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Abstract

The presentation of enzymes on viral scaffolds has beneficial effects such as an increased enzyme
loading and a prolonged reusability in comparison to conventional immobilization platforms. Here,
we used modified tobacco mosaic virus (TMV) nanorods as enzyme carriers in penicillin G detection
for the first time. Penicillinase enzymes were conjugated with streptavidin and coupled to TMV rods
by use of a bifunctional biotin-linker. Penicillinase-decorated TMV particles were characterized
extensively in halochromic dye-based biosensing. Acidometric analyte detection was performed
with bromcresol purple as pH indicator and spectrophotometry. The TMV-assisted sensors
exhibited increased enzyme loading and strongly improved reusability, and higher analysis rates
compared to layouts without viral adapters. They extended the half-life of the sensors from
4 — 6 days to 5 weeks and thus allowed an at least 8-fold longer use of the sensors. Using a
commercial budget-priced penicillinase preparation, a detection limit of 100 uM penicillin was
obtained. Initial experiments also indicate that the system may be transferred to label-free detection
layouts.

Key words: tobacco mosaic virus (TMV); antibiotic detection; pH indicator; viral enzyme nanocarrier;
penicillinase; enzyme shelf-life

Introduction

Since the discovery of penicillin G (the world's
first antibiotic; a P-lactam antibiotic synonymously
known as benzylpenicillin) in 1928 by Sir Alexander
Fleming [1], antibiotics have revolutionized the world

humans both by animal products and by daily contact
with other humans, or upon medical therapy. The
incidence and spread of different resistance
mechanisms is threatening our ability to treat even

of modern medicine. The treatment of wounds and
infections with penicillin has been saving millions of
people around the world. Moreover, antibiotics are
being used to a great extent in livestock production.
Due to the extensive use in animal husbandry and
inappropriate prescribing of antibiotics in human
medicine, many types of bacteria have developed
resistance; some have even become resistant to more
than one type of antibiotic (reviewed e.g. in [2, 3]). The
antibiotic resistance of disease-causing bacteria is of
particular concern since they can be transmitted to

common infections, which can result in prolonged
illness, epidemic/pandemic spread of infections, use
of more toxic drugs and increasing mortality rates of
infectious diseases [4, 5]. Therefore, it is important to
support efforts to minimize the inappropriate use of
antibiotics and to monitor the antibiotic residues in
wastewater, offal and animal products, especially
when entering the human food chain via meat, milk
and eggs. In order to control this threat, the European
Union (EU) has issued strict regulations including
specific maximum residue limits (MRLs) for each
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veterinary drug in animal husbandry (Council
Regulation 2377/90/EEC). For instance, the MRL of
benzylpenicillin (penicillin G) in milk is 4 pg/kg
(=12nM) [6, 7]. A multitude of analytical
methodologies has been developed (as e.g.
comprehensively reviewed in [8-13]). Some methods
were designed to easily yield clinically relevant
information on whether or not bacteria from hospitals
can degrade antibacterial drugs and thus are resistant
to those. Important detection methods are based on
the cleavage of the B-lactam ring of antibiotics such as
penicillin and cephalosporin by the bacterial enzyme
B-lactamase (Figure 1A). The activity of p-lactamases,
like penicillinase, has been assayed by a variety of
chemical methods such as manometric techniques
(detection of CO; evolution in bicarbonate buffers)
[14, 15], growth inhibition, and a diversity of
chromogenic  methods, including acidometric
methods with pH indicators (halochromic dyes [16,
17]; Figure1C), or directly with chromogenic
substrates (e.g. chromogenic cephalosporin [18];
Figure 1D), or iodometric assays (compared e.g. in
[18-20]; Figure 1B) in combination with
spectrophotometry. Acidometric methods, as used in
this work, are based on the formation of penicilloic
acid with a pH change, monitored by a pH indicator
in a low-buffered system (Figure1C). The
halochromic indicators mostly applied are phenol red
(e.g. [17, 20-23]) and bromcresol purple ([19, 24, 25],
for review [12]).

B-lactamase
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Figure 1. Reaction scheme of penicillinase activity and schematics of
acidometric penicillin G detection (this work), and detection
methods based on starch-iodine and chromogenic substrates. A)
Hydrolysis of penicillin catalyzed by penicillinase. B) Reaction scheme of
penicilloic acid and starch-iodine solution (jodometric assay). C) Reaction
scheme of acidometric detection of penicillinase activity based on a color
change of a halochromic pH indicator. D) Scheme of a spectrophotometric
detection based on chromogenic substrates (e.g. chromogenic cephalosporin).

