first 60 s. The swelling rate of each sugar was normalized by setting the rate of
arabinose (Mr 150.1) to 100%. The values shown are averages obtained from four to six
determinations. Protein-free liposomes and proteoliposomes without sugars were used as negative
controls.The tested sugars included L-arabinose (M, 150), D-glucose (M, 180), D-mannose (M, 180), D-
galactose (M, 180), GIcNAc (N-acetylglucosamine; M, 221), D-sucrose (M, 342), D-melezitose (M, 522)
and D-stachyose (M, 667). Antibiotics that are potentially used for melioidosis treatment included
gentamicin (M, 709), ceftazidime (M, 637), cefepime (M, 572), cefotaxime (M, 477) and meropenem (M,
383).

2.6. Antibiotic susceptibility tests

MIC values were determined in triplicate by a standard 2-fold broth dilution method using
Mueller-Hinton (MH) broth according to the CLSI (Clinical and Laboratory Standards Institute)
guidelines. Bacterial growth in the presence of varied concentrations of antibiotics were evaluated after
24 hr of incubation at 37 °C and classified according to the Antibiogram Committee of the French
Society for Microbiology [29]. Different clasess of antibiotics were tested, included penicillin,
dicloxacillin, cefoxitin, cefpime, doripenem, ciprofoxatin, enrofloxacin, meropenem, imipenem,
amoxycillin, ceftazidime, co-trimoxazole, gentamicin, kanamycin and norfloxacin. MIC values were
determined in the presence and absence of phenylarginine-B-naphthylamide (PABN), a well-known
efflux pump inhibitor acting on members of the RND efflux pump family of Gram-negative bacteria.
Recombinant plasmids were transformed into E. coli BL21 (DE3) Omp8 Rosetta strain. B.
pseudomallei and B. thailandensis were streaked on LB agar plate and incubated at 37°C for 16 hr.
Single colonies of bacteria were grown in 5 ml of MH (Mueller Hinton) medium and incubated at 37°C
for 16 hr. The starter cultures were diluted to ODg,, of approximately 0.08-0.1 (104-105 CFU/ml) in MH
broth. After that, 10 ul of cells were pipetted into 100 ul of the diluted antibiotic and incubated at 37°C

for 24 hr. The growth of overnight culture was monitored by ODg.
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3. Nan13lguazanisiy

3.1. Channel properties of BpsOmp38

We previously reported the recombinant expression of the BpsOmp38 gene in E. coli BL21
Origami (DE3) cells. The recombinant BpsOmp38 protein, which was in form of inclusion bodies, was
further refolded into trimeric form using 10% (w/v) ZwittergentmI 3-14. In the present study, the
BpsOmp38 gene, including a 20-amino acid signal peptide fragment, was subcloned into a pET23d(+)
vector so it could be incorporated and fully expressed as a fully functional trimeric protein in the cell
wall of the E. coli BL21(DE3) Omp8 mutant strain. After extraction by 2% (w/v) SDS and solubilisation
in 1% (v/v) octyl-POE, SDS-PAGE analysis demonstrated migration of the extracted porin as a protein
band with an apparent MW 100 kDa (Fig. 1, lane 2). This was assumed to be the trimeric form of
BpsOmp38. Upon heat treatment at 100°C for 10 min, the presumed trimer was denatured and a new

band with apparent MW of 35 kDa appeared as expected for the BpsOmp38 monomer (Fig. 1, lane 3).
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Fig. 1 SDS-PAGE analysis of recombinant BpsOmp38.
Track 1: low molecular weight protein markers (PageRuler, Fermentas Inc., U.S.A); Track 2: intact BosOmp38
trimers under non-denaturing conditions; Track 3: BpsOmp38 subunit after denaturing at 100°C for 10 min.
When BpsOmp38 was reconstituted in stable DPhPC lipid bilayers, the study protein (porin)
behaved like an ion channel and allowed a specific current flow under controlled voltage application.
Using the solvent-free BLM recordings, single trimeric BpsOmp38 units in the bilayer membrane
showed a characteristic conductance of 2.7£0.3 nS in 1M KCI/20 mM HEPES, pH 8.0 but the
channels were prone to close at high transmembrane potentials (above +100 mV). A typical
membrane current recording that was obtained for a single trimeric BpsOmp38 channel at an elevated

transmembrane potential of +150 mV is shown in Fig 2.
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100 pA

1000 mS

Fig. 2 Trimeric BpsOmp38 porin from Burkholderia pseudomallei.
A single channel recording of the BpsOmp38 reconstituted in solvent-free DPhPc membranes. A three-step

closure was induced by increasing the applied voltage to +150 mV.

Within the time-span of a few seconds, the fully open BpsOmp38 channel changed
sequentially by a three-step process into the fully closed state. This process appeared as a three-
stage decrease in conductance signal and confirmed once again the trimeric channel organization that
had already been suggested by the SDS-PAGE gel analysis (Fig. 1). The biological relevance of the
successive closure of the individual units of multimeric bacterial porins is poorly understood, bearing in
mind that, in vivo, the potential difference across the bacterial outer membrane is usually negligible.
On the other hand, parameters such as pH, ion composition of the internal and external cell milieu and
pressure influence, to a certain extent, the membrane potential and response to variations of these
factors may contribute to the physiological significance of channel closing.

To study the translocation of drug molecules through the isolated porin, a potential was
applied across the incorporating lipid membranes at which reconstituted BpsOmp38 channels
predominantly existed in their fully open state. lon current blockages through the open channels were
then analyzed after applying the selected antimicrobial agent to either the cis or trans side of the
bilayer. Drug translocation trials were performed with a set of antimicrobial agents including three R-
lactam antibiotics (penicillin G, meropenem, imipenem), two cephalosporins (cefepime, ceftazidime),

one fluoroquinolone (norfloxacin) and one carbapenem (ertapenem) (Fig.3).
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Fig. 3 Chemical structures of seven antimicrobial agents used in this study.

With the exception of penicillin G, all the test antimicrobial agents interacted with the
BpsOmp38 channel in such a way that spontaneous fast fluctuations of the BLM membrane current
were induced (Fig. 4). Overall, the number of current deflections in the recording of certain length

varied linearly with concentrations that were independent of the type of antibiotic tested.

Contral 10mM PenidllinG {[Hadtam) 10nM Coftzdd me [cophalosportv)
+10mV ‘ +100 m¥ ‘ +1ml |mV " |

10mM Ertapenem {carhapenam} Imid No-floadn {Huooqu nakane}

-100 mv
+160 mV

Fig. 4 Antibiotic translocation through BpsOmp38.
The blockages of ion currents through BpsOmp38in the presence of various antibiotics. One compound per

class of antibiotics is presented. Direction: cis to trans Electrolyte: 1 M KCI/20 mM HEPES, pH 8.0
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The rates of channel entry and exit are critical factors in the net flux of an antibiotic through a
bacterial Omp pore. The BLM-based observation of the molecular interaction of ertapenem with the
BpsOmp38 channel at various temperatures and concentrations allowed calculation of: i) the drug
binding kinetics and the second-order on-rate constant k,, (M_1s_1), ii) the first-order off-rate constant
Kot (s_1), and iii) the equilibrium binding constant K (the ratio of k,/k.; M-1). Table 1 gives a
comprehensive list of the three parameters k,,, k. and K for all seven antimicrobial agents whose
translocation through the BpsOmp38 channel was investigated in the present study (blockage
characteristics of the ion flow through BpsOmp38 by representatives of each class of the antimicrobial
agents).

Table1. Kinetics of antibiotic translocation through BpsOmp38

Antibiotic Koniere) (8M7) Kottis) ()
Penicillin G nd.” n.d.
Meropenem 250 6,700
Cefepime 420 5,500
Imipenem 830 6,700
Ceftazidime 4,200 7,000
Ertapenem 22,000 5,500
Norfloxacin 300,000 20,000

Note that ion blockage by ertapenem applied to the cis side of the lipid membrane at a
transmembrane potential +100 mV occurred with k,, = 8,200 M's' and a binding constant of about
1.2 M. These values reasonably agree with those for the interaction of ertapenem with the major
Enterobacter aerogenes Omp36. Furthermore, the off-rates did not vary significantly for this panel of
antimicrobial agents, while a ranking of k,, and K saw the three R-lactam antibiotics with rather low
values that were clearly at the bottom end, the two cephalosporin drugs in the middle, and
carbapenem and fluoroquinolone antibiotics in top positions. Greater values of k., and K indicated that
translocation of the newer class of drugs through the BpsOmp38 pore took place more rapidly.

Effects of temperature on the translation rate of the selected antibiotic (ertapenem) were
investigated. For a given concentration of ertapenem, additions to the trans side led to about a two-
fold higher number of blocking events than to the cis side. BLM measurements between 5°C and 45°C
in the presence and absence of the antibiotic demonstrated that temperature had a strong impact on

the rate of ertapenem permeation through the BosOmp38 channel (Fig. 5).
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Fig. 5 Effect of temperature.

An increased number of blockage events was observed upon increases in temperature from 5, 10, 15, 20, 25,
30, 35, 40, and 45 °C. On the other hand, the dwell time of ertapenem translocation decreased exponentially
with increasing temperatures. Here, only the BLM recordings at 5, 25 and 45 °C are presented. The single

channel recordings were recorded at +100 mV.

At non-physiologically low temperature of 5 oC, relatively few membrane current blockages
with rather long blocking times of over 1 ms were observed. Increasing the temperature to 45 °c
increased the frequency of current deflections and at the same time lessened the dwell time (T) of the
penetrating molecules. Average dwell time (T) values for defined conditions in terms of temperature
and concentration were obtained through a statistical analysis of raw BLM data and a single-
exponential fitting of blockage time histograms as exemplified in Fig. 6 for the ertapenem interaction

with BpsOmp38 measured at 25 °C.

Fig. 6 Dwell time histogram.
Ertapenem (10 mM) was added on the cis side of the lipid membranes. The average dwell time was obtained

when the data was fitted using the standard exponential curve fit available in pClampfit v10.0.
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The average dwell time of ertapenem molecules inside of BpsOmp38 channel decreased
exponentially with increasing temperature and did not depend on the actual concentration of the
applied antibiotic; nor was it influenced by the side of the antibiotic addition. The latter two properties
support the existence of a single affinity site for the ertapenem molecules in the BpsOmp38 channel.
Temperature dependence measurements were used to calculate the free energy profile of transporin
antibiotic permeation. For ertapenem, the effective energy barriers (E) to reach and cross the internal
binding site of a BpsOmp38 channel from the cis (E,,,cis) or trans (E,, trans) side of the bilayer were

estimated from the typical Arrhenius plots (Fig 7A).

Fig. 7 Arrhenius plots for the ertapenem translocation through BpsOmp38 protein pores.
A. The logarithmic values of the on-rate and off-rate constants obtained from
both cis and trans sides were plotted as a function of temperature.
B. A diagram representing symmetrical values of the energy barriers required for
ertapenem binding and releasing from most likely the identical affinity site localized within

the BpsOmp38 pore.

The analysis of the relevant plots revealed effective energy barriers Eon,cis and Eon,trans,
representing the binding of ertapenem to the affinity site of a BpsOmp38 protein pore at +100 mV

transmembrane voltage were estimated to be 12 kT. The Arrhenius plots for the off rates allowed
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calculation of the effective energy barriers E4cis and E.trans for the ertapenem release from the
affinity site of the BpsOmp38 channel at +100 mV, were 13 kT (Fig. 7B). Estimation of symmetrical
values of the energy barriers required for ertapenem binding and release from cis-to-trans side and
from trans-to-cis side further supports a single affinity site inside the BpsOmp38 channel as earlier on

suggested.

3.2. Structural modeling

The homology model of the porin BpsOmp38 was built based on five different templates
obtained from homologous Gram-negative bacterial porins with non-redundant structures (refer to
Materials and Methods). Despite an observed low-sequence identity (~24%), the overall fold of the
generated BpsOmp38 trimers was found to be conserved. The alignment in Fig. 4A shows that the
target sequence is completely covered by the different templates and that a few insertions and
deletions are all found in the extracellular loops except for the small protrusion of a four-residue loop
in the middle of the second strand of each monomer (Fig.8B). This small protrusion was also reported
in the previously-characterized Omp32 [30].

The BpsOmp38 model was compared with the structure of the porin OmpF, for which the
structure-function relationship of antibiotic translocation has been extensively studied [34]. Compared
with OmpF, however, the amino acid sequences of various regions that participate in pore-forming
properties were found to be different. These include the L3 loop that forms the constriction region of
the channel, the arginine residues at the mouth of the OmpF channel, and the basic cluster in the anti-
L3 side. In case of the BpsOmp38 channel, more acidic residues are observed instead in such regions.
Within the known key residues of OmpF that were aligned with BpsOmp38, segments with conserved
or amino acid substitutions are highlighted (Fig. 8A).

Fig. 8B is a graphic representation of the modelled BpsOmp38 trimeric structure, when
incorporated into phospholipid bilayer membranes. Highlights indicate an obstructing internal protrusion,
as well as the polar to acidic character of certain channel wall residues that point towards the lumen of
the pore. It is predictable that the substitutions from OmpF to BpsOmp38 of the residues: K16V29,
V20D31, K80F108, D113S130, F118W135, R167N187, and R168N188 may have an effect on drug
transport through the BpsOmp38 porin (see Fig.4B). However, this hypothesis has to be confirmed by
a combined approach, including microbiological assays, site-directed mutations and biophysical
measurements, together with molecular dynamic simulations of antibiotic transport as previously

described for OmpF [8,31].
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Fig. 8 The modelled structure of BpsOmp38 based on multiple templates.

A. A multiple alignment of the BpsOmp38 sequence was performed by SALIGN from the Modeller suite
of programs. The pdb codes used as the homology templates are: 3K1B (OmpF); 2IXX (OmpC), 1E54
(Omp32); 10SM (Ompk36); 3A2R (PorB), and the modelled structure of BpsOmp38 (Bps). Highlights are the
conserved residues important for antimicrobial agent translocation of OmpF or OmpC (blue) and the
substituted ones (red). Numbering of the BpsOmp38 residues follows the complete sequence containing the

20-aa signal peptide (not included here) (GenBank accession no: AY312416).
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B. A snapshot of the homology model of BpsOmp38 (top view). The lipid bilayer membrane inserted
around the porin is illustrated by its molecular surface properties. Differences in the known key residues of
OmpF compared to the BpsOmp38 (corresponding to the alignment in Fig.8A) are highlighted with the
residues in “sticks” representation and colored green for polar, blue for positively-charged, and red for
negatively charged. The backbone of the BpsOmp38 porin is displayed in cartoons in order to highlight its

secondary-structure elements with the loop L3 colored in orange.

3.3. Mutations and ion channel activities of mutated BpsOmp38
The BpsOmp38 model showed that the cluster of positively and negatively charged residues are
located on short and long loop of the BpsOmp38 protein The tyrosine at position 119 of BpsOmp38
are observed in middle of the pore (Fig. 9A). This residue was substituted by alanine (Fig. 9B), and

phenylalanine (Fig. 9C), respectively.

Fig. 9 The homology structure of BpsOmp38.
A. BpsOmp38 wild type showing Tyr at position 119. B. Tyr at position 119 was mutated to Alanine. C.

Tyr at position 119 was mutated to Phe.

BpsOmp38 wild-type and mutants were successfully expressed in the E. coli DE3 (Omp8) knockout strain.
When the three porins were inserted into artificial membrane, all could form multiple channels in a step-wise
manner as seen in Fig. 10. Using the solvent-containing BLM, statistical estimation of the pore conductance
obtained from several hundred insertions showed that BpsOmp38Y119A mutant had slightly larger
conductance (1.9 +0.2 nS) than the wild-type porin (1.6 +0.03 ns). On the other hand, mutant
BpsOmp38Y119F had lower conductance (1.5 +0.05 nS) than wild-type’s conductance.
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Fig. 10. Conductance properties of BpsOmp38 wild-type and Tyr119 mutants.

Measurement of BpsOmp38 pore conductances in 1 M KCI. Successive insertion events and histogram of
BpsOmp38 wild-type (A,B), mutant BpsOmp38Y119A (C,D), and mutant BpsOmp38Y119F (E,F) into an
azolectin bilayer at a transmembrane potential of +100 mV were recorded. Lipid bilayers were painted with a
solution of 50 mg azolectin in 1 ml n-hexane and bathed on either side with 1 M KCIl. BpsOmp38 (1 pg) was

added to the 1-ml electrolyte on the cis side to trigger pore insertions.

3.4. Permeability of BpsOmp38 by liposome swelling assay

Diffusion rates of sugars through BpsOmp38 channels were determined by proteoliposome
swelling assay, which indicated the influx of solutes through the proteoliposomes. Liposome swelling
was visualized by recording changes in the scattering signal of the liposome solution, using a
spectrophotometer. Under isotonic condition, the scattering remains constant throughout the
measuring time, indicating neither swelling nor shrinking of the proteoliposomes. Here, we used
raffinose, a branched sugar (M, 504.42) that is unable to diffuse through the porins and arabinose, a
small sugar that always permeates through the channel, for comparison. The relative permeation rates
of neutral sugars are shown in Fig. 11A and B. For BpsOmp38 wildtype, the relative diffusion rate of
the studied sugars was found to decrease as the size of the sugar increased as follows: arabinose (M,
150.1) > galactose (M, 180.1) = glucose (M, 180.1) = mannose (M, 180.1) > GIcNAc (M, 221.2) >
sucrose (M, 342.3) = maltose (M, 342.3) > melezeitose (M, 504.4) > raffinose (M, 594.5). The size
exclusion limit of the BpsOmp38 pores was estimated to be MW < 600. Similar results were observed
with the two mutants. BpsOmp38Y119A mutant was shown to have increased permeation rate due to
its small side chain as compared to the tyrosine side-chain. On the other hand mutant Y119F showed

similar rates due to its indistinguishable side chain to tyrosine. The result of mutant Y119F someway
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indicated that changes in hydrophilicity in the side chain did not affect the permeability of the sugar

through BpsOmp38.

Fig. 11. Liposome swelling assay of BpsOmp38 induced by neutral sugars.

Multilamellar liposomes were reconstituted with purified BpsOmp38 (200 ng). The isotonic concentration was
defined as the concentration of raffinose added into the proteoliposome suspension that did not caus change
in absorbance at 500 nm for a period of 60 s. Permeation of different types of sugars through BpsOmp38
reconstituted liposomes were then tested. (A) The swelling rate was normalized, with the rate of swelling of
arabinose set to 100%. Values presented are averages of 4-6 independent experiments. (B) Relative
permeation rates of sugar through liposomes reconstituted with BpsOmp38 wild type and mutants. The values

are normalized to the permeation rate of L-arabinose and plotted on a logarithmic scale.
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Fig. 12 Liposome swelling assay of BpsOmp38 induced by antibiotics.

Multilamellar liposomes were reconstituted with purified BpsOmp38 (200 ng). The isotonic concentration was
defined as the concentration of raffinose added into the proteoliposome suspension that did not caus change
in absorbance at 500 nm for a period of 60 s. Permeation of different types of antibiotics through BpsOmp38
reconstituted liposomes were then tested. (A) The swelling rate was normalized, with the rate of swelling in
arabinose set to 100%. Values presented are averages of 6 independent experiments. (B) Relative
permeation rates of antibiotic through liposomes reconstituted with BpsOmp38 wild type and mutants. The

values are normalized to the permeation rate of L-arabinose and plotted on a logarithmic scale.

We also compare the permeation of antibitotics through BpsOmp38 variants (Fig.12). The relative
rates of diffusion and molecular weight of antibiotic was not significantly correlated. The diffusion rate
was increased following the order: amoxicillin (M, 365.4) > norfloxacin (M, 319.3) > gentamycin (M,
477.6) > meropenem (M, 383.5) > ceftazidime (M, 546.6). The result suggested that not only the pore
diameter, but the molecular interactions between the antibiotic and the residues lining the pore interior

also play an important role in the molecular uptake through BpsOmp38.

3.5. Antimicrobial agent susceptibility
Antibiotic susceptibility of B. pseudomallei ATCC 23343 and B. thailandensis ATCC 700388 were
carried out using Microdilution method as shown in Table 1. In general, the MIC values of all
antibiotics tested with B. thailandensis were higher than that of B. pseudomallei. Both strains were
categorized as resistant to all antibiotics, as the values compared with breakpoint for resistance

suggested from the CASFM and EUCAST standard. The only exception is B. speudomallei, its MIC



26

value for meropenem (4 ug/ml) and ceftazidime (2 pg/ml) gave an indication that this Bps strain was

sensitive to such antibiotics (breakpoints for sensitive, meropenem < 4 ug/ml; ceftazidime < 4 ug/ml).

Table 1. Antibiotic susceptibility of Bps native strains by micro-dilution method.

Breakpoint MIC (pg/ml)
for resistance B. pseudomallei B. thailandensis

S=< R> - +PABN - +PAPN
Penicillins
Penicillin G <025 > 16" 1024 1024 2048 2048
Amoxycillin <4 > 16" 256 256 2048 2048
Dicloxacillin IE IE 1024 1024 2048 2048
Cephalosporins
Ceftazidime <4 > 32° 2 2 512 512
Cefoxitin <8 > 32° 1024 1024 1024 1024
Cefepime <4 > 32" 512 512 1024 1024
Carbapenems
Meropenem <4 > 8 4 4 16 16
Imipenem <4 > 8 8 8 16 16
Doripenem <1 >4 >2048 >2048 >2048 >2048
Fluoroquinolones
Norfloxacin <1 > 2° 8 8 256 256
Ciprofoxacin <1 > 2° 4 4 128 128
Quinolone carboxylic acid
Enrofloxacin < 0.008 > 0.03" 4 4 128 128
Sulfonamide-Trimethoprim
Cotrimoxazol <2/38  >8/152° 128 128 512 512
Aminoglycosides
Kanamycin <8 > 16° 16 16 128 128
Gentamicin <4 > g 32 32 256 256

aBreakpoints defined in the general recommendations of the 'Comite de I' Antibiogramme de la Societe Francaise de
Microbiologie' (CASFM)

bBreakpoints defined in the general recommendations of the European Committee on Antimicrobial Susceptibility Teasting
(EUCAST)

|IE indicates that susceptibility testing is not recommrnded as the species is a poor target for therapy with the drug

R, Resistant; S, Sensitive

As shown in Table 1, MICs were also determined in the presence of phenylarginine-B-
naphthylamide (PABN), a well-known efflux pump inhibitor acting on members of the RND efflux
pump family of Gram-negative bacteria. The results showed no significant difference in the MIC values
as observed in the presence of PABN, suggesting that the efflux pump does not play a role in the
level of antibiotic susceptibility of B. pseudomallei and B. thailandensis.

Role of BpsOmp38 in antibiotic susceptibility was also tested using Microdilution method

(Table 2). The Omp-deficient E. coli strain BL21 (DE3) Omp8 Rosetta was used to express BpsOmp38
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wild type, BpsOmp38 mutant Y119A and BpsOmp38 Y119F. The results showed that expression of

BpsOmp38 porin in the Omp-deficient E. coli strain increased the susceptibility towards some

antibiotics such as doripenem, kanamycin and gentamycin.

Table 2. Antibiotic susceptibility of recombinant plasmid (pET23d(+) vector) in E. coli Omp8 Rosetta by

micro-dilution method.