Virus particles such as tobacco mosaic virus
(TMV), cowpea mosaic virus (CPMV), cowpea chlorotic
mottle virus (CCMV) or the bacteriophage M13 are
frequently used biotemplates for efficient analyte
detection in sensing devices (as e.g. reviewed in
[26-29]). These particles offer well-defined,
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nanostructured and stable protein backbones
enabling the multivalent presentation of functional
groups. Moreover, certain plant viruses and phages
are attractive carrier scaffolds also due to their ease of
production in high yield, and their lack of toxicity and
pathogenicity to mammals. Wildtype or engineered
M13 has, for instance, been used in the colorimetric
detection of volatile organic compounds, in humidity
sensors [30], and for the detection of explosives such
as trinitrotoluene (TNT) [31] or for tracing of
antibiotics [32]. It was further employed for e.g. the
detection of pathogens such as Salmonella spec. or
Bacillus  anthracis  (reviewed in [27]). Dual-
functionalized hepatitis B virus (HBV) was successfully
used as a signal-amplifying adapter particle
promoting high sensitivity detection of troponin, a
marker for acute myocardial infarction [33]. CPMV
was utilized as a platform for signal enhancement in
direct and sandwich immunoassays [34, 35], for the
detection of staphylococcal enterotoxin B [36] or as
framework facilitating avidin detection [37]. TMV was
successfully applied as viral carrier in sensor systems
for TNT [38], and for selective antibody recognition in
both optical micro-disc resonator [39] and capillary
microfluidics-integrated impedance sensor systems
[40], and has also been used in a thin film sensor for
the detection of volatile organic compounds [41]. In
combination with inorganic compounds, TMV
nanoparticles coated with palladium as sensing
material have promoted the development of a surface
acoustic wave (SAW) hydrogen sensor [42].

In this study, a biosensor employing TMV-based
enzyme carrier scaffolds was developed for
acidometric detection of penicillin. The incorporation
of viral adapters was pursued, as it has been shown
recently that biosensors can profit from TMV
nanotubes also as enzyme immobilization supports
[43, 44]. TMV is a highly stable, rod-shaped plant
virus with a precisely structured protein capsid. It has
a length of 300 nm, a diameter of 18 nm and an inner
channel of 4 nm diameter. The capsid, with 2130 coat
protein (CP) subunits, can be conjugated with
functional molecules by appropriate chemistry,
facilitated by CP variants with highly reactive
coupling sites. TMV has acted as a well-defined high-
yield nanotemplate in proof-of-concept experiments
for a multitude of possible applications, reviewed in
[45]. Promising results were obtained with full TMV
sticks serving as nanocarriers for enzymes [43]. The
two-enzyme cascade system of glucose oxidase (GOx)
and horseradish peroxidase (HRP) was successfully
installed on the viral adapter rods, enabling a
colorimetric detection of glucose in combination with
a suitable chromogenic co-substrate. A TMV mutant
(TMVcys) exposing thiol groups on its surface was
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functionalized with bifunctional maleimide-PEG;-
biotin linkers, allowing a dense decoration with active
streptavidin  ([SA])-conjugated enzymes. Besides
enrichement of enzymes on sensor surfaces,
additional beneficial effects of TMV rods were found:
GOx and HRP exhibited an increased reusability, a
greater storage stability and a higher regenerability
[43]. Thus, a great potential application spectrum of
virus-enzyme conjugates in biosensors and related
bioanalytical devices is emerging. TMV enzyme
carriers were also evaluated as adapters on platinum
(Pt) electrode arrays on sensor chips in electrochem-
ical biosensors for amperometric glucose detection,
which effectuated a superior sensor performance [44].
The main goal, now, was to test whether the
TMV nanoadapters could be functionalized with
penicillinase similarly. The performance of the
TMV-assisted antibiotic sensing layouts was
determined, primarily in a classic colorimetric setup.

Table 1: List of most common abbreviations.