MIC (pg/ml)
Without insert Insert BpsOmp38 Wild Insert BpsOmp38 Insert BpsOmp38
type Y119A Y119F

- +PAPBN - +PAPN - +PAPBN - +PABN
Penicillins
Penicillin G >2048 >2048 >2048 >2048 >2048 >2048 >2048 >2048
Amoxycillin >2048 >2048 >2048 >2048 >2048 >2048 >2048 >2048
Dicloxacillin 512 256 512 256 512 256 512 256
Cephalosporins
Ceftazidime 0.5 0.5 0.5 1 0.5 0.5 0.5 0.5
Cefoxitin 8 2 8 4 8 4 8 4
Cefepime 0.5 0.125 0.5 0.25 0.5 0.25 0.5 0.125
Carbapenems
Meropenem 0.25 0.25 0.5 0.5 0.25 0.25 0.125 0.25
Imipenem 4 4 4 4 4 2 4 2
Doripenem 512 128 512 256 512 512 1024 512
Fluoroquinolones
Norfloxacin 0.125 0.0625 0.125 0.125 0.125 0.125 0.125 0.125

< < < < < <
Ciprofoxacin 0.03125 0.03125 0.03125 < 0.03125 0.03125 0.03125 0.03125 < 0.03125
Quinolone carboxylic acid

< < < < < <
Enrofloxacin 0.03125 0.03125 0.03125 < 0.03125 0.03125 0.03125 0.03125 < 0.03125
Sulfonamide-Trimethoprim
Cotrimoxazol 2 1 2 2 2 2 4 1
Aminoglycosides
Kanamycin 128 256 512 512 256 512 256 256
Gentamicin 0.25 0.25 1 2 1 1 0.5 0.5

The MIC values increase follows the tendency: mutant Y119F > wild type > mutant Y119A > E. coli

without BpsOmp38 expressed. The MIC values suggested a significant contribution of the mutant

Y119F to the antibiotic susceptibility of the E. coli strain. Moreover, BpsOmp38 mutant Y119F was

found to exhibit greater resistant to co-trimoxazol (4 pyg/ml) when compared with the MIC breakpoint of

CASFM standard (sensitive < 2 ug/ml, resistant > 8 ug/ml).
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In this study, we cloned the gene encoding outer membrane protein, namely BpsOmp38, of
Burkholderia pseudomallei. A topology prediction and liposome-swelling assay suggested that
recombinant BpsOmp38 comprises a B-barrel structure and acts as a general diffusion porin. Single
channel recordings using planar black lipid membrane (BLM) reconstitution demonstrated that
BpsOmp38 could form a channel with average conductance of 2.7 nS. High time resolution BLM
measurements displayed ion current blockages of seven antimicrobial agents in a concentration-
dependent manner with the translocation on-rate (kon) following the order: norfloxacin >> ertapenem >
ceftazidime > cefepime > imipenem > meropenem > penicilin G. The dwell time of a selected
antimicrobial agent (ertapenem) decayed exponentially with increasing temperature. The energy barrier
for the ertapenem binding to the affinity site inside the BpsOmp38 channel was estimated from the
Arrhenius plot to be 12 kT and for the ertapenem release to be 13 kT at +100 mV. The BLM data
obtained from this study provide the first insight into antimicrobial agent translocation through the
BpsOmp38 channel.

Topology prediction suggested that Tyr-119 may act as a pore-constricting residue that
controls the permeability of hydrophilic species through BpsOmp38. Antibiotic susceptibility assay
showed that the Omp-deficient E. coli expressing BpsOmp38Y119A and Y119F mutants were more
susceptible to meropenem and ceftazidime, but less susceptible to doripenem compared to the E. coli
expressing BpsOmp38 wild-type porin. Liposome-swelling assay suggested that the permeability rates
of neutral sugars through the BpsOmp38 variants increased as the molecular weight of the sugar
decreased. However, the permeation of antibiotics through the BpsOmp38 porins showed modest
correlation between the molecular weight and the diffusion rates were observed as follows: amoxicillin
(M, 365) > norfloxacin (M, 319) > gentamycin (M, 478) > meropenem (M, 384) > ceftazidime (M, 547).
The result suggested that not only the pore diameter, but the interactions between the antibiotic and
the residues lining the pore interior also play an important role in the permeation of those antibitoitcs
through BpsOmp38. In conclusion, the present study demonstrates, for the first time, the ion channel
properties of the outer membrane porin BpsOmp38 derived from the highly virulent and drug resistant
bacterium B. pseudomallei. High-time resolution analysis of different classes of antimicrobial agents
provided initial insights into the transport mechanisms of antimicrobial agents through the BpsOmp38
channel. The results obtained from this study may pave the way for further studies based on
thoughtfully, genetically-engineered BpsOmp38 and those that exploit joint applications of structural,

functional and computational assays to develop highly efficacious drugs against clinical melioidosis.
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ABSTRACT

Burkholderia pseudomallei (Bps) is a Gram-negative bacterium that causes melioidosis, an infectious disease of
animals and humans common in northern and north-eastern parts of Thailand. Successful treatment of
melioidosis is difficult due to intrinsic resistance of Bps to various antibacterial agents. It has been suggested that
the antimicrobial resistance of this organism may result from poor permeability of the active compounds through
porin channels located in the outer membrane (OM) of the bacterium. In previous work, a 38-kDa protein, named
“BpsOmp38”, was isolated from the OM of Bps. A topology prediction and liposome-swelling assay suggested that
BpsOmp38 comprises a 3-barrel structure and acts as a general diffusion porin. The present study employed black
lipid membrane (BLM) reconstitution to demonstrate the single-channel conductance of the trimeric BpsOmp38
tobe 2.7+0.3 nSin 1 M KCL. High-time resolution BLM measurements displayed ion current blockages of seven
antimicrobial agents in a concentration-dependent manner with the translocation on-rate (ko) following the
order: norfloxacin > ertapenem > ceftazidime > cefepime >imipenem> meropenem> penicillin G. The dwell time
of a selected antimicrobial agent (ertapenem) decayed exponentially with increasing temperature. The energy
barrier for the ertapenem binding to the affinity site inside the BpsOmp38 channel was estimated from the
Arrhenius plot to be 12 kT and for the ertapenem release to be 13 KT at + 100 mV. The BLM data obtained from

this study provide the first insight into antimicrobial agent translocation through the BpsOmp38 channel.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Burkholderia pseudomallei (Bps) is a soil-dwelling Gram-negative
bacterium commonly found in Southeast Asia and Northern Australia
and a cause of a deadly disease of mammalian species termed mel-
ioidosis [1-4]. Patients infected with Bps usually develop skin ulcers,
visceral abscesses, pneumonia and septicemia that imperatively
require immediate antimicrobial treatment to avoid fatal progression
of the disease. Very often, antimicrobial treatment is quite a chal-
lenge due to the high intrinsic broad spectrum resistance that most
Bps strains exhibit towards a broad spectrum of antimicrobial agents
including but not limited to p-lactam antibiotics, aminoglycosides,
macrolides, and cephalosporins [1-4]. Due to the high incidence of
drug resistance and very high virulence, Bps is regarded a potential
bioterrorism and warfare agent [5]. As such, this organism has been
listed by the US Centre for Disease Control and Prevention as a

* Corresponding authors.
E-mail addresses: wipa@sut.ac.th (W. Suginta), h.weingart@jacobs-university.de
(H. Weingart).
1 Present address: Biozentrum University of Basel, SIB Swiss Institute of Bioinfor-
matics, 4056 Basel, Switzerland.

0005-2736/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2010.10.018

category B health hazard [6,7]. Clinical and security concerns asso-
ciated with Bps have justified intensive research in attempt to address
the structural and functional organization of this pathogen as a
prelude to the design of novel and efficacious anti-Bps therapeutic
agents. Most of ongoing studies include characterization of biological
and pathophysiological aspects of the agent, unraveling the mecha-
nisms of genomic plasticity and evolution, as well as understanding
the molecular mechanisms underlying drug resistance. The publica-
tion of the sequences of the entire Bps genome [8], as well as data from
drug susceptibility testing [9-12], and recent reports on Bps vaccines
[13-15] are important developments in the search for an effective
anti-melioidosis treatment.

Current scientific evidence suggests that Bps successfully utilizes the
strategy of genetic evolution, modified protein expression and/or
mutation more than most other bacteria. These features underscore
the ability of the pathogen to establish troublesome resistance against
many antimicrobial agents. Some of the mechanisms of drug resis-
tance include: alteration of intracellular drug action sites, generation of
enzymes for the modification and/or complete degradation of drug
molecules within the cytosol, and restriction of intracellular drug
accumulation through impaired uptake and/or enhanced drug efflux
[16-19].
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In the present study, we addressed limitation of cellular drug
uptake which in a number of other bacteria is associated with
reduced molecular transport of the active compounds through
bacterial outer membrane protein (Omp) channels. Also known as
porins, Omp channels are typical B3-barrel protein structures that
independently or as oligomeric units are inserted into the outer lipid
bilayer of the bacterial cell wall to form pores through which
extracellular species can diffuse and gain access to the periplasmic
space and cytosol [20-22]. Membrane trafficking via porins has
been elegantly measured at molecular level using the black lipid
membrane (BLM) technique [23-25]. In BLM experiments, the
parameter measured is the voltage-induced charge flow through an
artificial lipid bilayer membrane that separates two electrolyte
compartments and one that has the study porin artificially inserted.
Recordings of the transmembrane current at microsecond time
resolution enable visualization of insertions of the porin in their open
state as stepwise increases in the signal. Movement of individual
drug/other molecules through a stably open unit is detected by
means of transient current fluctuations derived from physical
channel blockade during the residence time of compounds traveling
through the porin. Mechanistically, bacterial cells can counteract the
influx of drug molecules through reduction of the total number of
porins in their outer membrane, a decrease in the cross-sectional
dimension of the protein channels, and/or through modification of
the electrostatics and/or hydrophobicity of the pore interior through
point mutations of the amino acids lining the protein pores. Quan-
titative correlation of the entry of specific drug molecules with a
firm structural and predictive computational analysis may lead to a
better understanding of the molecular basis of antimicrobial agent
permeability, facilitating the design of effective drugs that have
greater penetrating power [26].

While functional [27-32] and computational [33-35] BLM studies
focused on membrane drug permeation have been performed on
a number of bacterial porins, no similar research has investigated
analogous proteins from clinically important Bps strains. In previous
work, an Omp with an apparent molecular weight (MW) of
38 kDa, referred to as BpsOmp38, was isolated from the Bps cell
wall [36,37]. Topology prediction and molecular modeling suggested
that BpsOmp38 has a p-barrel structure, a feature that is common
among membrane porins. Subsequently, a liposome-swelling assay
on this protein confirmed its channel-forming properties [37]. In
the present study, a detailed functional characterization of the
BpsOmp38 porin by BLM-based single ion-channel analysis is
described. Ion current measurements were carried out in the absence
and in the presence of seven different antimicrobial agents as addi-
tional diffusing species in the membrane-bathing electrolyte. The
differences in the ability of the selected drugs to move through
open BpsOmp38 pores and their kinetic behavior are discussed in the
context of molecular drug/porin interactions.

2. Materials and methods
2.1. BpsOmp38 expression and purification

The E. coli strain BL21 (DE3) Omp8 was a gift from Ralf Koebnik,
Laboratoire Génome et Développement des Plantes, Universit é de
Perpignan via Domitia, Montpellier, France. This strain of E. coli does
not express the major outer membrane proteins LamB, OmpA, OmpC
and OmpF [38]; it was experimentally transformed with the recom-
binant plasmid pET23d.BpsOmp38. Purification of the recombinant
BpsOmp38 followed a modified version of protocols described by
Garavito and Rosenbusch [39] and Rosenbusch [40]. In brief, trans-
formed cells were grown at 37 °C in Luria-Bertani (LB) liquid medium
containing 100 pg/ml ampicillin. At an ODggo reading of 0.5, IPTG
(isopropyl p-p-thiogalactoside) was added to a final concentration of
0.4 mM. Cell growth was continued for a further 6 h and then cells

were harvested by centrifugation at 2948 x g for 10 min. The cell pellet
was resuspended in buffer containing 20 mM Tris-HCl, pH 8.0,
2.5 mM MgCl,, 0.1 mM CaCl,, 10 pg/ml DNase I and 10 pg/ml RNase
A and then disrupted using a high-pressure homogenizer (Emulsi-
Flex-C3, Avestin Europe, Mannheim, Germany). The recombinant
BpsOmp38 was further extracted from the peptidoglycan layer using
sodium dodecyl sulfate (SDS)-containing solutions based on a
procedure reported by Lugtenberg and Alphen [41]. Briefly, SDS was
added to the cell suspension to a final concentration of 2% (v/v) and
incubation was carried out for 1 h at 60 °C with gentle shaking. The
crude extract was then centrifuged at 39,636 x g for 60 min at 4 °C.
The pellet, which at this stage included the cell envelopes, was
resuspended in 20 mM phosphate buffer, pH 7.4 (PBS), containing
0.125% (v/v) octyl-POE (n-octyl-polyoxyethylene; ALEXIS Biochem-
icals, Lausanne, Switzerland). The suspension was incubated at 37 °C
with gentle shaking for 60 min and then centrifuged at 109,564 x g at
4 °C for 40 min. The new pellet, now rich in outer membranes, was
resuspended in 20 mM phosphate buffer, pH 7.4 containing 3% (v/v)
octyl-POE and the suspension incubated at 37 °C with shaking at
250 rpm for 1h to solubilize the porin. Insoluble material was
removed by centrifugation at 109,564 x g at 20 °C for 40 min and
the porin-rich supernatant concentrated using Amicon Ultra-15
centrifugal filter devices with a nominal MW limit of 30 kDa
(Millipore, Schwalbach, Germany). Amicon centrifugal filters were
also used to exchange the original preparation buffer with 20 mM PBS,
containing 1% (v/v) octyl-POE. Aliquots of the final protein sample
were used for absorbance measurement at 280 nm for the determi-
nation of protein concentration using NanoDropT 1000 Spectropho-
tometer (Thermo Fisher Scientific, Wilmington, DE, USA) and for SDS—
polyacrylamide gel electrophoresis (SDS-PAGE) for the assessment
of sample purity.

2.2. Lipid bilayer measurements and single-channel analysis

The following chemicals were used: NaCl, KCl, MES, n-pentane,
and hexadecane (Sigma-Aldrich, Hamburg, Germany); ceftazidime,
norfloxacin, and penicillin G (Sigma-Aldrich); cefepime, imipenem,
meropenem, and ertapenem (Basilea Pharmaceutica Ltd., Basel,
Switzerland); and 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine
(DPhPC) (Avanti Polar Lipids, Alabaster, AL, USA). Double distilled and
deionized water was used to prepare chemical reagents and the
freshly made solutions passed through a 0.4-um filter. The drug stock
solutions for translocation experiments were prepared with 1 M KCI
in electrolyte buffer (20 mM phosphate buffer, pH 7.0 or in 20 mM
HEPES, pH 8.0).

Lipid bilayer measurements and single-channel analysis were
performed as described elsewhere [27-32]. Briefly, a cell with a 40-60
um diameter aperture in a 15-um-thick Teflon partition provided a
two-compartment black lipid membrane (BLM) chamber and two
silver-silver chloride electrodes at either side of the dividing wall
allowed voltage control of solvent-free planar lipid bilayers that were
formed using a solution of DPhPC in pentane. Low levels of the study
BpsOmp38 channel were introduced to the cis or trans side of the
bilayers by adding the protein stock solution of about 1-2 ug/ml
containing 1% (v/v) octyl-POE (ALEXIS, Switzerland). In the trials
addressing the temperature dependence of drug translocation, a
peltier element (Dagan Corporation, Minneapolis, MN, USA) was used
for accurate temperature regulation of the BLM chamber. At an
applied transmembrane voltage of +50 mV, spontaneous channel
insertion was usually obtained within a few minutes after adding the
protein solution. Conductance measurements were performed using
an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA)
in the voltage clamp mode and the internal filter at 10 kHz.
Amplitude, probability, and single-channel analyses were performed
using pClamp v.10.0 software (Molecular Devices). Control experi-
ments (refer to Supplementary S3, upper left recording) showed no
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dependence of the BpsOmp38 conductance and open channel noise on
the presence of the buffer alone.

Black lipid bilayer measurements with BpsOmp38 from an earlier
preparation with mass spectrometry (MS) identification (Supple-
mentary S1) established that the single-channel conductance of the
targeted reconstituted protein channel is about 2.74+0.3nS in 1M
KCI. A channel of identical conductance also routinely appeared when
freshly formed solvent-free DPhPC bilayer membranes were exposed
to the protein prepared by the procedure described in the preceding
section. Accordingly, translocation of drug molecules was analyzed in
recordings of this particular channel. Another channel that frequently
incorporated during the BLM experiments was not used for the
translocation studies after its small conductance (0.3 nS in 1 M KCI)
and MS data suggested it was a maltoporin.

2.3. Porin homology modeling

The structural model of recombinant BpsOmp38 was built based
upon the Modeller suite of programs [42]. Initially, several iterations
of the PSI-BLAST protein sequence search program in the pdb database
were performed to allow detection of remote homologues of the
BpsOmp38 porin. Only the templates with non-redundant structures
were kept and further used for building the homology model. Such
templates included the pdb codes 3K1B (OmpF), 2IXX (OmpC), 1E54
(Omp32), 10SM (Ompk36) and 3A2R (PorB). A multiple-sequence
alignment revealed a complete coverage of the homology sequence,
although only about 24% sequence identity was observed between
the BpsOmp38 and the template amino acid residues. Fifty structural
models of the BpsOmp38 trimers were further generated by the
Modeller program, from which the “representative model” was defined
as the one that minimized both the overall ‘Modeller objective
function’ and the ‘Dope score evaluation function’. Finally, the “final
best model” was assessed with the energetic based validation suite
ProQ [43] and the geometric based PROCHECK, with the latter showing
only 2.8% of Ramachandran disallowed regions and absence of close
(or “bad”) contacts.

3. Results and discussion

We have previously reported the recombinant expression of
the BpsOmp38 gene in E. coli BL21 Origami (DE3) cells [36,37]. The
recombinant BpsOmp38 protein, which was in the form of inclusion
bodies, was further refolded into trimeric form using 10% (w/v)
Zwittergent™ 3-14. In the present study, the BpsOmp38 gene,
including a 20-amino acid signal peptide fragment, was subcloned
into a pET23d(+) vector so it could be incorporated and fully
expressed as a fully functional trimeric protein in the cell wall of the
mutant E. coli BL21 (DE3) Omp8 strain. After extraction by 2% SDS
and solubilization in 1% (v/v) octyl-POE, SDS-PAGE analysis demon-
strated migration of the extracted porin as a protein band with an
apparent MW of 100 kDa (Fig. 1A, lane 2). This was assumed to be the
trimeric form of BpsOmp38. Upon heat treatment at 100 °C for 10 min,
the presumed trimer was denatured and a new band with apparent
MW of 35 kDa appeared as expected for the BpsOmp38 monomer
(Fig. 1A, lane 3).

When BpsOmp38 was reconstituted in stable DPhPC lipid bilayers,
the study protein (porin) behaved like an ion channel and allowed a
specific current flow under controlled voltage application. Single
trimeric BpsOmp38 units in the bilayer membrane showed a
characteristic conductance of 2.740.3 nS in 1 M KCl/20 mM HEPES
pH 8.0 but the channels were prone to close at high transmembrane
potentials (above 4100 mV). A typical membrane current recording
that was obtained for a single trimeric BpsOmp38 channel at an
elevated transmembrane potential of + 150 mV is shown in Fig 1B.
Within the time span of a few seconds, the fully open BpsOmp38
channel changed sequentially by a three-step process into the fully
closed state. This process appeared as a three-stage decrease in
conductance signal and confirmed once again the trimeric channel
organization that had already been suggested by the SDS-PAGE gel
analysis (Fig. 1A). The biological relevance of the successive closure of
the individual units of multimeric bacterial porins is poorly under-
stood, bearing in mind that, in vivo, the potential difference across the
bacterial outer membrane is usually negligible. On the other hand,
parameters such as pH, ion composition of the internal and external

Fig. 1. Trimeric BpsOmp38 porin from Burkholderia pseudomallei. The recombinant protein was expressed in a mutant E. coli BL21 (DE3) Omp8 strain lacking major intrinsic porins,
isolated by sodium dodecyl sulfate-extraction and then solubilized by 1% (v/v) octyl-POE in 1 M KCl/20 mM HEPES, pH 8.0. A. Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis analysis of recombinant BpsOmp38. Track 1: low molecular weight protein markers (PageRuler, Fermentas Inc., USA); Track 2: intact BpsOmp38 trimers under non-
denaturing conditions; Track 3: BpsOmp38 subunit after denaturing condition at 100 °C for 10 min. B. A single-channel recording of the BpsOmp38 reconstituted in solvent-free
DPhPc membranes. A three-step closure was induced by increasing the applied voltage to + 150 mV.
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Fig. 2. Kinetic analysis of antimicrobial agent translocation through BpsOmp38. A. Effect of
ertapenem concentrations. No blockage event was detected when a single trimeric
channel was recorded in the absence of antimicrobial agents, whereas complete blockage
events were observed as a direct proportion to increased concentrations of ertapenem
from2.5,5,7.5,and 10 mM. Here, only 5 and 10 mM concentrations are presented. B. Effect
of temperature. An increased number of blockage events were observed upon increases in
temperature from 5, 10, 15, 20, 25, 30, 35, 40, and 45 °C. On the other hand, the dwell time
of ertapenem translocation decreased exponentially with increasing temperatures. Here,
only the BLM recordings at 5, 25 and 45 °C are presented. The single-channel recordings
were recorded at + 100 mV. Similar ion blockage patterns were also seen with +50 mV
(not shown). C. Dwell time histogram. Ertapenem (10 mM) was added on the cis side of
the lipid membranes. The average dwell time was obtained when the data was fitted using
the standard exponential curve fit available in pClampfit v10.0.

Table 1

Kinetic analysis of antibiotic translocation through the BpsOmp38 channel.
Antibiotic kon (s7'M71) kofr (s™1) K(M™1)
Penicillin G nd.? n.d. n.d.
Meropenem 25 6700 0.004
Imipenem 150 6700 0.02
Cefepime 1300 5500 0.24
Ceftazidime 4200 7000 0.60
Ertapenem 8200 6900 12
Norfloxacin 300,000 10,000 30

¢ n.d. represents non-detectable event.

cell milieu and pressure influence, to a certain extent, the membrane
potential and response to variations of these factors may contribute to
the physiological significance of channel closing.