Abbreviation Description

™V Tobacco mosaic virus

TMVcys S3C-containing mutant of TMV, exposing
thiol groups on every CP

TMV¢ys/Bio TMV¢ys equipped with
[maleimide-]-PEG-biotin linkers
(functionalized particles)

CP coat protein

[SA] streptavidin

Pen penicillinase

[SA]-Pen streptavidin-conjugated Pen

Material and Methods

If not otherwise stated, all chemicals were
purchased from Roth (Karlsruhe, Germany).
Concentrations of proteins and virus particles were
determined by UV spectrometry (Nanodrop, Peglab,
Erlangen, Germany). Graphs and diagrams were
prepared by use of Inkscape (Software Freedom
Conservancy, Brooklyn, NY, USA) and Graph Pad
Prism 4 (Graph Pad Software Inc., San Diego, CA,
USA). A list of the most common abbreviations is
provided in Table 1. Note: The activity of the
enzyme/enzyme-conjugates is measured in International
Units (U) using penicillin G as substrate.

TMYV Isolation and Functionalization

TMV isolation: TMVcys particles (genetically
modified to expose a thiol group on each CP [46])
were isolated from infected tobacco plants (N.tabacum
'Samsun' nn) according to Chapman [47], using
1-butanol extraction followed by PEG precipitation
and ultracentrifugation (Beckman Coulter Optima
L90K, 45 Ti rotor, 34 000 rpm ~ 134,000 g (RCFmax),
4 °C, 2 h). Solutions of isolated virus (5 - 10 mg/ml)
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were stored in 10 mM sodium potassium phosphate
buffer (SPP) pH 7.0 at 4 °C.

Particle  functionalization: Bifunctional biotin
linkers (EZ-Link® Maleimide-PEGq1-Biotin;
ThermoScientific, Rockford, IL) were aliquoted under
protective atmosphere and stored at 4 °C until shortly
before use. Prior to use, a small amount of linker was
dissolved in dimethylsulfoxid (DMSO). For
functionalization (biotinylation) of virus particles,
maleimide-biotin linkers were added in 3-fold molar
excess (calculated for 2130 CPs per TMV nanotube) to
a TMVc¢ys suspension and incubated at 30 °C for 3 h.
Unbound linker molecules were separated from
TMV¢ys/Bio (functionalized particles) by
ultracentrifugation (Beckman Coulter Optima L90K,
45Ti rotor, 34 000 rpm =~ 134,000 g (RCFmax), 4 °C, 2 h).
Pellets containing TMVc¢ys/Bio were resuspended in
10 mM SPP buffer pH 7.0 and further analyzed by
15 % SDS-PAGE [48]. SDS-gels, stained with
Coomassie Brilliant Blue R250 (Serva Electrophoresis,
Heidelberg, Germany) were used to determine the
coupling efficiency of linker to CP using the image
evaluation software Image] (Rasband, 1997-2010).

Conjugation of Streptavidin and Penicillinase

The enzyme penicillinase (Pen) from Bacillus
cereus was purchased as lyophilized powder
containing ~3 -5 % protein with phosphate and
citrate buffer salt (P0389, Sigma-Aldrich, Miinchen,
Germany). It was diluted by addition of 1 x PBS to
1mg protein/ml. A LYNX Rapid Streptavidin
Antibody Conjugation Kit® (LNK162STR, Bio-Rad
AbD Serotec GmbH, Puchheim, Germany) was used
for rapid conjugation of streptavidin [SA] to Pen
(molar ratio [SA]:Pen = 30:1), resulting in [SA]-Pen. To
verify conjugation of [SA] and Pen, samples were
analyzed by 12 % SDS-PAGE [48] and stained with
Coomassie Brilliant Blue R250 (Serva Electrophoresis,
Heidelberg, Germany).

TEM Analysis of Enzyme-Decorated TMV
Nanocarriers

TMVcys/Bio-[SA]-Pen conjugates were analyzed
by transmission electron microscopy (TEM). To this
end, 10 pg TMV¢ys/Bio were incubated with [SA]-Pen
in a molar ratio of [SA]-Pen:CPcys/Bio = 1:1.5 at room
temperature (RT) for 16 h. Samples were mixed in a
one-to-one TMV particle ratio with undecorated
TMV¢ys/Bio. A 0.2 pg/pl dilution of this mixture was
adsorbed to Formvar®-coated, carbon-sputtered 400
mesh copper grids (Ted Pella, Redding, CA) for
10 min. Grids were washed with ultrapure water
(ddH2O, 18.3 MQcm, purified by a membraPure
system, Aquintus, Bodenheim, Germany) and
negatively stained using three drops of 2 % (w/v)
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uranyl acetate. After removal of residual staining
solution with filter paper and drying, samples were
imaged with a Tecnai G2 Sphera Fei TEM (Fei,
Eindhoven, Netherlands) at 120 kV and images
recorded by a 16 megapixel camera (TemCam-F416
[4k x 4Kk], TVIPS, Gauting, Germany).