To study the translocation of drug molecules through the isolated
porin, a potential was applied across the incorporating lipid mem-
branes at which reconstituted BpsOmp38 channels predominantly
existed in their fully open state. lon current blockages through the
open channels were then analyzed after applying the selected
antimicrobial agent to either the cis or trans side of the bilayer. Drug
translocation trials were performed with a set of antimicrobial agents
including three P-lactam antibiotics (penicillin G, meropenem,
imipenem), two cephalosporins (cefepime, ceftazidime), one fluoro-
quinolone (norfloxacin) and one carbapenem (ertapenem) (refer to
Supplementary S2 for chemical structures). With the exception of
penicillin G, all the test antimicrobial agents interacted with the
BpsOmp38 channel in such a way that spontaneous fast fluctuations of
the BLM membrane current were induced. Overall, the number of
current deflections in the recording of certain length varied linearly
with concentrations that were independent of the type of antibiotic
tested. Ertapenem, for example, produced a consistent response as
shown in Fig. 2A. In high-time resolution current recordings, the

Fig. 3. Arrhenius plots for the ertapenem translocation through BpsOmp38 protein
pores. A. The logarithmic values of the on-rate and off-rate constants obtained from
both cis and trans sides were plotted as a function of temperature. B. A diagram
representing symmetrical values of the energy barriers required for ertapenem
binding and releasing from most likely the identical affinity site localized within the
BpsOmp38 pore.
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complete obstruction of individual units of the single trimeric
BpsOmp38 channel was well resolved. As previously suggested for
translocation measurements with other Omps [27-35], the observed
current deflections are taken to indicate the brief presence of anti-
biotic (in this case ertapenem) molecules within the porin channel
during the time of their passage, which consequently blocks the ion
flux and thus decreases the membrane current. In the absence of
ertapenem, the stable open BpsOmp38 channel membrane current

was typically free of significant fluctuations. At a concentration of
5mM, ertapenem consistently blocked one monomer of a single
trimeric channel for a fraction of a millisecond. Simultaneous block-
age of two of the three available monomers at a time became visible
at higher concentrations (e.g. 10 mM). A complete and simultaneous
blockade of all the three porin subunits was also infrequently
observed. For a given concentration of ertapenem, addition of the
antibiotic to the trans side of the BLM chamber led to about a two-fold

Fig. 4. The modeled structure of BpsOmp38 based on multiple templates. A. A multiple alignment of the BpsOmp38 sequence lacking the 22-amino-acid-signal peptide with the
selected templates was performed by SALIGN from the Modeller suite of programs (see texts). The pdb codes used as the homology templates are: 3K1B (OmpF); 2IXX (OmpC), 1E54
(Omp32); 10SM (Ompk36); 3A2R (PorB), and the modeled structure of BpsOmp38 (Bps). Highlights are the conserved residues known to be important for antimicrobial agent
translocation of OmpF or OmpC (blue) and the substituted ones (red). Numbering of the BpsOmp38 residues follows the complete sequence containing the 20-aa-signal peptide (not
included here) (GenBank accession no: AY312416). B. A snapshot of the homology model of BpsOmp38 (top view). The lipid bilayer membrane inserted around the porin is
illustrated by its molecular surface properties. Differences in the known key residues of OmpF compared to the BpsOmp38 (corresponding to the alignment in Fig. 4A) are highlighted
with the residues in “sticks” representation and colored green for polar, blue for positively charged, and red for negatively charged. The backbone of the BpsOmp38 porin is displayed
in cartoons in order to highlight its secondary-structure elements with the loop L3 colored in orange.
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Fig. 4 (continued).

higher number of blocking events than when the same amount of the
substrate was added to the cis side. Black lipid bilayer measurements
taken between 5 and 45 °C in the presence and absence of the
substrate demonstrated that temperature had a strong impact on the
rate of ertapenem translocation through the BpsOmp38 channel
(Fig. 2B). At non-physiologically low temperature of 5 °C, relatively
few membrane current blockages with rather long blocking times of
over 1 ms were observed. Increasing the temperature to 45 °C
elevated the frequency of current deflections while decreasing the
dwell time (7) of the penetrating molecules. Average T values for
defined conditions in terms of temperature and concentration were
obtained through a statistical analysis of raw BLM data and a single-
exponential fitting of blockage time histograms as shown in Fig. 2C
for ertapenem interaction with BpsOmp38 measured at 25 °C. The
average T of ertapenem molecules inside the BpsOmp38 channel
decreased exponentially with increasing temperature, did not appear
to depend on the concentration of the antibiotic, nor was it influenced
by the side of the BLM chamber to which the antimicrobial agent was
added. Taken together, these observations support the existence of a
single affinity site for the ertapenem molecules in the BpsOmp38
channel. The rates of channel entry and exit are critical factors in the
net flux of an antibiotic through a bacterial Omp pore. The BLM-based
observation of the molecular interaction of ertapenem with the
BpsOmp38 channel at various temperatures and concentrations
allowed calculation of: i) the drug binding kinetics and the second-
order on-rate constant k., (M~! s™1), ii) the first-order off-rate
constant kg (s~1), and iii) the equilibrium binding constant K (the
ratio of kon/kog; M~1). Table 1 gives a comprehensive list of the three
parameters Kon, ko and K for all seven antimicrobial agents whose
translocation through the BpsOmp38 channel was investigated in the
present study (refer to Supplementary S3 for blockage characteristics
of the ion flow through BpsOmp38 by representatives of each class
of the antimicrobial agents). Note that ion blockage by ertapenem
applied to the cis side of the lipid membrane at a transmembrane
potential + 100 mV occurred with k., = 8200 M~! s™! and a binding

constant of about 1.2M~!. These values reasonably agree with
those for the interaction of ertapenem with the major Enterobacter
aerogenes Omp36 [30]. Furthermore, the off-rates did not vary
significantly for this panel of antimicrobial agents, while a ranking
of ko, and K saw the three P-lactam antibiotics with rather low
values that were clearly at the bottom end, the two cephalosporin
drugs at the middle, and carbapenem and fluoroquinolone antibi-
otics at top positions. Greater values of ko, and K indicated that
translocation of the newer class of drugs through the BpsOmp38
pore took place more rapidly.

Temperature dependence measurements were used to calculate
the free energy profile of transporin antibiotic permeation. For
ertapenem, the effective energy barriers (E) to reach and cross the
internal binding site of a BpsOmp38 channel from the cis (Eqpcis) Or
trans (Eonrans) Side of the bilayer were estimated from the typical
Arrhenius plots (Fig. 3A). The analysis of the relevant plots revealed
that effective energy barriers Eoncis and Eongans, representing the
binding of ertapenem to the affinity site of a BpsOmp38 protein pore
at 4+ 100 mV transmembrane voltage, were estimated to be 12 kT. The
Arrhenius plots for the off rates, which allowed calculation of the
effective energy barriers Eog s and Eorans fOr the ertapenem release
from the affinity site of the BpsOmp38 channel at + 100 mV, were
13 KT (see Fig. 3B). Estimation of symmetrical values of the energy
barriers required for ertapenem binding and release from cis-to-trans
side and from trans-to-cis side further supports a single affinity site
inside the BpsOmp38 channel as earlier on suggested.

The homology model of the porin BpsOmp38 was built based on
five different templates obtained from homologous Gram-negative
bacterial porins with non-redundant structures (refer to Materials
and methods). Despite an observed low-sequence identity (~24%),
the overall fold of the generated BpsOmp38 trimers was found to be
conserved. The alignment in Fig. 4A shows that the target sequence is
completely covered by the different templates and that a few
insertions and deletions are all found in the extracellular loops except
for the small protrusion of a four-residue loop in the middle of the
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second strand of each monomer (see Fig. 4B). This small protrusion
was also reported in the previously characterized Omp32 [44].

The BpsOmp38 model was compared with the structure of the
porin OmpF, for which the structure-function relationship of antibiotic
translocation has been extensively studied [34]. Compared with OmpF,
however, the amino acid sequences of various regions that participate
in pore-forming properties were found to be different. These include
the L3 loop that forms the constriction region of the channel, the
arginine residues at the mouth of the OmpF channel, and the basic
cluster in the anti-L3 side. In the case of the BpsOmp38 channel, more
acidic residues are observed instead in such regions. Within the known
key residues of OmpF that were aligned with BpsOmp38, segments
with conserved or amino acid substitutions are highlighted as shown
in Fig. 4A.

Fig. 4B is a graphic representation of the modeled BpsOmp38
trimeric structure, when incorporated into phospholipid bilayer mem-
branes. Highlights indicate an obstructing internal protrusion, as well as
the polar to acidic character of certain channel wall residues that point
towards the lumen of the pore. It is predictable that the substitutions
from OmpF to BpsOmp38 of the residues: K16V29, V20D31, K80F108,
D1135130,F118W135,R167N187,and R168N188 may have an effect on
drug transport through the BpsOmp38 porin (see Fig. 4B). However, this
hypothesis has to be confirmed by a combined approach, including
microbiological assays, site-directed mutations and biophysical mea-
surements, together with molecular dynamic simulations of antibiotic
transport as previously described for OmpF [34,35].

In conclusion, the present study demonstrates, for the first time, the
ion-channel properties of the outer membrane porin BpsOmp38 derived
from the highly virulent and drug resistant bacterium B. pseudomailei.
High-time resolution analysis of different classes of antimicrobial agents
provided initial insights into the transport mechanisms of antimicro-
bial agents through the BpsOmp38 channel. We highly recommend
further studies that base on thoughtfully genetically engineered
BpsOmp38 and those that exploit joint applications of structural, func-
tional and computational assays to develop highly efficacious drugs
against clinical melioidosis.
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Abstract

Background: Chitin is the most abundant biopolymer in marine ecosystems. However, there is no accumulation of chitin in
the ocean-floor sediments, since marine bacteria Vibrios are mainly responsible for a rapid turnover of chitin biomaterials.
The catabolic pathway of chitin by Vibrios is a multi-step process that involves chitin attachment and degradation, followed
by chitooligosaccharide uptake across the bacterial membranes, and catabolism of the transport products to fructose-6-
phosphate, acetate and NHs.

Principal Findings: This study reports the isolation of the gene corresponding to an outer membrane chitoporin from the
genome of Vibrio harveyi. This porin, expressed in E. coli, (so called VhChiP) was found to be a SDS-resistant, heat-sensitive
trimer. Immunoblotting using anti-ChiP polyclonal antibody confirmed the expression of the recombinant ChiP, as well as
endogenous expression of the native protein in the V. harveyi cells. The specific function of VhChiP was investigated using
planar lipid membrane reconstitution technique. VhChiP nicely inserted into artificial membranes and formed stable,
trimeric channels with average single conductance of 1.8+0.13 nS. Single channel recordings at microsecond-time
resolution resolved translocation of chitooligosaccharides, with the greatest rate being observed for chitohexaose.
Liposome swelling assays showed no permeation of other oligosaccharides, including maltose, sucrose, maltopentaose,
maltohexaose and raffinose, indicating that VAChiP is a highly-specific channel for chitooligosaccharides.

Conclusion/Significance: We provide the first evidence that chitoporin from V. harveyi is a chitooligosaccharide specific
channel. The results obtained from this study help to establish the fundamental role of VhAChiP in the chitin catabolic
cascade as the molecular gateway that Vibrios employ for chitooligosaccharide uptake for energy production.
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Introduction

Chitin, a f-1,4-linked homopolymer of N-acetylglucosamine
(GlcNAc), is the most abundant polysaccharide in marine
ecosystems, because it is a major component of the shells of
crustaceans and marine zoo-plankton. It has been estimated that
multi-million tons of chitin-containing substances are produced
annually in the aquatic biosphere [1]. However, there is no
substantial accumulation of chitin on the ocean floor. This is
because of bioconversion of this mass of biomaterials, primarily by
marine bacteria of the family Vibrionaceae [2]. These bacteria utilize
chitinous materials very efficiently, converting them into organic
compounds that then can be used as nitrogen and carbon sources.

The catabolic cascade of chitin utilization by marine Vibrios has
been demonstrated elegantly in Vibrio furnissii [3-8] and V. cholerae
[9,10]. The cascade incorporates a large number of genes and
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enzymes, which are orchestrated in a complex signal transduction
pathway [9,11]. Roseman and co-workers previously identified
chitoporin (ChiP) from V. furnissii [12] and suggested that it acts as
a chitooligosaccharide-specific channel, based on their findings
that expression of native ChiP was significantly induced when the
V. furnisst cells were grown in the presence of chitooliogsaccharides
(GIcNAcy ¢). A null mutant of V. furmissii ChiP also showed an
impaired growth in the culture supplemented with chitotriose.
Phylogenic analysis of marine bacteria of the Vibrionacae family
identified a ¢fP gene in 16 out of 19 species [13]. Such results
indicate that this protein is well conserved within this family. DNA
microarray expression profiles further confirmed that expression of
the c¢hiP gene in V. cholerae responded positively to chitin
oligosaccharides and that the genes responsible for chitin
degradation are under the stringent control of the ¢S regulon

[6,13].
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Although ChiP was identified more than a decade ago, its
physiological function as a chitooligosaccharide-specific channel
remains unproved. Here, we report cloning and recombinant
expression of chitoporin (referred to as VhAChiP) from the marine
bacterium V. harveyr (formerly V. carchariae) type strain 650. The
physicochemical properties of ViChiP were determined using a
planar black lipid membrane (BLM) reconstitution technique.
High-time resolution single channel current recordings, together
with liposome swelling assays, provide strong evidence that
VhChiP is a highly specific channel for the molecular uptake of
chitin oligosaccharides.

Methods

Ethics Statement

The anti-rabbit polyclonal antibody production procedure was
approved by the Animal Care Commission of Suranaree
University of Technology. Two adult (8-week-old) female rabbits
were purchased from the Animal Caring Center, Mahidol
University, Bangkok, Thailand. The rabbit was housed in a
standard animal facility under conditions of controlled tempera-
ture (25°C) and photoperiod (a 12:12-hour light/dark schedule),
with food and water provided ad libitum.

Bacterial strains and vectors

V. harveyr type strain 650 was a marine isolate from Greek sea
bass and was a gift from Professor Brian Austin, Heriot-Watt
University, Edinburgh, United Kingdom. F. coli strain DH5a was
used for routine cloning and plasmid preparations. pGEM®-T
easy vector used for subcloning purpose was a product of Promega
(Promega Pte Ltd, Singapore Science Park I, Singapore). The
pET23d(+) expression vector and E. coli mutant strain BL21(DE3)
Omp8 Rosetta were gifts from Professor Dr. Roland Benz, Jacobs
University Bremen, Germany. The E. coli mutant was genetically
engineered to have defective genes encoding the major outer
membrane porins: OmpA, OmpC, OmpF and LamB [14] and
was therefore suitable for production of recombinant porin.

Gene identification, cloning and sequencing

A BlastP search using chitoporin from V. furnisser (UniProtKB/
TrEMBL entry: Q9KKO9I1 and ref. 12) as protein template
identified putative chitoporins from several marine bacteria in
family  Vibrionaceae, including a hypothetical protein VIB-
HAR_01269 (accession number YP_001444474) from V. harveyi
type strain ATCC BAA-1116 BB120. Therefore, specific oligo-
nucleotides were designed from the hypothetical gene of the BAA-
1116 BB120 strain in order to obtain the gene encoding chitoporin
from our laboratory strain (V. harveyi type strain 650). Genomic
DNA was prepared from this bacterium using PureLink'™
Genomic DNA Kits (Invitrogen, Gibthai Company Ltd., Bangkok,
Thailand) and used as the DNA template for PCR amplification.
The oligonucleotides used for amplification were 5'-ATAC-
CATGGCGTCTTACCTAAAGAAAAG-3" for the forward
primer and 5'-AACCTCGAGTTAGAAGTAGTATTCAA-
CAC-3' for the reverse primer. The PCR product was of the
expected size (1.1 kbp) and was cloned into pET23d(+) expression
vector using Neco I and Xho I cloning sites (sequences underlined)
following the protocol supplied by the manufacturer. Nucleotide
sequences of sense and anti-sense strands of the PCR fragment
were determined by automated sequencing (First BASE Labora-
tories Sdn Bhd, Selangor Darul Ehsan, Malaysia).
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Recombinant expression and protein purification

E. coli BL21 (DE3) Omp8 Rosetta host strain was transformed
with the plasmid pET23d(+)/chiP. Expression and preparation of
the recombinant ChiP followed the protocols described by
Garavito and Rosenbusch [15] and Rosenbusch [16]. In brief,
transformed cells were grown at 37°C in Luria-Bertani (LB) liquid
medium containing 100 uygmL ™" ampicillin and 25 ug mL ™"
kanamycin. At an ODgg reading of 0.5-0.7, IPTG (isopropyl f-
D-thiogalactoside) was added to a final concentration of 0.5 mM.
Cell growth was continued for a further 6 h and cells were then
harvested by centrifugation at 4,500 xg at 4°C for 20 min. The cell
pellet was resuspended in a buffer containing 20 mM Tris-HCI,
pH 8.0, 2.5 mM MgCl,, 0.1 mM CaCl,, 10 ugmL ™" DNase I
and 10 pg mL~" RNase A. Cells were lysed on ice by sonication
for 10 min (30% duty cycle; amplitude setting 20%) using a
Sonopuls Ultrasonic homogenizer with a 6-mm-diameter probe.
The recombinant VAChiP was extracted from the peptidoglycan
layer with sodium dodecyl sulphate (SDS) based on the method of
Lugtenberg and Alphen [17]. Briefly, SDS was added to the cell
suspension to a final concentration of 2% (v/v) and incubation was
carried out for 1 h at 60°C with gentle shaking. The crude extract
was then centrifuged at 40,000 xg for 60 min at 4°C. The pellet,
which at this stage included the cell envelopes, was re-suspended in
20 mM phosphate buffer, pH 7.4, containing 0.125% (v/v) octyl-
POE (n-octyl polyoxyethylene; ALEXIS Biochemicals, Lausanne,
Switzerland), using a Potter-Elvehjem homogenizer. The suspen-
sion was incubated at 37°C with gentle shaking for 1 h and then
centrifuged at 100 000 xg at 4°C for 40 min. The new pellet, now
rich in outer membranes, was resuspended in 20 mM phosphate
buffer, pH 7.4 containing 5% (v/v) octyl-POE and the suspension
incubated at 37°C for 60 min. Insoluble material was removed by
centrifugation at 100,000 xg at 20°C for 40 min. After exchange
of the detergent to 0.2% (v/v) LDAO (lauryldimethylamine oxide;
Sigma-Aldrich Pte. Ltd., Singapore) by dialysis, the JAChiP-rich
sample was subjected to ion-exchange chromatography using a
Hitrap Q HP prepacked column (5x1 mL) connecting to an
AKTA Prime plus FPLC system (GE Healthcare Life Sciences,
Life Sciences Instruments, I'TS (Thailand) Co., Ltd., Bangkok,
Thailand). Bound proteins were eluted with a linear gradient of 0—
1 M KClI in the phosphate buffer, containing 0.2% (v/v) LDAO.
Purity of the eluted proteins was confirmed by SDS-PAGE.
Fractions containing only JAChiP were pooled and the protein
concentration was determined using the Pierce BCA protein assay
kit (Bio-Active Co., Ltd., Bangkok, Thailand).

Antibody production and immunological analysis
Production of anti- VAChiP antiserum was carried out using an
in-gel method. Outer membrane fraction extracted by 5% (v/v)
octyl-POE was applied to eight wells in parallel on an 8%
polyacrylamide gel. Following electrophoresis and Coomassie Blue
staining, the proteins were resolved into two bands. The upper
band, just above 40 kDa, was identified by mass spectrometry as
E. coli OmpN, while the lower band, slightly below 40 kDa, was
chitoporin (VAChiP). The lower bands were excised from the gels,
combined (ca. 80 pg protein) and homogenized in 200 pL. PBS,
pH 7.4, then emulsified with 500 pL. Freund’s complete/incom-
plete adjuvant (Pierce). The emulsified mixture was injected
subcutaneously into a female white rabbit to produce ViChiP
antiserum. Antibody titres and cross-reactivities against other
membrane proteins, including E. coli OmpF, E. coli OmpN and
Burkholderia pseudomallet Omp38 were checked by Western blotting.
Signals representing antibody-protein interaction were detected
with HRP-conjugated IgG using the enhanced chemiluminescence
method (ECL, Amersham, UK). Anti-OmpN serum was prepared
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Figure 1. Alignment of the putative V. harveyi chitoporin sequence with other sugar-specific porins. Amino acid sequences of V. furnissii
chitoporin (Q9KK91), E. coli LamB or maltoporin (P02943), and S. typhimurium ScrY (P22340) were retrieved from the SwissProt/UniProtKB protein
databases, aligned using “CLASTALW" algorithm in the DNASTAR package, and displayed in Genedoc. The secondary structure of VhAChiP was
constructed by ESPript v. 2.2 according to the structure of Delftia acidovorans Omp32 (pdb 2GFR and ref 37). The residues that are aligned with Y6,
Y41, Y118, W74, W358, and W420 of E. coli LamB are shaded in magenta. Green shading refers to amino residues conserved within the four

sequences. B-strands are represented as green lines with an arrow.
doi:10.1371/journal.pone.0055126.g001

using purified E. coli OmpN,; its titres and cross-reactivities being
tested in the same way as the VAChiP antiserum.

For expression of native VAChiP, a 5-mL overnight culture of V.
harveyi 650 grown in marine medium [18] was transferred to a 2-L
flask containing 500 mL of marine medium. The cells were grown
at 30°C with agitation until ODgq reached 0.6, then 1% (wet w/v)
colloidal chitin was added to induce chitoporin expression.
Aliquots of 1 mL of cell culture were taken at various time points
(1, 2, 3, 4, 5, and 6 h). Cell pellets collected after centrifugation
were solubilized in 5x SDS-gel loading buffer, and then analyzed
by SDS-PAGE, followed by western blotting.

Black lipid bilayer measurements and single channel
analysis

Black lipid bilayer (BLM) measurements and single channel
analysis were performed as described elsewhere [19-24]. The
lipid bilayer cuvette consisted of two chambers with a 25 pm-
thick Teflon film sandwiched in between. The latter had a
small aperture of 60-100 um in diameter across which a
virtually solvent free planar lipid bilayer was formed. The
chambers were filled with electrolyte solution and an electrode
(Ag/AgCl electrodes; World Precision Instruments, Sarasota,
FL) immersed on either side of the Teflon film. The electrolyte
used was 1 M KClI adjusted to pH 7.5, and buffered by 20 mM
HEPES. 1,2-Diphytanoyl-sn-glycero-3-phosphatidylcholine
(DPhPC; Avanti Polar Lipids, Alabaster, AL) lipid was used
for lipid bilayers formation. In order to form the bilayer first
the aperture was pre-painted with 1 pL of 1% (v/v)
hexadecane in pentane (Sigma Aldrich). One of the electrodes
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was used as ground (czs) whereas the other electrode was
connected (trans) to the headstage of an Axopatch 200B
amplifier (Axon Instruments, Foster City, CA). Trimeric
VRChiP channel (50-100 ngmL™") was added to the cis side
of the lipid membrane. At applied transmembrane potentials of
+200 mV, a single channel was frequently inserted within a
few minutes. The protein solution in the chamber was gently
diluted out by multiple additions of the working electrolyte to
prevent multiple insertions. Single channel current measure-
ments were performed with an Axopatch 200B amplifier
(Molecular Devices, Sunnywale., CA, U.S.A.) in the voltage
clamp mode, with the internal filter set at 10 kHz. Amplitude,
probability, and single channel analyses were performed using
pClamp v.10.0 software (all from Molecular Devices, Sunny-
vale, CA).

To investigate sugar translocation, a chitooligosaccharide was
added to either the cs or the #rans side of the chamber to a final
concentration of 80 uM. Occlusions of ion flow observed as a
result of sugar diffusion through the inserting channel were usually
recorded for 2 min. To see the effect of sugar translocation on
individual subunit blockages, discrete concentrations of chitohex-
aose (1, 120, and 400 uM) were tested.

Liposome swelling assay

Trimeric VAChiP channel was reconstituted into liposomes as
described previously [25,26]. E. coli total lipid extract was used to
form liposomes and 15% dextran (MW 40,000) was entrapped in
the liposomes. The size of the formed liposomes was checked using
a Nano-ZS ZEN3600 zetasizer. The isotonic solute concentration
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Figure 2. The Swiss-Model 3D-structure of V. harveyi chitoporin. A) Side view of a ribbon representation of VhChiP. The homology structure
was constructed by the SWISS-MODEL program using an automated mode (http://swissmodel.expasy.org/). The x-ray structure of D. acidovorans
Omp32 (pdb 2GFR) was selected as structure template (see texts). B) Top view of the modeled structure, showing L3 as the pore-confining loop with
a short helix consisting 8 amino acids (G116-W123) presented in red. C) Transmembrane domains of VhChiA were depicted based on the homology

structure (Fig. 2A-B) and the structure-based alignment (Fig. 1).
doi:10.1371/journal.pone.0055126.g002

was determined with different concentrations of raffinose solution
(prepared in 20 mM HEPES buffer, pH 7.5) added into the
protoliposome suspension. The value obtained for isotonic
concentration of raffinose was used as an approximation to
facilitate the adjustment of isotonic concentrations for different
solutes. Twenty microliters of liposome or proteoliposome solution
was diluted into 500 pL of the isotonic test solution in a 1-mL
cuvette and mixed manually. The initial swelling rate upon
addition of the isotonic sugar solutions (maltose, sucrose,
maltopentaose, maltohexaose, and chitohexaose) was monitored
using a UV-Vis spectrophotometer with the wavelength set at
500 nm. The absorbance change over the first 60 sec was used to
estimate the swelling rate (s~') following the equation: ®=(1/
A;))dA/dt, in which @ is the swelling rate, A; the initial absorbance,
and dA/dt the rate of absorbance absorbance change during the
first 60 s. The swelling rate of each sugar was normalized by
setting the rate of arabinose (MW 150.14 Da) to 100%. Values
presented are averages obtained from four to six determinations.
Protein-free liposomes and proteoliposomes without sugars were
used as negative controls.
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Results

Gene isolation, cloning, sequence analysis and

transmembrane topology

The availability of the complete genome sequence of V. harveyi
type strain ATCC BAA-1116 BB120 in the GenBank® database
enabled us to identify an open reading frame that encodes a
hypothetical chitoporin (ChiP). To isolate the gene encoding ChiP
from the genome of the closely related species V. harveyi type strain
650, specific oligonucleotide primers were designed, based on the
identified ¢hP gene from the BAA-1116 BB120 strain. The full-
length c¢hiP cDNA was amplified by the PCR technique. The
nucleotide sequence of the identified gene comprises 1,125 bps,
which was translated to a putative polypeptide of 375 amino acids,
including the 25-aa signal sequence. The theoretical mass of the
full-length VAChiP was 41,089.10 Da, with a predicted pI of 4.09.
BLAST searching of the translated VAChiP sequence gave high-
score hits with putative chitoporin of several species in the family
Vibrionaceae in the SwissProt/UniProtKB database.

VhAChiP  shows low sequence identity (<20%) with other
functionally characterized outer membrane porins, such as F. coli
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Figure 3. SDS-PAGE analysis of V. harveyi chitoporin. A) SDS-PAGE of outer membrane proteins extracted with 2% (w/v) SDS, followed by 5%
(v/v) octyl-POE. E. coli OmpN and VhChiP bands were identified by mass spectrometry. B) Chromatographic profile of VAChiP purification with a Hitrap
Q HP prepacked column (5x1 mL) connecting to an AKTA Prime plus FPLC system. The column was eluted with a linear gradient of 0-1 M KCI. SDS-
PAGE analysis of unbound (UB) and bound fractions P1 and P2 is shown in an inset. C) Heat stability of VAChiP. The purified ChiP was subjected to

different temperatures (40-100°C) and then run on a 10% polyacrylamide gel.

doi:10.1371/journal.pone.0055126.g003

OmpF (P02931), E. coli OmpC (P06996), E. coli OmpA (POA910),
E. coli OmpN (P47747), Pseudomonas fluorescens OprD (Q3LAGS),
and Neisseria gonorrhoeae PorB (Q5XKXO0). Fig. 1A presents amino
acid sequence alignment of VAChiP with chitoporin from V.
Jurnissiz (accession number 09KK91) [12], E. coli LamB or
maltoporin (maltose-specifc porin) (P02943) [27], and Salmonella
typhamurium  ScrY  (sucrose-specific porin) (P22340 [28]. The
sequence identity of VAChiP with V. furnissii chitoporin is 40%,
while it shows remarkably low identity with other sugar-specific
porin: LamB (15.3%), and ScrY (12.9%). It is also only 15.7%
identical to a carbohydrate-selective porin Pseudomonas aeruginosa
OprB [29,30]. In LamB, six aromatic residues (Y6, Y41, W74,
1229, W358 and W420) located in the pore lumen form a polar
track, which aids ion and sugar transport [31-34]. Y118, on the
other hand, controls the central constriction of the LamB channel
[35,36].

Sequence alignment (Fig. 1) shows that the residues Y6, Y41,
W74, W358 and W420 of LamB are well aligned with Y78, Y118,
W151, F435 and W482, respectively, of ScrY. In marked contrast,
ViChiP displays substantial sequence dissimilarities with both
LamB and ScrY. Only two residues in LamB (W74 and W358) are
aligned with F64 and Y310 of VAChiP. Furthermore, Y118 of
LamB shows no match with any aromatic residue of ViChiP,
which indicates that the functionality of pore constriction by Y118,
as found in LamB, is governed by a different residue located
elsewhere in the VAChiP sequence.
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Submission of the putative sequence of VAChiP through the
Swiss-Model database generated a structural model of VAChiP
(Fig. 2) using Delftia acidovorans Omp32 as template (pdb 2GFR)
[37]. Compared with all porins with known 3D-structures, VAChiP
is closest to Omp32 with sequence identity of 20.5%. Fig. 1 shows
the secondary structural features of VAChiP, which are similar to
those of most Gram negative bacterial porins, with 18 B-strands
forming a barrel structure (Fig. 2A). These predicted 18 anti-
parallel B-strands make up only 16 putative membrane-spanning
domains, as strand B2 is connected with B3 and forms the first
transmembrane domain, whereas strand B1 with B18 are part of
the last domain (Figs. 1 and 2A). The predicted transmembrane
topology (Fig. 2C) indicates considerable irregularity of the
extracellular loops (L1-L8), while the eight periplasmic turns are
short and of similar length. The longest extracellular loop (L3),
comprising 41 amino acids (G111—-N151), lies between strands 37
and B8. A typical right-handed o-helix is found at the early part of
L3 at positions P116 to W123 (Fig. 2B). This loop, known as a
pore-confined loop, is responsible for the size-selectivity of sugar-
specific porins (LamB and ScrY) [28,31] and general diffusion
porins [38,39].

Recombinant expression, purification and mass
identification

After the correct nucleotide sequence was confirmed, the full-
length c¢hiP DNA obtained from PCR amplification was cloned
into pET23D(+) expression vector, which was ready to be
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Figure 4. Inmunoblot analysis of V. harveyi chitoporin. A-B: Cross-reactivity of VhChiP antiserum with other outer membrane porins. A.
Coomassie blue-stained SDS-polyacrylamide gel, and B. The corresponding immunoblot detected with anti VhChiP antibody C-D: Cross-reactivity of
VhChiP and E. coli OmpN with anti VhChiP and anti OmpN antibodies. C. Coomassie blue-stained SDS-polyacrylamide gel, D. and E. The
corresponding immunoblots showing cross-reactivity with anti VhChiP antiserum, and anti OmpN antiserum, respectively. F-G: Endogenous
expression of chitoporin in V. harveyi F. Coomassie blue-stained SDS-polyacrylamide gel, and G. Immunoblot of cell lysate of V. harveyi cultured in the

presence of 1% (w/v) colloidal chitin at various times of 1-6 h.
doi:10.1371/journal.pone.0055126.9g004

expressed in E. coli BL21(DE3) Omp8 Rosetta strain. The
recombinant protein was expressed with the 25-amino acid N-
terminal signal sequence attached, to aid protein targeting to the
bacterial cell envelope. After proteolytic removal of the signal
sequence, the mature VAChiP contains 350 amino acid residues
and has a predicted MW of 38,508.97 Da. After cell-wall
extraction by SDS, following 0.125% (v/v), and then 5% (v/v)
octyl-POE, the solubilized fraction contained enriched VAChiP
and a contaminant, which was later identified as E. coi OmpN.
SDS-PAGE analysis (Fig. 3A) revealed two major protein bands.
The upper band migrated close to 40 kDa and the lower band
migrated to slightly lower than 40 kDa. Identification of tryptic
peptides by high resolution ESI MS gave a primary hit with gi |
3273514 porin OmpN from E. coli for the higher MW band, while
the lower protein band was identified as gi|28897534 putative
chitoporin from V. parahaemolyticus RIMD 2210633, as well as
gi| 153834464 outer membrane protein from V. harveyt HYO1, and
gi| 156973567 hypothetical protein from V. harveyr ATCC BAA-
1116. Given that no functionally-identified chitoporin of the V.
harveyi species is available in the NCBInr database, we assume that
the identified peptides of the lower MW protein were derived from
chitoporin (see Fig. S1: nine tryptic peptides are unambiguously
identified within the internal segments of the putative VAChiP
sequence).
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After several attempts to remove OmpN contamination, we
discovered that OmpN was solubilized in 5% octyl-POE, but not
in 3%. Therefore, later batches of VAChiP were prepared in 3%
octyl-POE so that OmpN remained in the precipitate. To obtain
highly purified ViChiP for functional characterization, the
detergent-extracted VAChiP was further purified by ion exchange
chromatography using a HiTrap DEAE FF column. Fig. 3B shows
a chromatographic profile from FVAChiP purification. After
removal of the unbound fraction (‘UB’), the bound proteins were
then eluted in two peaks (‘P1” and ‘P2’) when a linear gradient of
0-1 M KCI was applied. SDS-PAGE analysis shows that VAChiP
was In the second peak (P2) and the protein was purified to
homogeneity (Fig. 3B, inset) by ion-exchange chromatography.
The pooled sample from peak P2 was heat-treated at different
temperatures for 10 min, and then analyzed by SDS-PAGE.
Fig. 3C shows migration of the purified VAChiP to above 95 kDa,
corresponding to the trimeric form, when unheated (lane 1). The
trimer remained intact when the temperature was raised to 40°C,
but began to dissociate at 50°C. At 60°C, more than half of the
VhChiP trimers were dissociated to monomers and at 70°C or
above, no trimers remained. These results indicate that VAChiP is
a heat-sensitive, SDS-stable trimer; each subunit has apparent
MW of approximately 39 kDa, consistent with the predicted MW
of the translated polypeptide lacking the signal sequence.
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Figure 5. Single channel recordings of chitoporin in artificial lipid membranes. Trimeric VhChiP was expressed in E. coli BL21 (DE3) Omp8
Rosetta mutant, lacking major intrinsic porins. The protein was isolated by SDS-extraction, and then solubilized with 3% (v/v) octyl-POE. The protein
was further purified by ion exchange chromatography as described in the text. The BLM measurements were carried out in the electrolyte containing
1 M KCl in 20 mM HEPES, pH 7.5. The protein was added on the cis side of the chamber. A. Multiple insertions of VAChiP were induced at an applied
potential of +100 mV. B. Typical ion current trace of a single channel at fully-open state of VhChiP at applied voltage of +100 mV; and C. at —100 mV.
The ion currents were normally recorded for a period of 120 s. D. Analysis of current-voltage (I-V) relationship. The average current values were
obtained by stepwise ramping of the potential, preformed in triplicate. E. Three-step closure, induced by increasing the applied voltage to +200 mV.

doi:10.1371/journal.pone.0055126.g005

Immunoblotting and endogenous expression of VhChiP

To ensure that the recombinant protein obtained was
chitoporin and not contaminating OmpN, which was co-expressed
by the E. coli host strain Omp8 Rosetta, polyclonal antibodies
against OmpN and VChiP were raised independently. Fig. 4A
shows a Coomassie Blue stained gel of different porins,
corresponding to the immunoblot with anti-ZChiP antiserum
(Fig. 4B). It is clear that the antibody recognized only the VAChiP
band (Fig. 4A lower band and lanes 2 and 3), but not E. coli OmpN
(lane 1, upper band and lane 4), E. coli OmpF (lane 5) and B.
peudomallet Omp38 (lane 6). The results suggest no cross reactivity
of anti-VAChiP antibody with other porins. Fig. 4C—E further
confirmed that there was no cross-reactivity of the anti- AChiP
serum with OmpN and anti-E. coli OmpN serum with VAChiP.
Anti- VRChiP serum recognized only VAChiP (Fig. 4D, lanes 1 and
2), and correspondingly, anti-OmpN serum reacted only with
OmpN (Fig. 4E, lane 3).

To determine whether expression of native chitoporin in V.
harveyi type strain 650 was controlled by the chitin-induced operon,
expression profiles of VAChiP were evaluated after the bacterial
cells were grown in the presence of chitin. Fig. 4F shows a

PLOS ONE | www.plosone.org

Coomassie stained gel of the cell lysates prepared at different times
of induction, while Fig. 4G shows the corresponding immunoblot
with anti- VAZChiP antibody. It is seen that the antibody reacted
with the protein bands in the position of purified VAChiP when the
cells were exposed to 1% (w/v) colloidal chitin for 1 h or more. No
positive signal was detected in the lysate prepared from the cells
grown in the absence of chitin. We also observed chitoporin
expression in the V. harveyt cells after induction with crystalline o-
chitin, but the signals were not as strong as when colloidal chitin
was used (data not shown).

Single channel properties of VhChiP and chitin
oligosaccharide translocation

The pore-forming properties of VAChiP were investigated at the
molecular level using a planar lipid bilayer (BLM) set-up for ion
current recordings. The signals for functional analysis were
acquired on application of a small potential across two Ag/AgCl
wires, one either side of an artificial bilayer of diphytanoylpho-
sphatidylcholine (DPhPC) in 1 M KCI (pH 7.5), and the parallel
measurement of the electrostatically driven ion (current) flow
through the normally non-conducting lipid membrane, on the
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Figure 6. Effect of chitooligosaccharides on chitoporin ion currents. A single channel of VhChiP was inserted in the artificial membrane in A.
a fully open state. Then, chitooligosaccharide: chitobiose, -triose, -tetraose, -pentaose, and -hexaose were added on the cis side of the chamber to a
final concentration of 80 uM. Control recordings were made with maltopentaose and maltohexaose at a concentration of 400 uM. lon current
fluctuations were monitored for 120 s at applied voltages of =100 mV. Here, only ion traces for +100 mV are presented.

doi:10.1371/journal.pone.0055126.g006

inclusion of single pore-forming units. Reconstitution of trimeric
VhChiP into a previously formed lipid bilayer membrane was
reproducibly obtained through the addition of a small amount of
the purified protein to the bulk phase of the membrane-bathing
KCI solution on one or other side of the bilayer. Membrane
insertions of VAChiP were visible in the continuous current
recordings as well-defined, step-like increases of about +/—180 pA
per protein entity at +/—100 mV transmembrane potential
(Fig. 5A). At higher concentrations of VAChiP (ug'mLfI) added
in the measuring buffer, multiple insertions of ViChiP were
frequently seen and the resultant current traces displayed
numerous fluctuations due to transient channel closures. However,
the addition of much lower concentrations of added protein
(<1 ngmL™") resulted in the incorporation of a single protein
molecule in more constantly open state and this was the favored
situation for inspecting the VAChiP single channel conductance
and chitin oligosaccharide translocation. Figure 5B and 5C are
characteristic examples of membrane current recordings (5 s out
of 120 s measuring time) from individual VAChiP trimers inserted
in a DPhPC bilayer in 1 M KCI under applied transmembrane
potentials of +100 and —100 mV, respectively. The traces indicate
that the inserted VAChiP channel is fully open, with a stable ionic
current over the time of recording. Occasionally transient current
deflections occur as one of the three subunits apparently closes and
opens rapidly in a stochastic manner. In multiple measurements,
single reconstituted trimeric VAChiP channels showed an average
conductance of 1.8+0.13 nS n=50) in 1 M KCI (pH 7.5). As
with many other bacterial porins, currents through DPhPC-
incorporated VAChiP pores followed Ohm’s Law, being directly
proportional to the applied voltage over the range =200 mV
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(Fig. 3D). Finally, VAChiP channels showed the typical voltage
gating properties of bacterial porins and closed in a characteristic
three-step fashion upon abrupt application of higher voltages
(Fig. 5E). The threshold potential (critical voltage) inducing the
trimeric closure of the channels was found to be £150 mV, while
at less than or equal to 100 mV the channels were not affected by
gating perturbations and so were suitable for studies on chitin
oligosaccharide translocation.

Chitoporin has been proposed to facilitate the movement of
chitin degradation products from the extracellular into the
periplasmic space of marine Vibrios [12,13] before they are further
transported to the cytoplasm and used as an energy source. To test
this function we performed experiments to investigate the effects of
chitooligosaccharides of various sizes (see Fig. S2 for the chemical
structure of chitobi-, tri-, tetra-, penta-, and hexaose) on fully-open
pores of VRChiP in artificial phospholipid bilayer membranes.
Fig. 6 shows current recordings from single VAChiP channels with
all the tested chitooligosaccharides (Fig. 6A-T) as well as those
acquired in comparative trials with the structurally related
maltopentaose and maltohexaose (Fig. 6G and H). With no
chitosugars in the measuring buffer (Fig. 6A), the ion current
through a fully open VAChiP trimer was stable and the standard
value of ~180 pA was measured with a transmembrane potential
of +100 mV. The response of the system to the addition of the set
of chitosugars was diverse. For instance, no transient decreases
were observed when the reconstituted VAChiP was exposed to
chitobiose (Fig. 6B). The current traces obtained had, however,
slightly greater noise levels than controls without added solute. In
marked contrast, the presence of higher MW chitosugars
(GlcNAc, 56) in the solution on the ¢is side of the membrane
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Figure 7. Effects of chitohexaose diffusion on subunit closure. The fully open VhChiP channel was exposed to different concentrations of
chitohexaose (A-D). Right panel: the original traces displaying ion current blockade. Left panel: the corresponding frequency/current histograms,
reflecting discrete changes in the subunit conductance upon sugar diffusion through the channel.

doi:10.1371/journal.pone.0055126.g007

produced clear short-lived downward current deflections (Fig. 6C
to F). These correspond to the time-resolved blockade of the
trimeric pores of VAChiP by individual chitooligosaccharide
molecules that physically obstruct the channels in course of
contact. Occlusion of ion flow during sugar diffusion apparently
occurred as a reversible process by which each of the brief current
decreases was caused by a single sugar molecule entering the
VhChiP channel and leaving it very shortly later. Characteristic
current traces for 80 WM chitotriose and chitotetraose showed that
no more than one of the three subunits of a VAChiP trimer was
blocked by such chitosugars, the other two remaining unaffected
during that period (Fig. 6C and D). The frequency of the single
subunit blockades was considerably higher for the triose than for
the tetraose. At the same concentration, diffusion of chitopentaose
also caused two-subunit blockage (Fig. 6E) and with chitohexaose,
even blockage of all three channel subunits could be observed
(Fig. 6F). Chitooligosaccharides were also added into the solution
on the trans side of the bilayer membrane. As with sugar
supplementation on the c¢is side, distinct channel blockades were
observed in the corresponding membrane current recordings;
however, for the same solute concentration the blocking effect was
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slightly less pronounced. The magnitude of the sugar-induced
current depressions is the same for all compounds, corresponding
to the quantized blockade of individual subunits; however, the
shorter the oligosaccharide, the shorter the time of current
blockage. Importantly, the exposure of single VAChiP channels to
maltopentaose and maltohexaose did not cause the transient drops
of ion flow that were observed with the chitosugars, even when five
times higher concentrations (400 uM) of the maltosugars were
used (Fig. 6G and H, respectively).

BLM trials with different chitosugars identified chitohexaose to
be most potent in terms of pore obstruction (Fig. 6). Chitohexaose
was thus chosen for evaluating the concentration dependence of
chitosugar-induced VAChiP blockade. Membrane current record-
ings were taken for the same single channel, while the
chitohexamer concentration was progressively increased from
0 uM to 1, 120 and 400 uM, respectively. Fig. 7 shows the original
membrane current measurements (A—D, left panel) together with a
statistical analysis of the raw data as current magnitude histograms
(A-D, right panel). Clearly, the open probability of the channel
decreases with increased concentrations of the sugar. On addition
of 1.0 pM chitohexaose to the c¢is side of the chamber, the protein
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Figure 8. Liposome swelling assays. Multilamellar liposomes, prepared as described in the text, were reconstituted with purified VhChiP (150 or
300 ng). The isotonic concentration was defined as the concentration of raffinose added into the proteoliposome suspension that did not cause
change in absorbance at 500 nm for a period of 60 s. Permeation of different types of sugars through VhChiP reconstituted liposomes were then
tested. A) The swelling rates were normalized, with the rate of swelling in arabinose set to100%. Values presented are averages of 4-6 independent
experiments. B) BLM measurement of VAChiP ion current with the isotonic concentration of raffinose (70 mM) added. C) BLM measurement of VAChiP

in the presence of 70 mM raffinose and 200 uM chitohexaose.
doi:10.1371/journal.pone.0055126.g008

channel instantaneously transformed from being constantly fully
open (Fig. 7A) to a state in which one subunit of VAChiP was
temporarily occluded (Fig. 7B). This is shown by a decrease of the
channel conduction by one-third of the full conductance. As its
concentration was raised to 120 uM (Fig. 7C), the sugar began to
occupy two subunits, decreasing the conductance by two-thirds. At
this concentration, occupation of the third subunit was periodically
observed, with the channel conductance reduced to zero. At
400 uM chitohexaose (Fig. 7D), two of the three subunits were
constantly blocked, and the effect of increased chitohexaose
concentration on the third subunit was apparent. The probability
of complete closure of the trimeric channel was approx. 0.8,
indicating that the VAChiP channel was nearly saturated by
chitohexaose at this concentration.

The most likely explanation for the short-term inhibition by
chitooligosaccharides of ion conduction by VAChiP is that these
molecules permeate the membrane through VAChiP. Bulk entry of
chitooligosaccharides into proteoliposomes containing VAChiP was
therefore investigated by liposome swelling measurements.

Assay of sugar permeation by liposome swelling

High resolution ion conductance measurements were comple-
mented by proeoliposome swelling assays, which determined the
permeation of sugar molecules through VAChiP channels recon-
stituted into liposomes. Diffusion rates of sugars through VAChiP
channels determined by these assays indicate influx of solutes into
the proteoliposomes. The liposome swelling can be visualized by
recording changes in the scattering signal of the liposome solution,
using a spectrophotometer. Under isotonic conditions, the
scattering signal remains constant throughout the measuring time,
indicating neither swelling nor shrinking of the proteoliposomes.
In the case of a solute permeation into the proteoliposomes, the
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total solute concentration inside the vesicles rises, driving the influx
of water through the channels and swelling is detected as a
decrease in absorbance. It is important to note that the rates of
swell provide relative numbers to assess how the translocation
varies from one sugar to the other. Here, we used raffinose, a
branched sugar (MW 504.42) that is unable to diffuse through the
porins and arabinose, a small sugar (MW 150.13) that always
permeates through the channel, for comparison. Fig. 8A is an
illustration of the swelling of liposomes exposed to chitohexaose,
which was the sugar found to be the most potent channel blocker
in membrane current measurements. The swelling rates in
raffinose, sucrose, maltose, maltopentaose and maltohexaose are
included for comparison. When normalized to the swelling rate of
arabinose (set to 100%), only chitohexaose at low concentrations
(350 and 700 pM) was found to permeate through VAChiP, and
increases of internal osmolality occurred in a concentration-
dependent manner. Fig. 8B is VAChiP single-channel current
measurements in the presence of raffinose. The raffinose alone did
not cause channel blockage at up to 70 mM, while further
addition of a much lower concentration of the chitohexaose
(200 uM) to the same bilayer, after the negative results with the
raffinose were obtained, immediately produced current deflections
(Fig. 8C). Observable swelling of the proteoliposomes apparently
reflects permeation of chitohexaose through the embedding
VhChiP pores in the lipid vesicles, but was not significant with
other sugars.