Optimization of an Acidometric
(Colorimetric) Detection Method

Substrate solutions: The enzyme substrate
penicillin G (penG; sodium salt; P3032, Sigma-
Aldrich, Miinchen, Germany) was dissolved in ultra-
pure water to different concentrations ranging from
10 pM to 50 mM penG and the pH adjusted to pH 8.0.

pH indicator solutions: Different pH indicator
solutions were prepared and stored in the dark at RT
(0.1 % (w/v) phenol red in 20 % (v/v) ethanol (EtOH);
0.1 % (w/v) bromcresol purple in 20 % (v/v) EtOH;
0.1 % (w/v) methyl red in 90 % (v/v) EtOH; 0.1 %
(w/v) bromthymol blue in EtOH; 0.1 % (w/v) cresol
red in 50 % (v/v) EtOH; 0.1 % (w/v) phenolphthalein
in 50 % (v/v) EtOH).

Absorption spectra: To obtain absorption spectra
(300 nm - 700 nm) of pH indicators, 200 pl of testing
solutions (0.5 x phosphate buffered saline (PBS)) with
pH values ranging from 1 to 12 were mixed with 5 pl
of the particular pH indicator in microtiter plates
(96-well clear polystyrene; Greiner Bio-One,
Frickenhausen, Germany) and analyzed in a
spectrophotometer (Spectrafluor Plus infinite M200
pro, TECAN). For each halochromic pH indicator, a
specific wavelength with a maximal change in
absorption over the tested pHrange was chosen
(phenol red: 558 nm, bromcresol purple: 588 nm,
methyl red: 516 nm, bromthymol blue: 592 nm, cresol
red: 572 nm, phenolphthalein: 555 nm) and used for
further testing.

Comparison of pH indicators: To directly compare
the suitability of the different pH indicators under
Pen reaction conditions, varying enzyme amounts
(b ng~125pU; 10 ng =~ 25 uU, 15 ng = 37.5 uU;
20 ng ~ 50 pU, 25 ng ~ 62.5 pU, all diluted in 40 pl of
0.5 x PBS) were mixed with 40 pl of 10 mM penG or
20 mM penG (final concentrations: 5 mM penG and
10 mM penG in 0.25 x PBS, respectively) and 3 ul pH
indicator. The absorption of each mixture was
measured at the pH indicator-specific wavelength for
15 min. The absorption change (OD/min) of each
approach was inferred from the slope of the linear
section. All tests were performed in repeated
independent experiments each with triplicates for
every penG concentration.

Detection of different p-lactam antibiotics: To
evaluate the ability of Pen from B. cereus (see above) to
detect distinct P-lactam antibiotics, six different
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antibiotics (each in 100 ul solutions, between 0 mM
and 50 mM) were supplemented with 50 mU or 100
mU Pen and mixed with 3 pl bromcresol purple. The
following six antibiotics were tested in direct
comparison: five penicillins, ie. penicillin G
(benzylpenicillin; PubChem CID: 5904), tricarcillin
(PubChem CID: 36921), carbenicillin (PubChem CID:
20824), ampicillin (PubChem CID: 6249), and
cloxacillin  (PubChem CID: 6098), and one
cephalosporin, ie. cefotexim (PubChem CID:
5742673). For the analyses, all antibiotics were
dissolved in 0.25x PBS. The absorption changes of
each reaction mixture were measured at 588 nm for
15 min.

Enzyme Coupling onto Polystyrene-Adsorbed
Viral Adapters and Determination of Catalytic
Activities

Adsorption of viral carriers and enzyme coupling:
5 ug biotinylated TMVcys nanorods (TMVcys/Bio)
were diluted in 100 pl binding buffer (10 mM SPP pH
7.8 and 137 mM NaCl) and incubated in microtiter
plates (clear F-bottom 96-well polystyrene high
binding MICROLON®; No.655061, GreinerBio-One,
Frickenhausen, Germany) at 4 °C for 16 h to allow
adsorption of viral adapters to the well surfaces,
followed by three washing steps (RT, 5 min, 1 x PBS-T
(PBS, 0.05 % Tween-20)). In approaches designed to
discriminate between specific (streptavidin-biotin
mediated) and unspecific (mere adsorption) binding,
non-specific adhesion of enzymes was reduced by
blocking the wells each with 200 pl 2 % (w/v) bovine
serum albumin (BSA) in 1xPBS for 1h at RT,
followed by three consecutive washing steps as
before. If not otherwise stated, these pretreated
cavities were incubated with 1 U [SA]-Pen or 1 U Pen,
respectively, (= 0.4 pg enzyme) diluted in 100 pl
1 x PBS, for 3 h at RT. After enzyme immobilization,
wells were washed thoroughly 5-6 times as before.