Discussion

The chitin catabolic cascade of Vibrios 1s a complex system that
involves a cluster of genes in the chitin-induced GlcNAcy operon,
which is stringently controlled by a two-component chitin sensor/
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Figure 9. Model of the chitin degradation cascade of the marine bacterium Vibrio harveyi. The model was reconstructed from the
chitinolytic cascade proposed by Li and Roseman [6]. After chitin degradation by chitinase, the chitin fragments are transported through the outer
membrane by diffusion through porin or chitoporin, depending on their sizes. Further enzymatic degradation takes place in the periplasm, producing
GIcNAc and GIcNAc,. Binding of GIcNAc, to CBD activates the ChiS sensor, producing transcription of the genes under control of the GIcNAc,
catabolic operon. GIcNAc is translocated to the cytoplasm by the GIcNAc PTS system, while GIcNAc; is transported through the inner membrane by
the GIcNAc, ABC permease. Both products are phosphorylated, and finally converted to Fructose-6-P, acetate and NHs.

doi:10.1371/journal.pone.0055126.g009

histidine kinase (also referred to as ChiS sensor) [6,13]. Fig. 9
summarizes the multiple-step process in the chitin degradation
pathway, which involves: 1) Chitin binding. Traces of chitooligo-
saccharides in the surrounding microenvironment are suggested to
act as a chemoattractant that triggers adhesion the bacteria to the
surface of chitin-containing particles [3,40]. ii) Chitin degradation.
Secretion of chitinases leads to partial degradation of chitin to
chitoligosaccharides on the extracellular side of the bacterial cell
wall. Endochitinases (mainly chitinase A) were shown to mostly be
responsible for chitin degradation [5,41]. iii) Molecular uptake of
chitooligosaccharides. Chitin degradation products presumably
permeate the outer membrane of the bacteria through a substrate-
specific porin (referred to as “chitoporin or ChiP” [6,9]. iv)
Further breakdown of chitooligosaccharides. In the periplasm, f-
MN-acetylglucosaminidase [42] and chitodextrinase [43] degrade
the translocated chitin fragments to GlcNAc and GlcNAcs.
GlcNAc, generated in the periplasm is crucial as it binds to the
chitin binding protein (CBP) that is usually attached to ChiS at the
outer part of the inner membrane. Dissociation of CBP upon
binding to GlcNAcy successively activates the ChiS sensor, which
in turn up-regulates expression of the genes that comprise the /S
regulon [6,13]. v) Active transport of GIcNAc and GlcNAc, into
cytoplasm. GlcNAc, is transported through the inner membrane
by the GlcNAcy, ABC-type permease [44], whereas GlcNAc is
transported by the phosphoenolpyruvate transferase system (PTS)
[45,46]. vi) Generation of metabolic intermediates. Upon arrival
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in the cytoplasm, individual dimers are phosphorylated by the
cytoplasmic GlcNAcy phosphorylase as follows: GIcNAcy +
P; = GlcNAc-6-P + GIcNAc [7]. GlcNAc from the ABC transport
system 1s phosphorylated by a specific GlcNAc kinase [47].
Alternatively, PTS converts GlcNAc to GlcNAc-6-P, concurrently
with translocation. As a result, the final forms of intracellular
intermediates are fructose-6-P, acetate and NHg, which can
readily be metabolized as carbon and nitrogen sources for the
cells.

Although the chitin degradation pathway of Vibrios has been
generally accepted [3-7], some key issues remain to be clarified
concerning the functionality of the proteins involved in the
pathway, of which chitoporin is an example. Chitoporin was first
identified in V. furmissii in 2000 [12]. However, its distinctive
function as a chitooligosaccharide-specific channel has not been
demonstrated hitherto. To understand the specificity of oligosac-
charide transport through the outer membrane, it is necessary to
establish the physiological role of this protein. In this study, V.
harveyi was selected as the source organism for two reasons. First,
the mechanisms underlying chitin degradation by chitinase A and
N-acetylglucosaminidases from V. harveyr have been studied in
detail by our group [48-52]. Second, V. harveyi is a fast- growing
bioluminescent bacterium through its adaptive ability to grow
under anaerobic and respiratory conditions. Therefore, V. harveyi
contributes significantly to a rapid turnover of chitin in marine
ecosystems. It sometimes causes a fascinating phenomenon called
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‘milky seas’, in which, during the night, a uniform blue glow is
emitted from the seawater. Some glows cover nearly 6,000 square
miles of deep oceans. Ipso facto, the chitin utilization machinery of
V. harveyi 1s expected to work efficiently.

ViRChiP was successfully cloned and the recombinant gene
expressed in the E. coli system, as verified by mass-spectrometry
(Fig. S1) and immunoblotting (Fig. 4A-E). Detection of endoge-
nous expression of chitoporin when the V. harvey: cells were grown
on chitin-containing medium suggests that the chP gene is
regulated by the same control system (the ¢S regulon, refs 6,13)
as the chi A gene. We demonstrated previously that in V. harvey
expression of the Gl A gene was strongly induced by chitin [41].

Single channel recordings revealed that VAChiP would insert
readily into the artificial membranes and behaved as a pore-
forming component with a characteristic trimeric closure when
high external membrane potentials were applied (Fig. 5). Its
structural homology with other porins (Fig. 2) strongly suggests
that VAChiP has 16 [-stranded transmembrane domains, 8
extracellular loops and 8 periplasmic turns, as is observed for
most bacterial porins [38-39,53].

BLM current measurements with high time-resolution were
used to demonstrate the interaction of chitooligosaccharides with
VRChiP. These are interpreted as indicating oligosaccharide
translocation, confirming the specific function of VAChiP as a
chitooligosaccharide-specific porin. The channel was found to
interact with the chitosugars to various extents, depending on the
sizes and the types of the sugars (Fig. 6). The observation of no
fluctuation of ion current on the addition of chitobiose can be
explained by the fact that this disaccharide could not permeate
through the VAChiP channel; it may require a general diffusion
porin as already described earlier (see Fig. 9). Alternatively, it may
permeate so fast that the residence time is too small to lead to well-
resolved blocking events. In contrast, the VAChiP channel was
much more sensitive to higher-MW chitosugars (GIcNAcs ¢). The
channel blocking behavior (Figs. 6 and 7) is comparable to the
blockage of maltoporin by maltooligosaccharides [19] and also
reflects a common characteristic of substrate-specific channels, in
which higher-MW oligosaccharides are preferred substrates
[32,54].

BLM measurements revealed no response of FVirChiP to
maltopentaose and maltohexaose even at a concentration five-
fold greater than that of the chitosugars (Fig. 6). The results of
liposome swelling assays additionally confirmed insignificant
permeation of other sugars, including raffinose, maltose and
sucrose (Fig. 9). These data indicate the high selectivity of the ChiP
porin towards chitooligosaccharides. The low sequence identity of
between VAChiP and other sugar-specific porins (less than 20%)
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Stochastic fluctuations of ion current through one chitoporin (ChiP) channel within a bilayer lipid
membrane in sugar solution are analyzed. These reflect single-molecule dynamics, which indicate that
ChiP has multiple binding sites for sugar and exploits interactions between bound molecules to direct
sugar passage. Since ChiP is used by marine bacteria, this is likely an adaptive strategy to enhance sugar

translocation from rough water.

DOI: 10.1103/PhysRevLett.110.238102

Some gram-negative bacteria uptake sugar from ambient
fluid through a protein channel, which is an assembly
of nanotubes, in their cell membrane [1]. Molecules of a
specific sugar that diffuse into the channel can become
trapped, remaining bound in a nanotube for many milli-
seconds before escaping into the cell. A bound molecule
obstructs a nanotube so measurements of ionic current
through a channel in sugar solution exhibit stepwise
changes that track single-molecule dynamics on the milli-
second time scale [2-4]. By studying the current profile
of channels used by different bacteria, adaptive channel
designs can be studied quantitatively.

The bioluminescent bacterium V. harveyi is responsible
for the disease luminous Vibriosis, a leading cause of
death in fish and prawn farms [5,6]. Having a high growth
rate and able to survive extreme conditions, the bacteria
effect rapid turnover of chitin in marine ecosystems. The
bacterium degrades chitin into smaller sugar molecules and
selectively uptakes chitohexaose through a channel called
chitoporin (or ChiP) [7-14]. ChiP is a trimer, composed of
three identical nanotubes (monomers) and thus, similar to
other channels, like maltoporin from E. coli [1,15-18]. But
ChiP operates in more demanding rough-water conditions
and, accordingly, translocates sugar across a lipid bilayer
more rapidly by orders of magnitude [19] than comparable
channels [20-23].

In this Letter, we present data of ion current fluctuations
I(¢) through a bilayer lipid membrane immersed in
chitohexaose solution and perforated with one trimeric
ChiP. I(¢) fluctuates among discrete bands such that I(r) =
I, = I,(3 — n)/3 when n monomers are blocked by sugar.
By analyzing the stochastic integer n, we find that (i) each
ChiP monomer functions independently, (ii) a monomer
has multiple binding sites (or traps) that can be occupied
simultaneously, and (iii) there is evidence that molecules
bound in the same monomer attract each other.

0031-9007/13/110(23)/238102(5)
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The results indicate a multiple-trap design that could
explain how ChiP uptakes sugar so effectively. Studies
on maltoporin were interpreted using single trap models
[24]. While one trap is sufficient for uptaking sugar from
a congenial environment, multiple traps can stream sugar
across the membrane more rapidly. Using the intuitive
population-decay approach developed below, multiple-
molecule trapping by ChiP is evident from data. This offers
advantages over power-spectral analysis, widely used to
interpret similar I(r) data, in which such essential proper-
ties are identified using fits to model calculations.

We now present details [25]. Two chambers, separated by
a 25 pum thick Teflon film barrier with a 30 uwm radius
aperture, are filled with 1M of KCl. Ag/AgCl electrodes
are immersed on respective sides of the barrier. After adding
the lipid DPhPC, a bilayer is formed over the aperture [26].
A 100 mV bias produces no current, so the bilayer is
impenetrable to K™ and Cl~ ions. A few minutes after
50-100 ng/mL of VAChiP is added to the cis side of the
membrane, a step increase of I(r) is seen, indicating that the
first channel has opened in the bilayer. Here, the cis side of
the membrane is defined as the side at higher electrical
potential than the opposite, trans side. Studies of maltoporin
indicate that the natural mouth of the channel points towards
the chamber to which the precursor (VAChiP) is added, so
we regard the cis side as being analogous to the cell exterior
[27,28]. After the first ChiP insertion, the protein solution
was gently diluted by sequential additions of electrolyte to
prevent further insertions.

The current through the open trimer averaged I, =~
186 pA with a 100 mV bias. I(¢) — I, can be fit by a
Gaussian with standard deviation o, = 8 pA. With chito-
hexaose added to the cis side, I(¢) fluctuated between bands
I,, see Fig. 1. Band transitions in Fig. 1 indicate that a
molecule can enter or leave a monomer in roughly #;, =
0.1 ms. When a molecule enters an unoccupied monomer,

© 2013 American Physical Society
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FIG. 1 (color online). Dynamical trapping of single sugar % 1 0.01 002 %0 ‘ 0.(;05 ‘ 0.01
molecules by a ChiP protein channel. The ion current I(f) t(s) t(s)

measured through a single ChiP, which perforates an otherwise
intact lipid bilayer, with a sugar concentration of 5 ©M on one
side of the membrane is measured versus time. The ChiP consists
of three identical tubes (or monomers) and the ion current
fluctuates such that I(r) = I, = I,(3 — n)/n with n =0, 1, 2,
3 when n monomers are blocked by sugar molecules. I(r)
remains in a band for a time ¢,[;], where j counts each occur-
rence, then makes a transition associated with either trapping
or detrapping of a single molecule. An I} — I, trapping event
is illustrated by the cartoon: with one monomer already blocked,
a second monomer traps a sugar molecule, resulting in a current
decrease.

n increases by one. The fact that n can then remain
constant for a time 1,[j] > t,;, means that molecules
can be chemically bound (i.e., “trapped’’) in a monomer
[29]. Thermal fluctuations provide the rare, sudden events
in which a molecule escapes (i.e., “detraps’). If the escape
empties the monomer then n decreases by one.

We record times t,[j], over which the current remains
continuously in band n, where j counts each occurrence.
Small values #,[j] < ty, = 0.1 ms are ignored (if I(z)
fluctuates away from n but returns within ¢, then it is
treated as if it never left n). Fluctuations on a time scale
less than t,,;,, which could result from a molecule diffusing
into a monomer without becoming bound (as well as
outlying points of Gaussians straying between bands), are
not studied. Correlations between t,[j] (for the same n
but different j) are assessed using the function, y,(s)=
Y (t,[j1-1,)(t,[j+s]—17,)/ 13 where s is an integer and 7,
is the average of 7,[j] over all j.

The measured quantity N,(7) is the number of j for
which ¢,[j]>t. N,()/N,(0) is interpreted as the proba-
bility for n monomers to remain continuously blocked for
a time longer than 7. Sample distributions N,,(¢) are shown
in Fig. 2. Almost all 7,,[ j] ended with a transition in which n
changes by An = *1. Events with [An| > 1 were too rare
to treat statistically. For an open trimer, yo(1)/xo(0) =
0.01 for a sample size Ny(0) = 4800. While for a trimer
with one blocked monomer, the value y;(1)/x;(0) = 0.06

FIG. 2 (color online). Plots of N,(1)/N,(0), which is the
probability that » monomers of the ChiP trimer remain contin-
uously blocked by sugar molecules bound within them for
longer than z. N,(f) is obtained from I(¢) data, like that in
Fig. 1, by counting the number of different j for which 7,[j]>
t. For n = 0 (n = 3) all segments end when an open (blocked)
monomer becomes blocked (open), which we call trapping
(detrapping). For n = 1, 2, both processes occur. The inset in
the lower right shows the B(f) (the logarithm of the probability
for a single monomer to remain blocked for time ¢) as deter-
mined from the n =1, 2, and 3 distributions. The fact that
they agree means that different monomers in the trimer act
independently.

for N,(0) = 7500. These weak correlations indicate that
t,[j] and t,[j" # j] are approximately independent.

To determine if trapping in different monomers is
correlated, we compare N,(z) for the trimer to that
expected for three independent monomers. We define the
probability for a monomer, initially unblocked, to remain
continuously unblocked for more than ¢ as exp(U[¢]) and
the probability for a monomer, initially blocked, to remain
continuously blocked for more than ¢ as exp(B[t]). For
identical, independent monomers

InN, (1) — InN,(0) = 3 — m)U() + nB(r). (1)

Equation (1) relates four measured N, (¢) to two unknowns
U(z) and B(z), and can be checked for consistency. Using
Eq. (1), we obtained U(¢) from Ny(¢) and then used n = 1,
2, 3 to obtain three estimates of B(f). These estimates,
shown together in Fig. 2, agree. This rules out significant
correlation between monomers. Each monomer acts
independently.

Henceforth, we study a single monomer, characterized
by U(t) and B(z). U(r) describes trapping by an open
monomer and B(t) describes detrapping from an occupied
monomer. Note that the /() measurement cannot deter-
mine how many molecules occupy a monomer (the first
molecule blocks the current so the arrival or departure of
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additional molecules has no effect). If a monomer becomes
occupied at ¢ = 0 then exp[B(r)] is the probability for it to
remain occupied, by at least one molecule, beyond time ¢.
In Fig. 3, U(¢) and B(¢) are shown for a range of sugar
concentrations [c] on the cis side. U(¢) is approximately

U(t) = _kon[c]t’ (2)

where the empirical parameter k[ c] can be understood as
the rate at which sugar molecules are trapped by an open
monomer. With a factor of [c] removed, k,, is the trapping
rate per molar of sugar in solution.

In the upper right panel, ky[c] is plotted versus [c]
and appears linear. The nonzero [c] = 0 intercept may
result from channel gating: nanotubes exhibit voltage-
dependent contractions even in the absence of sugar [17].
Allowing for a nonzero intercept, a linear fit gives k,, =
4.0 s~ uM™!. This is much smaller than the diffusion-
limited capture rate per molar k,,, = 4DaN, where a is
the nanotube diameter, D is the diffusion coefficient of
sugar and N, is Avogadro’s number [30,31]. Using a =
0.5 nm, we have k,,, = 200k,,, so only 1/200 of the
molecules that diffuse to the mouth of the monomer
become stably bound within it.

Turning to detrapping, B(7) drops rapidly for 7 < 0.01 s
by an amount that depends on [c]. For ¢ > 0.01 s, it is
described by

B(t) = —a — kot (for 1> 0.01 s), 3)
where the empirical parameters a and kg are independent

of ¢. From Fig. 3, k. is independent of [c] with a value of
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FIG. 3 (color online). Evidence for multiple-molecule trapping
by a monomer. Left panels: Horizontal axis is time ¢ and vertical
axis is logarithm of the probability that a monomer remains
unblocked (upper panel) or blocked (lower panel) for longer
than ¢, denoted by U(¢) or B(t). Curves are for different sugar
concentrations [c], along arrows: [c] = 0.25, 0.5, 1.0, 2.5, 5, and
10 uM. For ¢ > 0.01, linear fits to B(z) (the dashed line) can be
made, but the low-# nonlinear behavior indicates multiple trap-
ping states. Upper right: slope ko,[c] of linear fit to U(r), versus
[c]. Lower right: Slope k. and extrapolated ¢+ = O intercept a,
from linear fit to B(¢) for £ > 0.01 s, versus [c].

roughly 50 s~/
with [c].

Consider the ¢ and [c] dependence of B(¢). At small ¢, the
steep slope describes fast detrapping. Fast detrapping plays
an important role at low [c], causing a large drop of B(z),
but has less effect at high [c]. On a longer ¢ scale, the slow
detrapping rate k. =~ 50 s~! sets in. Slow detrapping is
most important at high [c] (the fraction of occupied mono-
mers that empty via the slow process is exp(—a), which
increases with [c]). The natural interpretation of this
behavior is that there are at least two binding states, with
different detrapping rates, that can be simultaneously occu-
pied. Fast detrapping affects singly occupied monomers,
and slow detrapping affects multiply occupied monomers.
As [c] increases, multiple occupation becomes more likely
and slow detrapping dominates.

A simple model provides more detail [25]. We use a
model monomer with two traps, 1 and 2, that act in series,
with 1 nearer the cis end. The monomer can be blocked in
three ways (a molecule in trap @ = 1, 2 or in both, which
we denote by @ = 3). At t = 0, the monomer has a proba-
bility p,(t = 0) = 8), to be in state a. Then dp/dt = M - p,
where M is a matrix and p a vector with components p,,
determines the probability at later . We have

. The extrapolated intercept a decreases

B(t) = ln(ZAj exp[,u,jt]), 4)

where u ; are eigenvalues of M, rows of m are eigenvectors
of M, and A; = 3, 5p,(0)m, ! imjp-

A molecule detraps from o = 1, 2 at a rate k, and hops
from 1 to 2 at a rate x; (or x_ in reverse). These processes
are included in a matrix M,. A smaller term M, couples
to & =3 with M = M, + M;. M, includes k.,[c], the
trapping rate of a monomer with a molecule in trap 2, and
k,., the rate at which a doubly occupied monomer empties
trap a. Both molecules detrap at once at a rate ky, with
k=ky + ky + k.

To first order in M, and at large ¢, Eq. (4) gives Eq. (3)
with

k
onlc]x s ) (5)
k1k2 + kz)C+ + klx_

koff = ]E, a = — 111(

The large-t slope is constant and equal to the total detrapping
rate of a doubly occupied monomer. In Fig. 4, calculations of
B(r) are shown. All curves use the same parameters, except
for k,,[ c], which increases along the arrow: ko,[c] = 3, 6,9,
12, and 15k, respectively. We used: k; = x_ = (1/2)k2
(1/20)x, =40 s7!, also k;, =k, = 0 and k;, = 51 s~
There are too many parameters to take quantitative fits
seriously but the model captures all aspects of the qualitative
behavior of B(z).

We can use transition state theory [32] to estimate the
molecular current g. Figure 4 shows the free energy for a
monomer with single (ST) and double traps (DT). The
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FIG. 4 (color online). Model calculation of B(f) based on a
monomer with two traps. Left panel: Calculated B(r) with
parameters given in text. The only parameter that varies across
curves is the trapping rate of an occupied monomer, which
increases along arrow to model increasing concentration.
Upper right: Schematic of two-trap model. Lower right:
Effective free energy F versus reaction coordinate X for models
with one (dashed) or two (solid) traps. The energy barriers, E.
on outside (cis), E7 on inside (trans) and trap level —E; are
common to both models. The two-trap model has another level at
—E,, protected by barrier E,.

barriers on the cis and trans ends are E- and Ey. There is
a trap level at —E; for ST, with frequency w,, and levels
at —E; and —FE, for DT, with frequencies w; and w,.
Molecules hopping from 1 to 2 see a barrier Ej.
The molecular currents (net rate of molecules passing
from cis to trans) are ggr and gpp for ST and DT.
Assuming sugar cannot escape the cell interior and
ignoring interactions between molecules, we obtain
qst = kolcl/(1 +a) and gpr = ko[cl/(1 + Za) where
a = ePlEr=Ecl + (k, [c]/w))ePErTEr] with B = 1/(kgT)
and Z = (1 + 1)/(1 + 8qpr/[nw,]) with Iny = B(Es —
E, — E;) and 0=1—(w,/w,)ePlE2"El] At low [c] ST is
more effective, but at high [c], DT can be advantageous [33].

Since V. harveyi degrades chitin locally, ChiP may see
bursts of high-[c] diffusion current during which a
multiple-trap design is preferable. A greater benefit of
multiple traps could be realized if molecules in the mono-
mer attractively interact (which was not included in the
gpr calculation). From the fit of the model to B(z), the [c]
dependence was explained if the first molecule enhances
the trapping rate of a second and if both molecules detrap
together, which implies attraction. (Note that the longer
dwell time of a molecule in a doubly occupied monomer
was not simply explained by one molecule blocking the
escape of another.) An empty monomer captures a small
fraction of incident molecules, but if one bound molecule
helps draw others, then the bacterium can well utilize a
brief window to uptake sugar in rough water.

In conclusion, we studied ChiP, the nanotubes used by
marine bacteria to uptake sugar. By interpreting ion current

fluctuations in terms of the trapping or detrapping of sugar
molecules, we found that ChiP utilizes multiple traps
within a nanotube and exploits correlations between
trapped molecules—a novel strategy that enables bacteria
to achieve high sugar translocation rates in extreme
environments.
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1. INTRODUCTION

Because of their remarkable structural and functional properties
biopolymers chitin and chitosan (Figure 1) have received much
attention in fundamental science, applied research, and
industrial biotechnology.'™'® Chitin is a long-chain polymer
of N-acetyl glucosamine and the structural material of, for
instance, fungal cell walls, insect and crustacean exoskeletons,
mollusk radulas, and cephalopod beaks. Natural marine chitin
or chitin residues are the exclusive nutrient source for many
marine bacteria, which use them efliciently as metabolic fuels.
Microbial chitin utilization involves enzymatic breakdown of
the biopol?rmer into short-chain chito-oligomers by secreted
chitinases''~'* and subsequent efficient internalization of the
resultant chitosugars through specialized bacterial outer

W ACS Publications  © Xxxx American Chemical Society
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membrane proteins (“chitoporins”). Man-made chitin

waste from seafood processing, on the other hand, is a
common starting material for production of commercial
purified chitin by processes involving harsh chemical treatment.
Though not yet developed on an industrial scale, biowaste from
the silk, mushroom, and honey-harvesting industries has been
proposed as an alternative source for chitin production, and this
idea has already delivered promising results in the labora-
tory.'””* Chitosan is the synthetic product of controlled chitin
deacetylation and, by varying the chain length of the precursor
material or the degree of chemical depolymerization and the
extent of deacetylation, is available with a broad range of
chemical and physical attributes.

The two materials and their derivatives have practical
applications in the form of films, gels, suspensions, microscopic
threads, fibers, and spheres in many fields: biotechnology,z“_28
human®~* and veterinary** medicine, pharmacy,”**~>'
agriculture,sz_55 food engineering,ss_é1 environmental technol-
0gy,””>7% and textile®®® and paper’® industries. An
indication of the widespread exploitation and constantly
growing importance of chitinous resources is the total of over
10000 scientific articles and 240 reviews published between
January 1, 2005 and July 28, 2012 that have chitin or chitosan
in their title. A number of books also include these two
particular biomaterials as a key topic.

In addition to the applications already mentioned, chitin and
especially chitosan have found widespread use as advanced
biofabrication materials. In 2005 Payne’s group described the
potential of native or chemically modified chitosan in the
surface adaptation of cell/protein-integrating biological systems
and functional components of diagnostic devices and sensors.”*
About the same time Krajewska discussed the advantages of
chitinous polymers for enzyme surface immobilization in
preparation of medical sensing devices.”’ The large number
of published studies on analytical applications of all sorts that
followed these two key reviews and which are reviewed in this
review helped raise awareness of the importance and
competitiveness of the two materials, and chitosan is now
accepted as an important material in the field of advanced
sensor technology.

Biosensors incorporate functional proteins, nucleic acids, cell
organelles, or even whole living cells, which are fixed
(“immobilized”) on a physicochemical transducer surface that
is able to translate specific interactions of the immobilized
bioentity with its corresponding binding partner (analgte) into
measurable, concentration-dependent electrical signals.”>”> The
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Figure 1. Preparation and chemical structures of chitin and chitosan. For chitin #, the number of acetamido groups, is larger than 7, the number of
free amino groups, while for chitosan n > m. Degrees of deacetylation and acetylation are (n/(n + m)) X 100 and (m/(n + m)) X 100, respectively.

quality of gentle but firm immobilization of the analyte-selective
biological component is a determining factor of biosensor
performance, and chitin or chitosan films have proved to be
useful transducer surface modifiers, compatible with advanced
sensor properties, at least under certain circumstances. The
properties that make chitin and chitosan valuable for analytical
sensor R&D are summarized in Figure 2. The primary
advantage of the two chitosugar-based natural polymer

Figure 2. Advantages of chitin and chitosan for biosensor applications.

Chitosan, with its higher solubility and its hydrogel-forming74

characteristics, is by far the more widely used material in this field;
balance between the number of published studies with the two
materials is thus firmly on the side of chitosan.

materials is their combination of ready availability as highly
developed industrial products in a variety of grades with
remarkable biocompatibility and pronounced film-forming
capability.

Another valuable feature of chitin/chitosan is a chemical
structure that includes many intrinsic oxygen- and nitrogen-
based functional groups that can serve as the starting points for
covalent modification and/or chitosugar chain cross-linking. In
addition to these common benefits chitosan has some other
important advantages over chitin, namely, its solubility in mildly
acidic aqueous solution, an ability to form tough hydrogel-like
deposits, and the possibility of being electrodeposited on
electrode surfaces as a thin (hydrogel) film in a potential-
controlled manner, which is invaluable in miniaturized
applications such as micro- and nanobiosensor fabrication.
With these additional benefits, chitosan is, unsurprisingly, more
widely employed than chitin in the field of sensor technology.

Despite its topicality, the subject chitin/chitosan in
biosensors has not yet been specifically reviewed. The aim of
this review is thus to overview existing options for electro-
chemical (EC) biosensors that work with chitin/chitosan-based
electrode modifications and offer guidelines for related research
and development activities. Basic principles of electrochemical
biosensing are considered first to introduce inexperienced but
interested readers to the topic of biosensors; then relevant
aspects of chitin/chitosan chemistry, biochemistry, and
structure are described and discussed with respect to feasible
sensor configurations. Finally, we include descriptions of
specific applications and give examples of enzyme-based,
antibody-based, and single-stranded DNA-based biosensors
involving chitin/chitosan as part of the detector architecture.
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Figure 3. General scheme of a typical biosensor architecture, showing potential analyte species in sample solution (A), immobilization layer for
biological recognition elements (B), physicochemical platform (transducer) that generates measurable electrical signal upon interaction of the
biological recognition element with the corresponding substrate (C), and electronic module for signal amplification, display, and storage (D).

2. PRINCIPLES OF ELECTROCHEMICAL BIOSENSORS

Enzymes, receptors, antibodies, and single-stranded (ss) DNA
are molecular biological recognition elements (BREs) that
display high specificity and high affinity for their substrates or
binding partners. Figure 3 is a representation of the architecture
of biosensors, showing how these tools make use of BREs for
analyte detection in a broad range of applications.

An absolute requisite for a well-functioning biosensor is the
firm, durable, and nondestructive fixation (“immobilization”) of
the BRE of choice onto the transducing platform, which can be
an optical (spectroscopic) sensing device, the top of a quartz
crystal microbalance, the tip of a thermocouple, or the liquid/
solid interface of an electrochemical sensor, e.g., the disk face of
a gold (Au), carbon (C), or platinum (Pt) electrode or the
surface of an ion-selective electrochemical sensor. Immobiliza-
tion of the BRE locates the molecular recognition event close to
or even directly upon the physicochemical detector surface, and
concentration-dependent signaling of the process is then
possible through conversion of associated light, mass, heat, or
impedance/potential/redox changes into a measurable and
storable electrical property.

This review focuses on electrochemical biosensing in which
signals are generated and transduced by amperometry (current,
I, measured over time, t, at fixed working electrode potential,
E), voltammetry (I measured as a function of E), potentiometry
(equilibrium working electrode potential measured as a
function of ¢t at I = 0), and potential step and alternating
current impedance measurements. The wide range of sensing
opportunities that an electrochemical signal transduction offers
for analyte detection is exemplified by glucose quantification
with glucose oxidase (GOD) enzyme biosensors.”>~*° GOD
catalyzes oxidation of a-p-glucose to D-glucono-d-lactone with
concomitant reduction of its flavin adenine dinucleotide (FAD)
prosthetic group (reaction 1). Reoxidation of the reduced FAD
by dissolved oxygen, the natural electron acceptor, regenerates
the enzyme’s original state (reaction 2), forming hydrogen
peroxide as an electroactive byproduct. In aqueous media the

primary product D-glucono-§-lactone is eventually hydrolyzed
to gluconic acid (reaction 3).

pB-D-glucose + GOD/FAD

— D-glucono-d-lactone + GOD/FADH, 1)

GOD/FADH, + O, - GOD/FAD + H,0, (2)
HZO . .

D-glucono-6-lactone — D-gluconic acid (3)

Fixation of GOD onto a detector spatially limits the enzyme
activity to a zone close to the surface, and the related changes in
[0,], [H,0,], and pH occur thus within the entrapping
polymer matrix. With traditional electrochemical glucose
biosensors the local chemical changes occurring at the
sensor/sample solution interface are turned into a quantifiable
signal by immobilizing GOD on an electrode that measures
oxygen (e.g, a Pt or C disk electrode held at sufficiently
negative potential for diffusion-limited oxygen reduction),
hydrogen peroxide (e.g, a Pt or C disk electrode held at
sufficient positive potential for diffusion-limited peroxide
oxidation), or pH (e.g, a glass electrode). In more highly
developed versions of amperometric EC glucose biosensors the
natural electron acceptor, oxygen, is replaced by dissolved
artificial electron acceptors, preferably with an oxidation
potential favorably below that of H,0,. This pioneering
adaptation allows glucose quantification independent of the
aeration state of the measuring solution, making analysis
possible in the presence of redox contaminants that would
interfere at the peroxide oxidation potential. The most
advanced glucose sensor designs currently available make use
of sophisticated redox polymers/hydrogels as a tailored
immobilizing matrix in which interaction between randomly
distributed redox relays in the polymer chains establish a
nondiffusive flow of electrons (“hopping”) between GOD and
the electrode in the presence of analyte; otherwise, biosensors
may be designed to promote direct electron transfer between
oriented GOD molecules and the sensor surface. Establishment
of enzyme biosensors that use molecular biocatalysts other than
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GOD offers similar challenges: proper BRE immobilization,
identification of an electrochemically detectable product, and
eventually adaptation of amperometric, voltammetric, or
potentiometric detection schemes for analyte (substrate)
quantification. Examples of successful applications include
enzyme biosensors using other oxidases (e.g., galactose, lactate,
glutamate, cholesterol, choline, monoamine, and alcohol
oxidases), dehydrogenases (e.g, fructose, glucose, glutamate,
lactate, cellobiose, formaldehyde, and alcohol dehydrogenases),
uricase, penicillinase, and urease to name just a few. A
description of all these variants is beyond the scope of this
review; however, detailed Supporting Information on the
construction and performance of modern enzyme-based
biosensors is available in recent review articles® ™ and
books or book chapters.**~%

Single-stranded deoxyribonucleic acid (DNA) fragments and
antibodies, in contrast to enzymes, do not catalyze chemical
reactions and so do not change the concentrations of possibly
electroactive substances, such as substrates and cofactors, but
instead interact with their substrates simply through high-
affinity binding. Design of EC detectors in DNA and
immunosensors must take this major distinction into account.
One commonly used option is to track changes in relevant
electric features of the modified sensor surface. It is, for
instance, possible to exploit electrochemical impedance spec-
troscopy, alternating current voltammetry, or potential step
measurements of impedance properties such as the sensor’s
double-layer capacitance and charge transfer resistance for
hybridization recognition and antigen quantification, respec-
tively. Alternatively, synthetic inorganic, organic, or organo-
metallic molecular reporters with a reversible redox activity or
enzymes that produce electrochemically detectable species
upon exposure to substrate may be used to detect conjugate
formation. Several types of redox indicator-supported analysis
have been reported: signaling molecules may be diffusible
components of the measuring buffer or redox labels covalently
bound to the probe or target DNA strands in DNA sensors or
to the antibody or antigen in immunosensing. Some recent
review articles cover electrochemical detection of DNA
hybridization”"® and antibody/antigen conjugation.”~'%®

The choice of the BRE and selection of the electroanalytical
detection scheme are early steps in EC bio- and immunosensor
design; however, the strategy for fixation of the BRE onto the
detector must also be decided, and its quality is a main
determinant for later sensor performance. Options for BRE
immobilization include (A) simple retention of the functional
molecular entities behind a thin semipermeable membrane, (B)
covalent BRE bonding to reactive functional groups that either
are intrinsic to the sensor surface itself or have been introduced
through predeposited thin-film coatings, (C) adsorption, (D)
covalent cross-linking of the BRE to form a network, and (E)
placement of the BRE within a polymer or hydrogel layer.

A variety of synthetic (e.g, polyacrylamides, polyacrylates,
and polyvinyl alcohols) and natural (e.g., cellulose, agarose, and
collagen) polymers have proved suitable for biosensor
assembly: whichever polymer is used, it is essential that the
immobilization process does not adversely affect the bio-
molecules’ molecular accessibility and function. With this
stipulation in mind chitin and to a considerably greater extent
chitosan, a good hydrogel-former, gained favor as immobilizing
materials for biosensors as they were well documented in other
applications because of their biocompatibility and chemically
adaptability through reactions of intrinsic functional groups.

The following section is a description of the derivation of
usable purified chitin and chitosan from their natural sources
and also summarizes their chemical and functional properties
that are relevant to biosensor construction and performance.

3. RELEVANT CHEMICAL AND FUNCTIONAL
PROPERTIES OF CHITIN AND CHITOSAN

Citations 1—74 broadly link the chemical and physical
properties of chitin and chitosan with their potential
applications and are suggested as complementary sources of
information on uses of these compounds. Chitin and chitosan
are both aminoglucopyrans: extended linear chains of (1 —4)-
linked N-acetylglucosamine and glucosamine residues, ran-
domly distributed. The chemical difference between purified
natural chitin and synthetic chitosan is the degree of acetylation
of the 2-amino groups (Figure 1). In chitin more than 50% of
these residues are acetylated, while in chitosan they are
predominantly deacetylated. More specifically, levels of N-
acetylation may be >90% in biologically derived chitin and, if
controlled during production, low in special technical chitosan
variants.

Well-developed industrial chemical processes are used for
production of purified chitin and then chitosan, either from
crustacean shell waste from marine food production or from
the waste material of the silk, mushroom, and honey-harvesting
industries. Acidic carbonate removal, mild alkaline deproteini-
zation, and decoloring and bleaching with organic solvents and
hypochlorite makes pure crystalline chitin out of, for instance,
finely ground shrimp, crab, and lobster residues, silkworm
cuticles, or bee exoskeletons. If desired, the chitin can be
converted into chitosan through N-deacetylation by hot and
strong alkali. The particle size of the starting material and
intensity of later chemical treatments (temperature, duration,
and solution concentrations) affect the degree of polymer-
ization and acetylation and the crystallinity and purity of the
final products. Enzymatic degradation of chitin with purified
deacetylases offers a gentler pathway to chitosan with a
controlled ratio of acetylated to deacetylated amino
groups;wg_111 however, this process has not yet reached a
level of development suitable for generation of larger industrial-
scale quantities of chitosan.

Natural chitin has an average molecular weight in the MDa
range; however, this is not maintained in industrial purified
chitin because of random breakdown of carbohydrate chains
during the chemical fabrication procedure, and a few hundreds
of kDa are more likely. Commercial chitin comes as whitish
powder, flakes, beads, or nanoscale whiskers,' !> typically with
75—95% acetylation. It does not dissolve in simple aqueous
media, but dilute solutions can be made in, for instance, alcohol
saturated with CaCl, or N,N-dimethylacetamide containing
LiCL. Like chitin, chitosan is marketed in the physical forms of
white powders, flakes, and small beads but with high (>~500
kDa), medium (~50—500 kDa), and low (<~50 kDa)
molecular weights and a range of degrees of deacetylation.
The plentiful amino functionalities throughout the chitosan
polymer can be protonated, so under acidic conditions chitosan
is able to dissolve reasonably well in water as an induced
polycation, the water solubility depending on the degree of
deacetylation. The solubility of chitosan depends on the pH
and ionic strength of the aqueous medium and is influenced by
the proportion and distribution of acetylated and deacetylated
residues along the backbone. The availability of aqueous
chitosan solutions under near-physiological conditions con-
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Figure 4. Catechol-induced cross-linking of chitosan polymer strings and pH-responsive release of electrostatically entrapped ferricyanide from a
catechol-linked chitosan electrode coating. (I) Principle of the cross-linking procedure. (II) Immersion of modified electrode in 1.0 mM
[Fe(CNg)]*~ solution at pH 4; cyclic voltammogram (CV) measured 20 min after immersion; anodic and cathodic current peaks (A, blue) represent
the reversible electron transfer reaction of the iron species at the working electrode. (III) Removal of the chitosan-modified working electrode, water
rinsing, and subsequent immersion in a buffer solution, still pH 4 but free of [Fe(CN4)]*~; though no dissolved [Fe(CN)]*~ is present, the CV
displays the typical voltammetric ferricyanide redox wave (A, red) with the cathodic peak current remaining stable over time (B, red). Apparently a
steady load of ferricyanide in the chitosan matrix exists at pH 4 through charge attraction between [Fe(CN¢)]*™ and chitosan’s ammonium groups.
(IV) [Fe(CNg)]*-loaded electrode now measured in alkaline buffer solutions, pH 10. Cathodic peak current decays rapidly to zero after 20 min (B,
blue). (V) Immersion of a ferricyanide-loaded chitosan-modified electrode into a mediator buffer of pH 4. CVs were recorded before (C, blue) and
after (C, red) S min application of a cathodic potential of —2.5 V vs reference electrode. Initially observed ferricyanide redox peak disappeared after
this treatment, because potential-induced OH™ generation and consequent deprotonation of amino groups in the chitinous electrode coating caused
loss of ferricyanide anions into the bulk solution. Scan rate for all cyclic voltammograms was 50 mV s~.'*

trasts with the parent material, chitin; for this reason organic
solvents can be avoided in the preparation of casting or
spinning solutions, which makes exploitation of chitosan more
biocompatible and thus widens the range of its applications.
Nonetheless, well-adherent thin films of both materials can be
simply prepared using their dilute solutions in casting, spinning,
or dip-coating procedures, resulting in structures of density and

porosity that are adjustable by the number of casting/dipping/

spinning repetitions and by the specific composition of the
casting/dipping/spinning solutions. It is also noteworthy that
dissolution of chitosan salts in NH,HCO; solutions with pH as
high as 9.6 is possible and can be used to prepare solutions of
chitosan as carbamate ammonium salts for spray-drying
applications.'"?

Chitin and chitosan possess good biocompatibility, have
potential to form uniform films and hydrogels, and contain
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Figure S. (A) Instrumental setup for electrodeposition of thin chitosan films on substrate electrodes, and (B) mechanism of chitosan precipitation

onto cathode surfaces.

multiple oxygen- and nitrogen-based functional groups that can
be chemically modified. For in vitro EC work the
biocompatibility of the immobilization matrix and its functional
constituents determines the integrity and lifetime of the
entrapped macromolecules that enable analyte recognition
and quantification. A stable and reproducible long-term
response is achieved only when the matrix-induced degradation
of the immobilized BRE occurs at a negligible rate. The
situation is more complex when EC biosensors are used for in
vivo measurements, e.g., for metabolite diagnostics in hospitals
or in medical or pharmaceutical research with laboratory
animals. In these cases the sensing tip of implantable versions of
a biosensor is placed in the tissue surrounding the target sites in
the bodies of patients or animal models. The compatibility of
the immobilizing layer with the BRE is still crucial for durable
sensor performance, but in addition, the sensor’s composition
and tip design should not trigger a local inflammatory host
response, as there is a risk of sensor fouling by cellular release of
absorbable proteins and lipids or immunoprotective fibrous tip
encapsulation. For in vivo applications the aim must therefore
be to construct the biosensor from materials that are as
nontoxic as possible for both the BRE and the tissue under
study. As expected for biological polymers, the tissue
compatibility and low immunogenicity of chitin and chitosan
have been confirmed in many clinical trials. Laboratory and
pilot studies have also indicated their value in mild and curative
wound coating,lm_116 as supportive scaffolds for tissue and
bone regeneration and engineering,lU_122 and in drugn3_128
and vaccine'* ™" delivery systems, suggesting the possibility
of using these biomaterials for improved biosensor design, as
explored in this review.

As shown in Figure 1, the structures of chitin and chitosan
contain abundant —OH, -NHCOCHS;, and —NH, functional
groups throughout the polymer strands. These well-distributed
reactive entities permit derivatization of the biopolymers if
chemical tailoring would benefit sensor performance or is
required for realizing a particular sensing scheme. Chitin and
chitosan derivatives that have been synthesized for various
applications by covalent modification of the backbone include
sugar-modified, phosphorylated, quaternized, cyclodextrin-
linked, thiolated, sulfated, azidated, ferrocene-branched, and
crown ether-bound versions.””**"**'*% An important advant-
age of chitosan is that modification of its primary amino groups
with chosen electron-donating or -withdrawing functional
groups alters the charge on the biomaterial, allowing fine
tuning of the electrostatic interaction of chitosan immobiliza-
tion matrices with negatively charged biomolecules and/or
electrochemical redox mediators. Introduction of bulky
substitutents, on the other hand, is another option for
regulating the level of conjugate formation with oppositely
charged binding partners by controlled steric hindrance. These
strategies were exploited in a recent study that reported
addition of —CH;, —Cl, —OH, cyclohexane, benzene, or
phthalate entities to the —NH, groups in chitosan, resulting in
clear differences in the efficiency of chitosan variants in binding
single-stranded DNA."*' A more recent study utilized o-
quinones as bifunctional modifiers of the amino groups of
chitosan and produced promising hydrogels of the material."**
The in situ, metaperiodate-induced oxidation of a dissolved
precursor, catechol, generated the reactive quinone that then
produced covalent cross-linking of individual chitosan strings
by Michael addition and Schiff's base formation (Figure 4).
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When applied to predeposited chitosan electrode coatings
this procedure produced adherent hydrogels that in low-pH
solutions could entrap the redox probe [Fe(CNy)]*™*" by
electrostatic interaction with residual amino groups (Figure
4A). The redox probe was, however, readily released when the
protonated groups within the catechol-cross-linked chitosan
electrode layers were neutralized by exposure to high-pH bulk
solutions or application of potentials negative enough to
produce cathodic water splitting and hence generation of OH™.
The pH- or voltage-driven switch between capture and release
of [Fe(CN4)]*™/* was demonstrated by cyclic voltammetry in
mediator-containing and mediator-free supporting electrolytes
of low and high pH and thus under loading and discharge
conditions, respectively (Figure 4B and 4C). Successful
establishment of stimulus-responsive chitosan through qui-
none-based cross-linking is a promising example of the power
of material design and an important step toward accomplish-
ment of smart chemically modified systems for sensor and
other biomedical devices.

The chitin/chitosan modifications so far cited in this section
are representative successful cases and should provide examples
for future developments. The accessibility of the entire
complement of hydroxyl and acetylamido (for chitin) or
amino (for chitosan) groups suggests, moreover, the feasibility
of future biosensor advancement through appropriate mod-
ification of these functional groups. Before or after formation of
chitin or chitosan films on an electrochemical detector surface,
endogenous or introduced reactive groups may be used for
cross-linking individual strands of the immobilizing polymer,
for example, with glutaraldehyde, for linking other functional
components in the layer or for extra modification of the
chemical sensor after immobilization. Another interesting
option is to exploit the free electron pairs on the nitrogen
and oxygen atoms and, in the case of chitosan, the charges on
protonated C2 amino groups, for internal complex formation,
metal ligation, and ionic binding. Metal fixation by chitosan-
based composite materials has actually been developed into an
efficient procedure for removal of heavy metal ™% and
dye'**'** contaminants of industrial wastewater.

In addition to the wide range of adaptations of properties
that can be achieved through synthetic chemistry, the feasibility
of electrochemical deposition as a thin electrode covering from
diluted aqueous solutions is another major asset of chitosan for
advanced biosensor fabrication. Thin film chitosan electro-
deposition was first reported by Wu et al."*® In contrast to the
common electrodeposition of, for instance, metal coatings from
their hydrated ions in solution, chitosan “electrodeposition”
does not involve direct or indirect redox conversion of the film-
forming material itself. Instead, deposition of chitosan on an
electrode is brought about by cathodic hydrogen evolution
from water electrolysis, which consumes protons and generates
hydroxide ions at the interface between the negatively polarized
electrode and the electrolyte. As depicted in Figure S, the
corresponding local increase in interfacial pH neutralizes the
positive charges on the ammonium groups in chitosan chains
reaching the cathode through electrostatic attraction. Con-
tinuous electrophoretic delivery and concomitant removal of
positive charges produces chitosan thin film formation on the
sensor surface, as the material’s solubility falls to the point of
precipitation (“sol—gel transition”).

Apart from the nature of the waterborne polyelectrolyte,
chitosan electrodeposition is mechanistically comparable to the
familiar industrial process of electrodeposition of paint (EDP),

based on water-dispersible anionic polyacrylic or cationic
polyepoxy resins. Among customers the practice of EDP is
also known as electrocoating, electropainting, e-coating,
electrophoretic coating, or electrophoretic painting and is a
proven method for applying corrosion-protective paint layers to
automobile bodies and the interior of food tins.'>'”'%®
However, in a pioneering step in sensor fabrication, EDP was
established in the 1990s as a convenient, nonmanual approach
for effectively insulating etched Pt/Ir and W scanning tunneling
microscopy (STM) tipslss’157 and carbon fibers*®"? in order
to produce electrochemical STM probes and carbon disk
microelectrodes, respectively. A subsequent study by Kurzawa
et al. confirmed the suitability of commercial EDP formulations
for formation of enzyme biosensor immobilization matrices
when the final heat-curing step was omitted so as to preserve
electrical paint conductivity.'*’

To optimize deposition, industrial EDP baths are supple-
mented with pigments, surfactants, antifouling agents, or
(electro-)catalysts, and these additives are not intentionally
optimized for biocompatibility as the end use of the paint
formulations is corrosion protection of metallic products rather
than biosensor applications. On the other hand, chitosan
electrodeposition solutions are freshly prepared, and at least in
sensor fabrication and work with sensitive biological recog-
nition elements, use of toxic chemical additions can easily be
avoided with critical awareness and proper choice of materials.
This experimental freedom is one advantage of chitosan over
anodic or cathodic EDP as long as commercial EDP systems are
the alternative. Another is that the operational pH is closer to
physiological values than that used with anodic and cathodic
paints based on micellar acrylic and epoxy polyelectrolytes.