Determination — of  catalytic  activities:  For
determination of the catalytic activity in each
approach, 100 pl substrate mix (10 mM penG in
0.25 x PBS pH 8.0 and 3 pl bromcresol purple) were
applied. Absorption was measured for each well at
588 nm for 10 min. The absorption was plotted vs.
time and the absorption change (OD/min) was
derived from the slope of the linear section. All tests
were carried out repeatedly with triplicates for every
approach.

Reusability: After preparation of sensor wells as
described above, initial catalytic activities were
determined, followed by three consecutive washing
steps and storage in 1xPBS at 4°C. Remaining
activities were measured for each approach every
2-3 days in repeated experiments with triplicates of
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each sensor well layout. Initial activities were set to
100 % and the percentages of remaining activities
were calculated and plotted versus the testing period.

Detection limit: For determining the detection
limit of the TMV-assisted penicillin sensors, wells
were prepared as described before and treated with
substrate solutions with different penG concentr-
ations ranging from 0 mM to 50 mM (triplicates, with
a few duplicates; pH adjusted to pH 8.0 before use).
The absorption was measured for each well at 588 nm
for 10 min and the absorbance change (OD/min)
determined. Differences occurring among the the
distinct analyte concentrations were subjected to
statistical evaluation by unpaired t-testing. A p value
of less than 0.05 was considered to indicate a
significant difference between the absorbance changes
reached with varying penG amounts (*p <0.05;
**p <0.01; ** p <0.001).

Results

Colorimetric  detection of penicillin was
performed with enzme-based biosensors employing
TMV-derived nanoadapter scaffolds. Streptavidin
conjugation of a commercial penicillinase and its
binding to biotin-linked TMV rods enabled selective
high-surface density immobilization.

Table 2: Comparison of absorption changes of different
pH indicators at the optimum wavelengths. 25 ng
penicillinase blended with 10 mM penG were mixed with different
pH indicator solutions. Absorption of each mixture was measured
at the beginning of the enzymatic reactions (ODstart) and after
t = 15 min (ODend).

indicator A[nm] | @oD,,, color,, . @oo,, color, 4 AOD

phenol red 558 0.41 (—) O 0.05 () ( ) 0.36
red yellow

bromcresol purple 588 0.91 O O 0.15 ( ) (_) 0.76
purple yellow

methyl red 516 0.16 () () 0.29 O O 0.13
yellow red

bromthymol blue 592 1.00 Q () 1.10 Q O 0.10
blue blue

cresol red 572 01 O | 005 ) | 07
orange yellow

Comparison of pH Indicators

The colorimetric detection of penicillinase
activity is based on acidometry employing the
hydrolysis of penicillin with differential halochromic
color changes of pH indicators (Figure1C). To
identify the most suitable pH indicator, six pH
indicator dyes were tested: phenol red, bromcresol
purple, methyl red, bromthymol blue, cresol red and
phenolphthalein, which showed a clear color change
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between pH 3 and pH 10 (the expected working range
of the penicillinase biosensor) (Figure S1). To quantify
the proton generation, the absorption spectra of each
pH indicator between pH 1 and pH 12 were measured
to determine the wavelength of maximal change
(Table 2, Figure S2). Phenolphthalein did not show
any relevant color change in the analyte/enzyme
mixtures. Best changes (OD/min) (Figure S3) and
AOD values (ODstart — ODend) (Table 2) were obtained
by bromcresol purple (AOD =0.76), followed by
phenol red (AOD = 0.36), cresol red, methyl red and
bromthymol blue (AOD values from 0.1 to 0.17). With
bromcresol purple, low enzyme amounts (5 ng) in low
penicillin  concentrations (5mM penG) were
detectable (Figure S3).