Electrodeposition of chitosan is particularly important in
miniaturization of electrochemical biosensor devices and in
selective placement of immobilizing biocompatible polymer
deposits on the active sites of individually addressable micro-
and nanoelectrode arrays that are not easily reached with other
(manual) film-forming procedures. Figure 6 is a representative

Figure 6. (A) Scheme showing electrochemically driven, pH-induced
deposition of fluorescein-labeled chitosan onto the individual
conductive entities of gold band electrode arrays of various band
widths and separations. (B—D) Photomicrographs taken with an
optical fluorescence microscope after the spatially selective chitosan
electrodeposition on the patterned gold template was performed. Band
widths and separations of the studied electrode test structures, in
micrometers, are shown below and above the images, respectively.'"
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Figure 7. Generation of chitosan micropatterns in a scanning electrochemical microscope (SECM). (A) SECM arrangement for probe tip-controlled
local pH elevation on a flat gold substrate electrode to be chitosan decorated. (B) Entrapment of glucose oxidase (GOD) into chitosan
electrodeposits that grow in front of a positioned SECM probe tip. (C) Detection of hydrogen peroxide production in a GOD—chitosan spot upon
provision of the enzyme’s substrate, glucose. H,0O, produced in the spot diffuses to the anodic disc of the probe and there generates current through
electrooxidation. Two-dimensional (x,y) plot of the SECM tip current provides a map of the spatial distribution of H,0,, which reflects the
localization and dimension of the immobilized spot. (D) Confocal laser scanning microscope (CLSM) reflectance image of chitosan spots that have
been electrodeposited by the procedure depicted in A through application of potential pulses (Eyggae = —1.0 V vs Ag/AgCl, pulse length = 1 s)
between the SECM tip (Pt microdisk electrode; radius (r) = 25.9 um; RG factor (radiusglass insulation /1adiisp,) = 4; tip-to-substrate separation (d) = 10
um) and the gold substrate. One (spots 1, 2, and 3), two (spots 4, S, and 6), three (spots 7, 8, and 9), and four (spots 10, 11, and 12) potential
pulses were applied for spot generation. Deposition solution contained 1.5% (w/v) chitosan, pH 5.7. (E) CLSM reflectance image of GOD—chitosan
spot obtained by a single localized pulse deposition from a solution containing S mg/mL of the enzyme and 1.5% chitosan. Other experimental
conditions were as listed in D. (F) Generator-collector type of SECM image that visualizes H,0, production in a tiny GOD—chitosan spot prepared
by the procedure described in C on exposure to 50 mM glucose in the air-saturated surrounding electrolyte (0.1 M phosphate buffer, 0.1 M KCl, pH
7.0). Parameters for SECM image acquisition: Epgpcy tp = 10.6 V'vs Ag/AgCl; rpespom o = 13.2 pim, RG = 25; d = 10 pm, tip scan speed = 10 ym/s.

Reprinted with permission from ref 167. Copyright 2009 John Wiley and Sons.

selection from one of the earlier studies on chitosan
electrodeposition on gold band electrode arrays,"®" and the
images of the chitosan-coated gold strips confirm the excellent
spatial selectivity of the stimulus-responsive deposition method.
As can clearly be seen, individual members of the five-band
array structure could be chitosan coated with precision and
neither a band separation as narrow as 20 ym nor a bandwidth
as thin as 20 ym led to visible failures. The excellent precision
of the chitosan electrodeposition was confirmed by the
demonstration that substrate electrode edges could be
constructed from electrodeposited chitosan scaffolds with an
accuracy of 0.5—1 um'®* and compared very well with that of
an EDP modification of a gold microdisk structure.'® A more
recent study demonstrated that defined redox activity could be
established in thin electrodeposited chitosan films through their
reaction with the products of anodic catechol oxidation at the
covered electrode.'®®

Many original research articles have addressed the topic of
voltage-induced chitosan deposition. In the context of sensor
studies, immobilization of oxidases, horseradish peroxidase,
acetylcholine esterase, gelatin, albumin, and silk fibroin has
been achieved using entrapment into chitosan electrode layers
formed from solution by an electrochemically produced pH
shift. Incorporation of nanoscale immobilization matrix
modifiers such as CNTs, metal, or metal oxide nanoparticles
by coentrapment into nascent chitosan electrodeposits or

through chemical modifications of freshly electrodeposited
chitosan films by postdeposition protein cross-linking was also
successful. Space limitations preclude detailed description of
individual procedures here, but many of the examples have
been discussed in a set of recent comprehensive reviews on site-
directed voltage-dependent protein assembly,'®*™'% and these
are recommended as sources of further information.
Electrodeposition of chitosan on the active sites of
prefabricated electrode microarrays can generate microscopic
chitosan patterns that can be further processed into spatially
confined sensor entities incorporating biomolecules such as
enzymes, DNA strands, antibodies, or antigens. Recently,
chitosan-based BRE micropatterning was also achieved using
the surface alteration capability of the tiny microelectrode tips
of a scanniné electrochemical microscope (SECM) for pattern
formation.'®” The principle of the proposed scheme is
illustrated in Figure 7. Briefly, a gold-covered microscope
slide was connected in an SECM electrochemical cell as a large-
area, plate-like cathode above which a disk-shaped Pt
microelectrode (the “SECM tip”; diameter 10—50 ym) was
positioned as a static counter-electrode (anode) at a working
distance about the diameter of the insulated microelectrode
metal disk. At a potential carefully adjusted to produce a steady
rate of water electrolysis, cathodic proton reduction was
spatially restricted to the area of the gold plate directly
opposite the counter-electrode and only at this specific location
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was the pH increased enough to neutralize dissolved chitosan,
triggering surface precipitation and forming round patches of
the material (Figure 7A). Repeated SECM tip-directed local
electrodepositions at different «x, y grid points on the substrate
gold electrode formed regular arrays of microsopic chitosan
sediments (Figure 7D). Addition of GOD to the chitosan
electrolyte solution resulted in coprecipitation (Figure 7B),
producing chitosan spots with firmly entrapped, fully functional
enzyme (Figure 7C, E and F). Though further work is needed,
this first successful demonstration of SECM-based chitosan
pattern generation illustrates the power of the scanned probe
technique in the fabrication of miniaturized biomimetic
(sensor) devices. A future development may be extension of
the methodology to the various types of noble metal and
carbon nanoelectrodes that are now standard tools in
electrochemical science, so as to move from the micro- to the
nanoscale. Meanwhile, pattern generation with probe micro-
scopes other than the SECM instrument remains a task for the
future.

Chitin and chitosan are not the only film-forming
biopolymers that may be used as natural surface modifiers of
electrochemical (bio-)sensors. Polymeric arginine, lysine,
glutamic acid, hyaluronic acid, and alginic acid, for instance,
all have possible sensor applications, but among the many
possibilities chitin and chitosan are attractive options as they
are highly developed, nonhazardous, and cheaply available from
commercial sources in various forms. Furthermore, the critical
pH for chitosan’s soluble—insoluble transition is about 6.3.
Chitosan deposition on electrode surfaces can thus, in contrast
to other natural polymers with similar behavior, occur under
mild conditions through chemically or electrochemically
induced pH changes close to physiological normality, ensuring
suitably gentle conditions for immobilization of enzymes,
antibodies, or nucleic acids. The amino groups in poly-L-lysine,
for instance, have a pK, of about 10.5 and transition between
the protonated soluble and the neutral insoluble form of the
polymer strings occurs at a highly alkaline pH, which is likely to
cause denaturation of protein-based biological recognition
elements and is therefore unfavorable to sensor assembly.

Recently, efficient anodic (instead of the usual cathodic)
electrodeposition of chitosan hydrogels was reported.'®® The
novel scheme starts with anodic oxidation of chloride ions to
chlorine, which forms reactive HOCI through reaction with
water. This can oxidize alcohol groups within chitosan to
aldehydes, which then covalently cross-link to amine groups in
other strands through Schiff base formation, creating chitosan
hydrogel networks. An attractive feature of the anodic chitosan
hydrogels is that they can repeatedly swell and shrink, with up
to 3-fold volume changes in response to cyclic pH changes, an
effect that has the potential to establish actuation functions
such as valve controls in miniaturized fluidic devices.
Furthermore, anodically deposited chitosan offers intrinsic
aldehyde groups for covalent fixation of enzymes, antibodies,
and oligonucleotides, avoiding the need for cross-linkers such
as glutaraldehyde. The strategy was validated by construction of
functional glucose biosensors using immobilized glucose
oxidase.

4. SURVEY OF ELECTROCHEMICAL (BIO-)SENSOR
DESIGNS WITH CHITIN OR CHITOSAN AS SURFACE
MODIFIER

4.1. Chitin as Electrochemical (Bio-)Sensor Component

Chitosan is somewhat soluble in mildly acidic aqueous media
and can thus be handled under conditions that are close to
physiological, while chitin needs harsh organic solvents for
dissolution and processing. Because of this difference chitosan
is more frequently used than chitin in constructing electro-
chemical (bio-)sensors. However, chitin has been used as a
tunable electrode modifier in several studies, and the following
examples illustrate some possible options. Thin and flexible cast
chitin membranes'®~""" or chitin dispersed in carbon/
platinum pastes'’>'”? proved to be suitable matrices for
electrostatic immobilization of enzymes. On the surface of
Clark-type oxygen or noble metal hydrogen peroxide electrodes
GOD-loaded chitin films performed well as glucose biosensors,
as did GOD/chitin/carbon/Pt pastes. Two other studies used
the amine and hydroxyl functionalities of partially deacetylated
chitin, with glyoxal, carbodiimide, or epichlorohydrin being
used both to cross-link individual chitin chains and to attach
enzymes to the chitin networks.'”*'”> Corn or pea peroxidase
was bound to the chitin matrix and the chitin added to carbon
pastes to construct functional biosensors for screening for
adrenaline and rosmarinic acid, respectively, in pharmaceutical
formulations. Alternatively, the amino-reactive cross-linker
glutaraldehyde can be used for covalent linkage of enzyme
molecules to the surface of a chitin membrane. This strategy
was used successfully for choline oxidase, with choline oxidase-
modified chitin films placed on a Pt disk electrode as part of an
electrochemical flow cell to create a choline-sensing flow-
injection analysis system for measuring the cholinesterase
inhibitory activities of synthetic chemicals or natural
products.’’® Furthermore, chitin films can be used as
immobilizing platforms not only for enzymes but also for
other protein-based BRE’s. This was shown by a study in which
streptavidin was attached to chitin electrode coatings through
electrostatic interactions; successful fixation of the biomolecule
was demonstrated by pulse voltammetry measurements in
solutions of biotin with daunomycin attached as an electro-
active redox indicator.'”” More recently, smooth, homoge-
neous, ultrathin chitin films have been reported as suitable
platforms for biosensor architectures.'”®

Though not directly related to biosensors it is worth
mentioning that electrostatic binding of inorganic anions by
protonated residual amino groups in chitin electrode coatings
permits applications in an accumulation scheme in stripping
voltammetry (SV), for instance, chitin films on glassy carbon
disk electrodes allowed voltammetric detection of molybdate
(MOO42_) in seawater at concentrations in the nanomolar
range.'”® Also, a conductometric humidity sensor was devised
based on tailored chitin—polyaniline blends formed into films
that changed their internal electrical resistance as a function of
the water vapor content in their gas-phase environment.'*’

4.2, Chitosan-Based Electrochemical Nucleic Acid
Biosensors

Biosensing with DNA chips or microarrays is used to screen
biological samples for the presence of fragments of single-
stranded target cDNA or short-chain oligonucleotide (OND)
ladders that have been preidentified in clinical studies as
markers for the onset or manifestation of a variety of common
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Figure 8. Chitosan-supported DNA immobilization on electrode surfaces. (A) Utilization of glutaraldehyde-based coupling chemistry. (B)
Exploitation of biotin-modified chitosan and DNA and use of avidin as a high-affinity bridging molecule. (C) Coupling the phosphate groups of the

DNA to the amino groups of chitosan with EDC/NHS.

diseases, indicators of infection with bacterial pathogens or as
signs of contamination with other toxic biological mat-
ter.'"®' ™" The key issues for solving diagnostic tasks with
blood, urine, or tissue extracts are production of genomic
nucleotide probes (i.e., synthesis of sections of end-modified
single-stranded cDNA, oligonucleotides (ONDs), or peptide
nucleic acids (PNAs)), their precise microstructured assembly
(immobilization) on the analytical platform, typically a solid
transducer onto which high- or low-density arrangements of
microscopic spots of probe DNA are placed in a regular
pattern, and, finally, sensitive detection of hybridization
between immobilized probe and dissolved complementary
target material in some of the spots. The most widely used
probe spot carrier and electrode material in electrochemical
DNA chip technology is gold, although carbon and metal oxide
surfaces have also been used. DNA probe immobilization on Au
substrates exploits the strong affinity between Au and sulfur
atoms, which produces rapid self-assembly of covalently
anchored two-dimensional monolayers upon exposure of the
surface to the thiol-containing organic modifier molecules. This
scheme can be applied to ss-DNA probes with sulfydryl groups
at one end, and this chemistry has become routine for
immobilizing nucleic acid strands to Au slides by computerized
DNA microspotting procedures. Since thiol-based immobiliza-
tion is usually limited to gold substrates, other methods are
needed for attaching DNA probes to the surfaces of transducers
such as glassy carbon or screen-printed carbon and platinum
electrodes. For example, covalent coupling through oxygen
atoms on preactivated carbon electrodes or fixation of
biotinylated DNA probes through stable complex formation,
with avidin attached to a covalently premodified sensor surface,
may be used. Several studies have reported the potential of
chitosan for DNA probe immobilization and even hybridization
detection, used either in unmodified form as a coating system
or as a composite material with, for instance, carbon nanotubes
(CNTs) or metal/metal oxide nanoparticles. Chitosan-based
DNA surface fixation works with both covalent and electrostatic
bonding to the biopolymer, the latter depending on attraction
between protonated and thus cationic amino groups in the

chitosan sensor coating and anionic phosphate groups in the
backbone of the DNA chains.

Different schemes for DNA immobilization through attach-
ment to chitosan are shown in Figure 8. They exploit chitosan’s
reactive amino groups which with a proper choice of reagents
allow covalent bond formation or affinity conjugation to
functional groups at, for instance, the 5’ terminals of chemically
adapted probe DNA. Linkage through glutaraldehyde to 5’
amino entities,"”""** for instance, and EDC/NHS-directed
chemical cross-linking to 5’ phosphate groups'®>™"" are
feasible strategies for linking DNA to preformed chitosan
sensor surface coatings, but other coupling procedures may also
be used. Biotinylated probe DNA can be bound to chitosan on
electrode surfaces by biotin—(strept)avidin coupling, which
allows noncovalent but still very tight binding of the two
components. An electrochemical platform for detection of
gonorrhea, a widespread sexually transmitted disease, has been
established using this methodology.'*®

Although not focused on biosensors, a study dealing with
pH-induced capture and release of DNA by chitosan-coated
polymer particles demonstrated the potency of chitosan surface
modifications for controlled electrostatic DNA immobiliza-
tion.'” At slightly acidic pH values, polycationic chitosan
scaffolds attracted and bound anionic nucleic acid strands;
however, a change to alkaline conditions with consequent
deprotonation of the chitosan allowed effective elution of the
DNA from the beads. This type of ionic interaction can be used
for immobilizing nucleic acid fragments on biosensor surfaces.
Fish sperm ds-DNA, for instance, was immobilized electro-
statically on chitosan/CNT-modified screen-printed carbon
(SPCE)****°! and graphite*** electrodes, and with the aid of a
redox marker the arrangement allowed detection of deep DNA
damage.”® The ds-DNA capturing layer was created by
dropping CNT, dispersed in a chitosan solution, onto the
active discs of the SPCEs and allowing the solvent to evaporate.
Condensation of chitosan with DNA segments was then
achieved by exposure of the freshly formed sensor coatings to a
stock solution of the target material. Likewise, cross-linked
CNT—chitosan coatings were used to entrap calf thymus ds-
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Figure 9. Chitosan-supported hybridization detection scheme for PNA/DNA biosensors. (A) Preparation of ferrocene-conjugated chitosan
nanoparticles as the electroactive label. Under slightly acidic solutions amino groups are protonated, rendering the polymeric chitosan—Fc
nanoparticles cationic. (B) PNA probe immobilization as self-assembled monolayers and through thiol coupling and binding of the complementary
target DNA in a hybridization test. (C) Exposure of the PNA/DNA hybrid to a solution containing chitosan—Fc nanoparticles and electrostatic
conjugation of the chitosan label to the nucleic acid double helix. (D) Detection of the presence of the chitosan—Fc label in particular PNA probe

spots by pulse voltammetry.

DNA,** a synthetic 20-bp oligonucleotide sequence related to
the dengue virus genome”* was bound to drop-coated chitosan
films, and the complementary oligonucleotides for DNA
sequences associated with colorectal cancer were bound by a
CNT-zirkonium oxide (ZrO,) nanoparticle—chitosan matrix at
the appropriate pH.”%°

These examples illustrate the practicability of using DNA/
chitosan ionic interactions for probe immobilization. However,
as recently shown by Kerman et al,, the effect can also be used
to establish an elegant chitosan-supported hybridization
detection scheme.”*® For this purpose, electroactive chitosan
nanoparticles were synthesized through exposure of finely
dispersed nanometer chitosan beads to ferrocene carboxylic
acid (Fc—COOH) and EDC/NHS as reactive chemical
coupling agents (Figure 9A). Amide bond formation linked
ferrocene (Fc) molecules covalently to some of the internal and
external N functionalities in the chitosan nanoparticles, loading
the structure with an oxidizable mediator for electroanalysis.
The principle of the final hybridization detection scheme is
illustrated in Figure 9B—D. Briefly, PNA probe strands, carrying
no net charge, were immobilized on the surface of a gold
electrode through their thiol groups. Incubation with the
complementary target DNA formed a negatively charged
duplex structure which, in the labeling step, bound
prefabricated Fc—chitosan nanoparticles electrostatically. Ano-
dic oxidation of surface-proximal Fc labels during differential
pulse voltammetry produced typical bell-shaped current peaks,
indicating the presence of PNA/DNA hybrids. As expected, no
current signals were obtained when in control experiments the
PNA probes were hybridized with complementary target PNA
strands, because the Fc—chitosan nanoparticles had no affinity
for the neutral PNA/PNA conjugates.

Ideally, signal generation with DNA biosensors should be
closely coupled to the hybridization between surface-bound and
dissolved target DNA strands and consequent double-helix
formation or the binding of short reporter DNA strands.
However, nonspecific adsorption of the target or reporter DNA
strands to the sensor surface may be unavoidable and,
depending on the electrochemical scheme in use for trans-
duction, will compromise the analytical performance to a
greater or lesser extent. With a chitosan-based immobilization
matrix for DNA sensors there is a risk of nonspecific binding to
the functional surface coating, stemming from electrostatic
interaction between the DNA backbone and the residual
protonated amino groups in the chitosan network. Decreasing
the number of amino functionalities within the chitosan thin
film sensor coating, during or after probe strand attachment,
minimizes nonspecific DNA binding, and their reaction with
glutaraldehyde to form imino groups is a feasible approach.
Alternatively, the surface of chitosan-based DNA sensors could
be treated after the hybridization step with solutions of Mg*" or
Ca’" salts and urea. Divalent cations tend to neutralize the
negative charges on DNA strands and inhibit their electrostatic
binding to chitosan, while urea weakens hydrogen bonding
between DNA and chitosan. A thorough wash with MgCl, and/
or urea-containing buffer should therefore remove most or all
of the nonspecifically bound molecules from the sensor surface
and improve the quality of quantitative applications.

4.3. Chitosan-Based Electrochemical Immunosensors

Immunosensors, whether employing electrochemical or other
detection schemes, take advantage of the specific recognition of
antigen molecules by complementary antibodies (immunoglo-
bulins). The basis of the outstanding analytical performance of
existing immunological assays is the strong Ab—Ag binding
(dissociation constants, Kp, of <1077 M)**” and the high
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Table 1. Chitosan-Based Electrochemical Immunosensors: Target Analytes and Performance

analyte electrode modification”
a-1-fetoprotein (AFP) BSA/anti-AFP/AuNPs/Thi/CS-AuNPs
anti-AFP/AuNP/CNT/CS

ITO/TiO,/CdS/CS/anti-AFP/BSA
anti-CEA/AuNPs/MnO, and CS/PB
anti-CEA/AuNPs/CNT/CS
Anti CEA/AuNPs/CS
CS/AuNPs/anti-CEA
BSA/anti-CEA/CS-CNTs-AuNPs
anti-CEA/Au-Gra/CS-Fc andTiO,NPs
BSA/anti-CEA/AuNPs/Thi/CS
anti-CEA/AuNPs-Nafion/Fc-CS/GCE
HRP-anti-CEA/CEA/Au-CS
human immunoglobulin G (hulgG) QDs/CNTs-PDDA/AuNPs-CS
hulgG/anti-hulgG/AuNPs/

carcinoembryonic antigen (CEA)

CNCPE Anti-hulgG/coral-shaped AuNPs-CS

human chorionic gonadotrophinb BSA/anti-hCG/AuNPs-TiO,/Thi/GA/
(hCG) MWCNTs-CS/GCE

HRP-anti-hCG/hCG/AuNPs-CS/GCE

r-IgGs/PANI-CS

BSA/r-IgGs/CS-SiO,

IgGs/CS-Fe;0,

IgGs/CS/TiO,

r-IgGs/BSA/CNT/CS

hepatitis B surface antigen (HBsAg) ~CS-Fc/AuNPs/anti-HBs
anti-HBs/CS-SiO,NP

ferritin antiferritin/Fe;0, magnetic NPs/CS

ochratoxin A

prostate-specific antigen (PSA)

Shigella flexneri® HRP-anti-S. flexneri/ CNT/CS
dengue virus envelope protein anti-DENV/CS
(DENV)

anti/PSAAu-hydroxyapatite nanocomposite/CS

detection linear response range detection limit

method (ng/mL) (ng/mL) ref
Ccv 0.4-200.0 0.24 232
EIS and CV 1.0-55.0 0.6 233
EIS 0.05—-50 0.04 234
cv 0.25-8.0; 8.0—100.0 0.083 23§
CV and EIS 0.3-2.5; 2.5-20.0 0.01 236
Ccv 0.2—120.0 0.06 237
CV and EIS 0.1-2.0; 2.0—-200.0 0.04 238
Ccv 0.01-80.0 0.0034 239
CV and EIS 0.2—10.0; 10.0—160 0.08 240
CV and SWV 0.01-150.0 0.003 241
cv 2.0-20 1.0 242
ECL 0.006—150 0.001 243
EIS 0.3—120.0 0.1 244
CV EIS 0.05-50.0 0.00S 245
DPV 0.2—300.0 0.08 246
CA 0.2—100.0 0.1 247
EIS up to 10.0 0.1 248
DPV 0.005—0.06 0.003 249
DPV 0.005—0.06 0.005 250
EIS up to 10 NI 251
0.25—-6 0.25 252

DPV 0.05—-30S 0.016 253
CV and EIS 6.85—708 3.89 254
DPV 20.0—500.0 7.0 AR
potentiometry 3.5-30 2.6 256
cv 10%-10" 2.3 x 10% 257
CA 1.0-175.0 0.94 258

“Abbreviations: CS, chitosan; PB, prussian blue; NPs, nanoparticles; CNT, carbon nanotube; GCE, glassy carbon electrode; Gra, graphene; QDs,
quantum dots; PDDA, poly(diallydimethylammonium chloride); CsNPCE, chitosan nanoparticle entrapped-carbon paste electrode; Thi, Thionine;
GA, glutaldehyde; PANI, polyaniline; Fc, ferrocene; HRP, horse radish peroxidase; r-IgG, rabbit immunoglobulin G; NI, no information; HBsAb,
hepatitis B surface antibody; CV, cyclic voltammetry; DPV, differential pulse voltammetry; SWV, square wave voltammetry; EIS, electrochemical
impedance spectroscopy; ECL, electrochemiluminescence; CA, chronoamperometry. bUnits of the linear range and detection limit are mIU/mL.
mlU: milli international units. “Units of the linear range and detection limit are cfu/mL. cfu: colony forming units.

specificity of protein complex formation. When applied in
advanced configurations with optimized experimental parame-
ter sets, detection limits of attomolar’’®72!° and even
subattomolar®"' concentration are possible with immunosen-
sors. Comparable sensitivity is likewise available with DNA
#2721 45 these also are affinity-based tools with
responses governed by strong binding characteristics. Enzyme
biosensors, on the other hand, usually do not exceed
femtomolar™™ detection limits if native rather than genetically
engineered216 proteins with enhanced turnover rates are
employed for signal generation. This analytical quality has led
various types of immunosensing to be used not only in medical
diagnostics®"” but also in food screening”'®*'® and environ-
mental analysis.”**"** A crucial step in construction of efficient
electrochemical immunosensors is electrode surface immobili-
zation of the antibody or antigen, and many strategies have
been proposed for this kind of sensor modification. As stressed
in representative original>>*~**’ and review”**~>*!

condition for achievement of good sensitivity is to achieve a
high loading of the active electrode area with the capturing
immunochemical component, since the surface density of
receptors on the transducer governs the magnitude of the
electrical signal generated on analyte binding. Accordingly,

biosensors

articles, one

strategies for simple but effective, reproducible, and stable
antibody or antigen loading of electrodes at high density are
intensely sought after, and among other surface preparations,
various forms of chitosan films have been used as
immunosensor platforms. In this context, a virtue of chitosan
is that the number of amino sites available for covalent protein
attachment on chitosan materials is flexible within a wide range,
simply through a variation of the degree of deacetylation of the
chosen variant.