Recognition of different B-lactam antibiotics

The penicillinase from B. cereus was further
tested for its ability to detect different P-lactam
antibiotics in the two most important [-lactam classes,
penicillins and cephalosporins [49], all of which are
used for medical treatments. The core structure of
penicillins is a p-lactam ring condensed to a sulfur-
containing five-membered heterocyclic ring (i.e. a
4,5-ring system), whereas in cephalosporins, the
corresponding heterocycle is six-membered (to give a
4,6-ring system), which inhibits cleavage by most
penicillinase enzymes [50]. Besides penicillin G
(benzylpenicillin), a naturally occurring broad-spectr-
um antibiotic, five semi-synthetic antibiotics with
various side chains were tested: four additional
penicillins, namely tricarcillin, carbenicillin, ampicill-
in and the penicillinase-resistant cloxacillin [51], and
the cephalosporin cefotexim (Figure S5). Tricarcillin
and carbenicillin are broad-spectrum carboxybenzyl-
penicillin derivatives, ampicillin is an aminopenicillin
derivative. Cefotaxim belongs to the third-generation
broad-spectrum cephalosporins. As expected, the
penicillinase employed was neither able to recognize
cloxacillin due to steric hindrance of the synthetic side
chains [51], nor cefotaxime due to the cephalosporin's
4,6-ring system. Carbenicillin and tricarcillin were
readily detectable, though with lower sensitivity
(corresponding to about 50 % of that reached with
penicillin G, see Figure S5). Ampicillin detection was
feasible to a limited extent upon use of of higher
enzyme input (about twice the amount needed as for
the other antibiotics; Figure S5, B). Taken together, the
B. cereus penicillinase was able to detect three distinct,
pharmaceutically applied penicillin derivatives with
different efficiencies, rendering it likely that also
further natural and semisynthetic f-lactam antibiotics
may be accessible to the sensor system. To character-
ize it in more detail and to evaluate the effect of TMV
adapter scaffolds on the biosensor performance,
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penicillin G was chosen as test target, as described in
the following.

Functionalization of TMV Nanocarrier and
Coupling of Penicillinase

Adsorptive binding of biotinylated TMV to the
sensor surfaces of microtiter plate wells was followed
by enzyme immobilization by streptavidin-biotin
binding (Figure 2A). To this aim, the most
surface-accessible cysteine residues of the TMVcys

A

maleimide-biotin () biotin
linker
. penicillinase * streptavidin
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particles were modified with maleimide-PEGi:-biotin
linker molecules (TMVcys/Bio), with a biotinylation
efficiency of 95 % corresponding to =2000 biotin
anchors per virus rod (Figure S4A). To allow a strong
and specific coupling of Pen, enzyme molecules were
conjugated with streptavidin ([SA])-complexes,
resulting in [SA]-Pen (conjugation effiency: > 90 % of
the Pen molecules (Figure S4B)).

immobilized

input:1U[SAlPen input:1UPen

10
C 94 in reaction solution
s
8% 7
<3
[= g
c c
SE s
£3 .
a a
a2 3
| 2
1.
& 60l Pen
TMV,,./Bi0: = - - -
analyte: v~ = v =

A TMV,/Bio-> B5A > [sAloen B

‘@
~ ‘g.__,._;'-)'a,’-).’
— > BSA [SAlPen |

v - v - -
v v v v T
Q "]

CENC o -~
’ » Va2

: < %
rcmvgnu-nsa»ml D —>BsA>Pen |

Figure 2. Coupling and activity of streptavidin-conjugated penicillinase ([SA]-Pen) on functionalized TMV adapters. A) lllustration of the
functionalization procedure of TMVcys/Bio nanotubes with [SA]-Pen conjugates. B) TEM image of a mixed sample containing bare and [SA]-Pen-decorated
TMVcys/Bio adapters, blended for TEM analysis only, in order to comparatively visualize the differences between bare and enzyme-loaded biotinylated TMV (as
indicated; for activity tests, pure preparations were applied). Enzyme coupling results in an increased diameter as well as intensified staining with 2 % uranyl acetate.
Scale bar: 200 nm. C) Left: Input of 60 pU penicillinase (Pen) and 60 uU [SA]-Pen activity in reaction solution (10 mM penG in 0.25 x PBS pH 8.0 and 3 pl bromcresol
purple/100 pl) results in similar absorption changes over time, indicating that conjugation with [SA] does not impair the enzyme activity. Right: Approaches using
immobilized TMV adapters: TMVcys/Bio particles were adsorped to polystyrene plate cavities, followed by BSA blocking and application of [SA]-Pen in (A) and Pen
without [SA] in (C), respectively. Plate cavities without viral adapters were blocked with BSA, followed by application of [SA]-Pen in (B) and Pen in (D), respectively.
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The penicillinase activity was not impaired by
the streptavidin conjugation, since 60 pU of both
[SA]-conjugated and free penicillinase in solution
yielded equal absorption changes of ~3 OD/min in
the reaction mixture (Figure2A). On polystyrene
microtiter plates immobilized TMVcys/Bio sticks
demonstrated the requirement of streptavidin for
successful coupling of penicillinase. Both biotin
equipment of the TMV adapters as well as
streptavidin conjugation of the penicillinase was
crucial for immobilization of significant amounts of
enzymes, resulting in detectable substrate conversion
rates (Figure 2A). The successful enzyme decoration
of TMVcys/Bio sticks was verified by TEM of freely
suspended particles prepared in parallel. Enzyme
conjugation to TMV adapter sticks was evidenced by
an increased diameter of 30 - 33 nm and intensified
staining for the TMV adapter sticks (Figure 2B).

TMV-assisted Penicillin Sensor

The catalytic activities of Pen and [SA]-Pen
(measured as OD/min) were analyzed after
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immobilization on solid supports in direct
comparison between setups based on direct

(adsorptive, without carrier) binding and setups
equipped with biotinylated TMV nano-carriers as
adapters. Equal input amounts of [SA]-Pen or Pen
(each 1 U) were applied for binding into microtiter
plate cavities as depicted in Figure 3: TMVcys/Bio
tubes (No.1,5) (5pg), TMVcys/Bio tubes (5 pg)
followed by BSA treatment to reduce unspecific
enzyme binding (No.2, 6), bare plate cavities
(No. 3, 7) or cavities pretreated with BSA (No. 4, 8; see
also Figure 3C). Following optional TMV adapter
binding, optional BSA blocking, subsequent
incubation with enzyme or enzyme [SA]-conjugate,
and removal of unbound [SA]-Pen or Pen thereafter,
absorption changes reflecting the enzyme activity in
each approach were determined by spectrophoto-
metry. Highest absorption changes over time were
obtained in TMV-assisted layouts enabling [SA]-Pen
bioaffinity = coupling. Cavities equipped with
TMV¢ys/Bio (No. 1) reached a maximum change of
13 x 102 OD/min

’ Fi A),

A C  immobilization (Figure 3 ) d]:f. i o
al - enzyme  immobilization
" primarily through

w1 , biotin-streptavidin
g & 101 interaction. The wuse of
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Figure 3. Absorption changes reflecting the catalytic activities in eight different sensor layouts and their
reusability. A) Initial absorption changes (OD/min) obtained in the distinct sensor layouts upon equal input (I U each)
of [SA]-Pen or Pen, respectively. Layouts made use of TMVcys/Bio tubes (No. 1, 5), TMVcys/Bio tubes followed by BSA
blocking (No. 2, 6), bare plate cavities (No. 3, 7) and BSA-blocked cavities (No. 4, 8) (schematically shown in C). B)
Activities of penicillin sensors upon repeated use over five weeks. Initial activities (as in A) of each layout were set to
100 % and the remaining percentages calculated (for details refer to text). C) Cartoon of immobilization methods used
for enzyme coupling in tested layouts. Same activity amounts of [SA]-Pen or Pen, respectively (each 1 U), were applied for
enzyme binding to TMVcys/Bio tubes (No. 1, 5), TMVcys/Bio tubes plus BSA blocking (No. 2, 6), bare plate cavities (No. 3,
7) and cavities pretreated with BSA (No. 4, 8). Dotted line: 50 % remaining activity indicating enzyme half-life.

washing. In  layouts
lacking either the wviral
adapter (No.3,7), or
streptavidin-conjugation

of the enzyme (No.5,6),
only lower absorption
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changes of around 8-9 x 1020OD/min were obtained,
underlining the efficiency of the
TMV-biotin-streptavidin enzyme trapping method.