Thus far, chitosan-supported EC immunosensors have been
used for detection of biomarkers for hepatitis B, various
cancers, pregnancy, the iron content of blood, the food-
contaminant ochratoxin A, and the diarrhea-triggering bacteria
Shigella flexneri (see Table 1). The table shows representative
recent work on chitosan-supported electrochemical immuno-
sensors with their performance characteristics (detection limits
and dynamic linear ranges). In the successful cases drop-coated
or electrodeposited chitosan films provided the elementary
stage for surface immobilization either of antibody or of antigen
and the supplementary components that with the film-forming
biopolymer collectively formed the functional electrode coating.

Table 1 shows that the supplements in chitosan-based
electrochemical immunosensors can be redox-active mediators
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Figure 10. Potentiometric antigen quantification with chitosan-supported immunosensors. (A) Schematic representation of the experimental
arrangement and sensor design. (B) Potentiometric time-dependent response of the immunosensor in phosphate buffer, pH 7.4, to addition of 10
ng/mL prostate-specific antigen. (C) Calibration plot for immunosensor. Individual data points are averages of five measurements. Abbreviations:
anti-PSA, antiprostate-specific antigen (antibody); Au—NP, gold nanoparticles (anchor for antibody); HAP, biocompatible hydroxyapatite
nanocrystals (porous high surface area adsorbent). Curves in B and C are reprinted with permission from ref 256. Copyright 2011 Elsevier Limited.

such as ferrocene and thionine or carbon nanotubes, graphene,
conductive polymers, nanohydroxyapatite, gold nanoparticles,
metal oxide, and metal sulfides. An option for antibody fixation
in the chitosan matrix is covalent binding between amino
groups in the biopolymer and the immunoglobins employing,
for example, glutaraldehyde as cross-linking reagent. Alter-
natively, immobilization may be achieved with coimmobilized
gold nanoparticles, which tightly adsorb antibody molecules
without involvement of a covalent coupling agent. Normally the
antigen/antibody interaction on chitosan-modified electro-
chemical platforms is translated into a signal that is detected
by amperometry, voltammetry, or electrochemical impedance
spectroscopy. However, as confirmed for detection of the
hepatitis B surface antigen (HBsAg)>** and prostate-specific**®
antigens, potentiometric measurements are also practicable.

Figure 10 shows the design and outcome of a typical
potentiometric immunosensing procedure using a chitosan/
antibody-modified gold electrode. The time course of the
immunosensor potential, Er, is measured with a common
reference electrode. The interaction of immobilized antibody
with antigen in the measuring buffer solution and formation of
the antibody/antigen conjugate affect the net electrical charge
of the immunosensor/electrolyte interface, and a measurable
shift in the sensor potentials is observed when the antigen
concentration is raised from zero to a new level. In calibration,
plots of Ejs against antigen concentration are linear over a
certain range (see, for instance, Figure 10C) and can be used
for antigen quantification.

As with DNA- and enzyme-biosensors, chitosan is an
attractive immobilization material also for immunosensors

because of its abundant chemically modifiable functional
groups and the feasibility of nonmanual, voltage-driven
electrochemical deposition. Chitosan for use in immunosensor
construction may usefully be covalently modified with synthetic
functional groups. For instance, in order to minimize leakage of
incorporated electroactive molecules, an initial covalent
coupling of the redox mediator ferrocene to chitosan chains
was carried out>*®> On the other hand, prior covalent
attachment of thionine to chitosan was used to increase the
polymer’s chemisorption affinity toward gold nanoparticles, on
the electrode surface of the immunosensor.”>* Other studies
have explored electrodeposition of unmodified or modified
chitosan as a simple and easily controllable alternative to drop-
or spin-coating procedures for creation of merged multielement
immunosensor coatings.232’238’246’247’253’254

Most successful electrochemical immunosensors using
chitosan-supported immobilization matrices avoided the
problem of nonspecific adsorption by blockage of nonspecific
surface binding with bovine serum albumin (BSA). Though
BSA treatment successfully maintains analyte sensitivity, other
blocking agents may occasionally be a better choice for priming
the sensor surface, and options to try include, for instance,
ovalbumin, preimmune serum, skimmed milk proteins, and
surfactants/detergents such as Tween 20, all of which have
previously been used in immunoassay systems to minimize the
nonspecific, background response.

4.4, Chitosan-Based Electrochemical Enzyme Biosensors

The number of reports on biosensors employing chitosan/
enzyme complexes is far greater than for chitosan/DNA or
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chitosan/antibody systems and increased continuously during
the period 2005—2011. Summarizing the almost 300
publications on this subject is beyond the scope of this review.
Instead, some representative studies will be described in order
to demonstrate the potential of chitosan in enzyme biosensor
construction. Most of the recently proposed designs are
complex multicomponent systems that combine plain or
chemically premodified chitosan variants with a particular
enzyme and extra functional materials such as carbon
nanotubes, graphene sheets, metal/metal oxide nanoparticles,
ionic liquids, and clays, to name just a few. The required analyte
specificity obviously determines selection of the enzyme, and
oxidases, peroxidases, acetylcholine esterases, laccases, dehy-
drogenases, tyrosinases, reductases, hydrolases, and phospha-
tases have all been used. The functional supplements
mentioned above have been incorporated individually or in
combination, for instance, to improve the conductivity of the
immobilization matrix or create redox pathways that connect
the entrapped enzyme’s active sites electrically with the
electrode surface.

Chitosan itself is valued as a tightly adhering and
biocompatible porous polymer that provides secure fixation
of the enzyme to the biosensor surface while allowing substrate
and cofactor mobility for their continuous access to the
enzyme. Physical entrapment in the pores and channels of the
chitosan matrix and electrostatic and covalent enzyme bonding
to the polycationic chitosan chains have all been shown to be
feasible means of immobilizing enzymes and avoiding leakage.
As described above for chitosan-based DNA immobilization on
electrode surfaces, covalent coupling of enzymes to chitosan
electrode coatings can be achieved using chemically reactive
groups within the two sensor elements. Most published
strategies for enzyme-chitosan linking have used common
cross-linking reagents such as glutaraldehyde, carbodiimides, N-
hydroxysuccinimide, epichlorohydrin, or glyoxal, but some
specialized cross-linkers such as cyanuric chloride®® have also
been used successfully. There is an indication that the choice of
cross-linker may affect the performance of the sensor in a
recent study that used electrochemical impedance spectroscopy
to evaluate the electrical properties of chitosan films prepared
with different cross-linking chemistry.>®® A procedure that
avoids chemical modification of the enzyme is physical
entrapment within a network of chitosan cross-linked by
electrostatic interaction between protonated amino groups in
the chains and a multivalent anion, tripolyphosphate.”"

Abundant functional groups and pH-dependent solubility are
the most important attributes of chitosan in enzyme biosensor
fabrication as they, respectively, facilitate chemical adaptation of
the material and its cross-linking with other sensor components
and electrochemically induced, spatially confined deposition
onto a miniaturized/arrayed electrode surface. In attempts to
develop advanced biosensors with interaction between the
enzyme and the electrode catalyzed by a redox mediator,
composites of chitosan covalently modified with redox
mediators were constructed. For instance, synthesis of a special
soluble Fc-modified polyaminosiloxane (Fc—PAS) was de-
scribed, which after purification was covalently linked to
dissolved chitosan polymer with glutaraldehyde.*> Sensor
coatings of the resulting Fc—PAS/chitosan composite and, for
comparative voltammetric measurements, pure Fc—PAS, were
applied to disks of glassy carbon or printed carbon electrodes
by a drop-and-dry procedure. Cyclic voltammetry in phosphate
bufter showed that the presence of chitosan in the immobilized

Fc-labeled polymer coating significantly altered the shape of the
reversible Fc redox wave and shifted the anodic and cathodic
peaks toward more negative values. This improvement was
attributed to an increase in the hydrophilicity and therefore in
ion mobility within the polymeric Fc environment, produced by
the chitosan. Loading Fc—polysiloxane/chitosan networks with
glucose oxidase molecules in an additional drop-and-dry step,
followed by anchoring the enzyme with glutaraldehyde,
produced biosensors that were responsive to glucose, with a
linear range, sensitivity, and apparent Michaelis—Menten
constant (K,,) value of 0—6 mM, 0.9 A mM™' cm™ and
2.2 mM, respectively. The rather low K, value suggests a
relatively high enzyme/substrate affinity produced by the
biocompatible chitosan-containing immobilization matrix.
Another study reported that after reductive N-alkylation of
chitosan with 4-pyridinecarboxaldehyde the anionic redox
mediator pentacyaneferrate (PCF, [Fe(CN);(NH;)]*") can
be bound through a ligand-exchange reaction.”™” Immobilizing
the PCF-modified chitosan in the absence or presence of
supplementary carbon nanotubes together with glucose oxidase
onto GC electrodes formed glucose-biosensing platforms that
detected glucose at a working potential of 0.35 V vs Ag/AgCl,
as expected for the mediator-supported transduction process.
For sensors without and with the CNT addition the detection
limits were relatively low: 110 and 30 uM, respectively. Linear
ranges, however, were only 0.8—4 (without CNT) and 0.1—1.0
UM (with CNT) and need improvement before this type of
sensor is suitable for analytical use. Construction of a sensitive
mediator-based lactate electrode became possible by merging a
network of cross-linked chitosan with polyvinylimidazole
(PVI)-Os, a redox polymer familiar from its many applications
in glucose sensors.”** On the sensor surface, the positively
charged biological and synthetic polymers jointly produce
electrostatic attachment of negatively charged lactate oxidase
(LOD). To increase the strength of the porous chitosan/PVI—
Os/LOD matrix, oxidized carbon nanotubes with terminal
—COO" groups have been included as tubular linkers between
the two constituent polymers with the negative point charges
spread along their chains. Because of the presence of the
polymeric redox mediator in the immobilization layer, the
system exhibited a low working electrode potential of 300 mV
vs Ag/AgCl for amperometric measurements of lactate.
Calibration measurements with lactate revealed fast response
times (<7 s), good sensitivity (~20 yA mM™' cm™), a 5 uM
detection limit, and a linear response up to 1 mM. An example
of the application of chemically modified chitosan variants is in
a report of nitrite biosensors with good storage stability, a low
detection limit (40 nM), and a linearity of response up to 11
{M.>®® These were made by immobilizing nitrite reductase into
the chitosan layer with covalently attached methyl-viologen,
which was trapped on the surface of a glassy carbon electrode
behind a thin hydrophilic polyurethane membrane.

The principles of cathode-specific chitosan electrodeposition
were introduced in an earlier section, and this nonmanual
procedure for attachment of a biocompatible immobilization
matrix is particularly attractive for enzyme biosensor prepara-
tion when sensor miniaturization, simplification, or automation
of sensor manufacture and realization of high-density multiple-
analyte micro- and nanosensor arrays are the goals. Dispersed
nanoparticles can be incorporated throu%h coentrapment in
electrochemically grown chitosan films,”*® and in similar
fashion, simultaneous electrodeposition of chitosan and enzyme
from a solution of the two was reported as the simplest form of
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Figure 11. Enzyme immobilization on electrode surfaces through an electrochemically triggered covalent bond formation between dissolved, freely
diffusible chitosan chains and between chitosan chains and macromolecules such as enzymes. (A) Simplified representations of the two components
to be cross-linked, i.e., chitosan and an enzyme of choice, and the ruthenium complex that is used as molecular linker. (B) Principle of the ligand-
exchange reaction that is triggered at low cathodic potentials (about —1.5 V vs reference electrode), leading to coordination of the ruthenium metal
center with the nitrogen atoms from the chitosan structure. Replacement of the initial weak ruthenium ligands (water or chloride) by nitrogen from
two different chitosan polymer chains forms covalent bridges and, in the course of the reaction of many chains, leads to formation of a three-
dimensional chitosan network and biopolymer precipitation onto the electrode. (C) Process described in B with inclusion of enzymes in the reaction
mixture forms 3D chitosan networks with covalently attached biocatalyst molecules.**

chitosan-mediated enzyme electroimmobilization on biosensor
facades.*”">"* Alternatively, pH-shift-induced cathodic depo-
sition of a simple chitosan sensor coating can be followed by
covalent coupling of enzyme molecules to complete the
biosensor configuration.”’>~>”” Another option is to prefabri-
cate an enzyme-conjugated chitosan derivative, for instance,
with a carbodiimide cross-linker,””® and then perform electro-
deposition of the enzyme-modified biopolymer.>”

The local pH increase at cathodes and consequent localized
precipitation of chitosan polymer through neutralization is not
the only strategy for a nonmanual, site-directed deposition of
chitosan immobilization matrices on sensors. In fact, the
electrochemically triggered covalent cross-linking of chitosan to
the surface has recently been proposed as another option for
electrochemical enzyme immobilization.”®® The method
exploits the change in the coordination sphere of the Ru
atom within the complex Ru(bpy),X,) (where bpy =
bipyridine, X = Cl, H,0) that occurs upon cathodic reduction,
causing replacement of the weak ligands CI or H,O by stronger
ligands, i.e., primary amino groups in chitosan and proteins.
Figure 11 shows the potential-induced coordinative interaction
between freely diffusing ruthenium centers and amino groups
of chitosan and enzymes and exploitation of this effect for
formation of a 3-dimensional chitosan network with tethered
enzyme molecules.

In the original study tyrosinase was used as a model and
attached to chitosan to make a sensitive phenol biosensor with
a broad dynamic range; however, the methodology is easily

adaptable for other enzymes used in sensing applications.
Ruthenium complex-supported chitosan electrodeposition is
irreversible, and the resultant electrode coatings are therefore
more robust than those originating from reversible neutraliza-
tion of charged amino entities. Other advantages are the lower
working potential and excellent retention of the enzymes in the
chitosan matrix, as a consequence of covalent bonding rather
than physical or electrostatic entrapment.

A recent study, which explores in detail the behavior of
Agrocybe aegerita peroxygenase at the surface of a glassy
carbon electrode modified with chitosan-capped gold nano-
particles, nicely illustrates direct electron transport between
chitosan-tailored electrodes and enzymes.**’

The tips of chitosan-based enzyme biosensors normally have
macroscopic dimensions and are used for substrate (analyte)
determinations in the bulk phase of solutions in conventional
beaker-type electrochemical cells. A case of a biosensor with a
miniaturized, needle-like tip is a dopamine biosensor used for
amperometric detection of localized dopamine release in the
brains of rats.*® The microbiosensor for in vivo neuro-
transmitter measurements was obtained by immobilizing
tyrosinase in a chitosan/cerium oxide/titanium oxide compo-
site on a 100 ym diameter carbon filament protruding from the
tip of a pulled glass micropipet (see Figure 12 A). A detection
limit of 1 nM, a linear range of >5 orders of magnitude (10 nM
to 220 M), and a sensitivity of about 14 nA/uM together with
a good selectivity against possible interference by ascorbic acid,
uric acid, S-hydroxytryptamine, norepinephrine, and 3,4-
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Figure 12. (A) Structural design of chitosan/metal oxide/tyrosinase-based dopamine microbiosensors developed for in vivo measurements of
dopamine levels in the rat brain. (B) Histochemical images of two brain slices, showing the sites of stimulation and recording in neurochemical
studies with microbiosensors as shown in A. Stimulatory electrode was placed near the median forebrain bundle (left-hand image), while dopamine
release was measured with the chitosan/tyrosinase microbiosensors in the striatum (right-hand image). (C) In vivo amperometric responses of the
dopamine microbiosensors in the presence (yellow trace) and absence (blue trace) of the dopamine reuptake inhibitor nomifensine. Dopamine was
detected at an applied potential of —150 mV vs Ag/AgCl during electrical stimulation of the median forebrain bundle. Stars indicate the onset of
electrical stimulation, while black arrows indicate when stimulation was stopped. As expected, the sensor tip reports higher levels of neurotransmitter
in the presence of nomifensine because the rate of cellular reuptake is reduced. Green trace shows a control experiment with a microelectrode that
was coated with immobilized chitosan and the metal oxides without tyrosinase and so was blind’ to dopamine.***

dihydroxy-L-phenylalanine (L-Dopa) enabled continuous, real-
time detection of dopamine release in the striatum of the rat
brain, triggered by electrical stimulation of neurons near the
median forebrain bundle (see Figure 12B and 12C).

More recently, a glucose microbiosensor small enough for
measurements in the openings of the discharge tubing of a
capillary electrophoresis device was constructed by immobiliza-
tion of GOD in chitosan/CNT composite films electro-
deposited on platinized Au microelectrodes.”® Test trials
with human serum were successful and confirmed the
practicability of glucose analysis in clinical samples.

4.5, Chitosan-Modified Voltammetric Electrodes for Trace
Analysis

Potential chelation by intrinsic oxygen and nitrogen atoms with
free electron pairs makes natural or chemically modified
chitosan an efficient sorbent material for heavy metals,
pesticides, and dyes. In the removal of environmental pollutants
from contaminated wastewater, analyte species are drawn out of
solution into top layers of the material on voltammetric
electrodes and analysis can be accomplished without the
electrodeposition step that is used in anodic stripping
voltammetry of heavy metals such as lead, cadmium, and zinc
using mercury or bismuth film electrodes. Examples of trace
metal electroanalysis by chitosan-supported adsorptive strip-
ping voltammetry are the quantitation of Hg(II)*** and
Cu(I1)*** by carbon paste electrodes with chitosan additives,
determination of Cd(II) using a glassy carbon electrode
modified with a drop-coated nano-TiO,/chitosan composite
film,?%® determination of Hg(H)287 and copper(II)288 with
chitosan/carbon nanotube paste electrodes, and quantification
of Cd(II), Cu(Il), Pb(1I), and Hg(II) with chitosan-modified

screen-printed carbon electrodes.”®” The feasibility of using
chitosan for trace analysis of organic species is evident from a
series of published studies reporting the use of glassy carbon
electrodes coated with carbon nanotube/chitosan composites
for detection of polyphenols,*®® paracetamol and uric acid,*”*
and 1-dopa and 5-hydroxytryptamine.””> Moreover, chitosan—
calcium carbonate sensor arrays were used for voltammetric
organophosphate pesticide quantification,”” an acetylene
black/chitosan film electrode for methimazole Voltammetry,294
a carbon nanoparticle/chitosan-modified glassy carbon elec-
trode for niclosamide,*®® and a multiwalled carbon nanotube/
chitosan for trace bromide measurements.*”®

5. CONCLUDING REMARKS AND PERSPECTIVES

Chitin is the remarkable outcome of long evolutionary
optimization of a biomaterial and occurs throughout the
biosphere as an important structural component of many living
species. Chitosan, on the other hand, is an industrial derivative
of chitin that has been developed to high quality standards for
applications in such areas as medicine, agriculture, food, and
environmental technology. As abundant polysaccharides, chitin
and chitosan combine the benefits of natural availability and
inherent biocompatibility. Additional advantages of the two
materials in their many proposed medical and technical
applications are their adhesive film-forming properties and
the numerous oxygen and nitrogen residues that can be used to
fine tune the materials’ properties to the needs of a particular
application through chemical modification. A drawback of
chitin in biosensor applications is its intrinsic insolubility in
aqueous media, under conditions mild enough not to cause
inactivation of biological recognition elements as desired; a
possible way out of this problem might be suspension of
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colloidal chitin into the preferred buffers for biomatrix
formation on sensor surfaces. For chitosan, the chemical
reversibility of hydrogel film formation may be problematic
during exposure to media of low enough pH for extensive
reprotonation of the amine groups, which may cause adverse
internal matrix conversion and/or loss of surface adhesion and
exfoliation.

In this review, attention was drawn to the dynamic field of
chitin and chitosan utilization in electrochemical sensor design.
The reported success cases of chitin- and chitosan-supported
DNA-, enzyme-, and antibody/antigen-based biosensors are an
inspiring indication of the potent role that these biopolymers
can play as thin film surface modifiers of electrodes of all sorts.
In particular, stable immobilization of biological recognition
elements in chitosan matrices on transducer electrodes under
mild conditions, such as near-physiological pH values, has
proved effective and many of the early problems in chitosan
electrode fabrication have been solved. The outcome of recent
research has been valuable manual and nonmanual (electro-
chemical) procedures for placement of the functional sensor
coatings, either as simple or as composite chitosan films, with
additional components ranging from redox-active compounds
and conductive nanoparticles to metal oxide catalysts. However,
until now only the basic feasibility of chitin/chitosan biosensors
has been demonstrated and their performance confirmed in
proof-of-principle studies. The obvious and potentially difficult
next step is extension of this work to creation of competitive
chitin or chitosan biosensors that are commercially available
and routinely used analytical tools for analysis of everyday
samples, as handled on a daily basis in point-of-care clinical,
biotechnological, and environmental control laboratories or
personal health care. As the potential for this certainly exists, it
will be interesting to see whether chitin- or chitosan-based
biosensors will progress in a reasonable time from their current
laboratory setting to claim a market share among other
biosensor devices for medical diagnostics, process control, and
pollutant screening and how long realization of the first viable
chitin/chitosan sensor products will take. The way forward may
be through a more systematic optimization and utilization of
the strategy of chemical chitin/chitosan modification in
advance of sensor immobilization than has so far been
undertaken. Issues to be tackled in the course of design
improvements include the fine details of the polymers’ chemical
and physical microstructure in the immobilized state, in
particular their molecular attributes such as the type*®” and
degree of chain cross-linking and related material characteristics
such as porosity, density, rigidity, and morphology of the final
chitinous surface layers. A good example of such an approach is
a recently published report on the influence of salt addition to
chitosan solutions on the electrodeposition of hydrogels of the
material.**® An important observation was that salt supple-
mentation led to chitosan films that grew faster in thickness and
had a greater surface roughness. Furthermore, the mechanical
properties of electrodeposited hydrophilic chitosan networks
varied with salt concentration: electrolysis at elevated
concentrations resulted in soft hydrogel coatings, while at
lower concentrations more inflexible deposits were created.
This approach, it was suggested, could be used to tailor
functional chitosan electrodes to the particular requirements of
a given application in the life sciences or the analytical sector.

Bearing in mind trends in micro- and nanotechnology and
-fabrication, there is a clear need to advance smart electro-
deposition of chitosan and its derivatives from its current proof-

of-principle stage to a point where prefabricated electrode
micro- and even nanoarrays can reproducibly be transformed
into marketable, multiple-analyte biosensor platforms for
reliable and fast real sample bioanalytics. The strategies of
some recent studies on production of anodic and cathodic
electrodeposition paints for use as enzyme immobilization
matrices™”*°" and/or the backbone structure of redox
polymers for horseradish peroxidase-based biosensors®*> may
also be relevant to the fine tuning of chitosan electrodeposition
for (bio-)sensor applications. As for the paints, libraries of
assorted chitin/chitosan derivatives of different properties
might be generated and then systematically screened in a
combinatorial approach for their quality as sensor components
after immobilization. The near future will be an exciting period
in the chitin/chitosan/biosensor research area, with novel
sensor architectures to be sought and, it is hoped, many
unforeseen developments to come.
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