In addition to concentrating enzymes at
technically relevant sites, certain immobilization
routes and support materials were also shown to
increase the storage stability and reusability of the
bioactive molecules [52-54]. Our recent studies have
revealed a remarkable stabilization of the glucose
sensor bienzyme system [SA]-GOx/[SA]-HRP
immobilized on biotin linker-equipped TMV nanorod
scaffolds [43]. To investigate whether TMV adapters
exert a similar beneficial effect also on penicillinase-
conjugates coupled the same way, the layouts
(No.1-8) were tested for their reusability every
2-3 days over a period of 5weeks. Initial activities
(Figure 3A) were set to 100 % and remaining activities
after each consecutive use calculated (Figure 3B).
Notably, during the whole testing period with
multiple uses, the [SA]-Pen enzymes on TMVcys/Bio
stick adapters showed only a small, rather continuous
decrease in substrate conversion efficiency, reaching a
remaining activity of 35 % up to 50 % after five weeks,
best preserved in the presence of BSA (No. 1,2). This
striking performance outcompeted every other layout
tested. Those relying merely on non-specific
adsorption (without TMV and BSA) showed a fast
decrease in Pen activity with a half-life of 4-6 days
only (No.3,7). After 3 weeks of parallel testing, less
than 10 % of the initial activity, and after 5 weeks, no
residual activity was detectable in the TMV-free
(No.3,7) and the TMV-supplemented but enzyme
non-binding control layouts (No.5,6). Cavities
pre-treated with BSA did not adsorb substantial
amounts of freely suspended enzymes at all (No. 4,8;
see Figure 3A above).

A

25.0

225

20.0

17.5

absorption change
(OD4ge/min) [107]

o OnM 10pM 50pM 100pM 500pM 1mM 5SmM 10mM 20mM 50 mM
PenG concentration
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The  TMVcys/Bio-[SA]-Pen  system  was
investigated for its penicillin detection limit (limit of
detection: LOD). Several microtiter plate cavities were
equipped in parallel with TMVcys/Bio tubes followed
by BSA blocking of unspecific enzyme binding sites
(immobilization method No. 2, Figure 3C) prior to
[SA]-Pen application. The TMV-assisted penicillin
sensors exhibited a LOD of 100 uM penG (Figure 4A).
Triplicate values for individual penG concentrations
were compared by unpaired t-testing, with a p value
of less than 0.05 considered to reflect a significant
difference (* p <0.05; **p <0.01, ***p <0.001). This
yielded distinguishable absorption changes in a
detection range from 100 uM to 20 mM penG. Above
this penG concentration, the system was saturated.
Sensors were then washed and reused in 10 mM penG
to prove a comparable functionality of all sensor wells
(Figure 4B).

Electrochemical TMV-Assisted Penicillin
Sensor

To put the study on a firm footing, initial tests on
the performance of TMV-assisted label-free sensor
layouts were conducted by means of a field-effect
device (FED) (to be published in detail elsewhere). A
capacitive field-effect electrolyte-insulator-semicon-
ductor (EIS) structure was equipped with TMV
adapter sticks and [SA]-Pen conjugates in an
analogous manner, to enable label-free and real-time
electrochemical penicillin detection in combination
with TMV enzyme nanocarriers for the first time.
Label-free detection setups would allow analyte
detection also in turbid samples not suitable for
colorimetric detection methods such as many food
and environmental samples.

B

absorption change
(ODgge/min) [102]

- OnM  10pM S0pM 100 pM 500pM 1mM SmM 10mM 20mM 50 mM
original PenG approach

Figure 4. Penicillin detection limit reached by TMV-immobilized [SA]-Pen conjugates. A) Cavities were equipped with TMVcys/Bio tubes followed by
BSA blocking (immobilization method No. 2, Figure 3C), immobilization of [SA]-Pen and spectrophotometric evaluation of the sensing performance in substrate
solutions containing 0 nM — 50 mM penG and bromcresol purple. Absorption changes (ODssg/min) were determined and compared to the values for substrate
solutions without penicillin (0 nM) by unpaired t-test. A p value of less than 0.05 was considered to indicate significant differences (* p < 0.05; **p < 0.01;
% 5 < 0.001). Distinguishable absorption changes were obtained for 2100 uM penG (detection limit). B) Cavities used in A were washed and re-used with a 10 mM
penG solution. Similar OD/min changes were obtained for all wells, proving the comparable functionality of all sensor wells.
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Figure 5. Schematic structure and operation principle of a label-free penicillin sensor used for TMV-assisted substrate detection. A) The sensor
is based on a pH-sensitive field-effect structure with Ta20s transducer layer. Penicillin hydrolysis achieved by penicillinase activity results in the formation of free H*
ions, which alter the Ta2Os surface potential yielding a change of the EIS capacitance (EIS = electrolyte-insulator-semiconductor). Figure modified from [58]. B) Left:
General setup for characterization of sensor performance in penicillin G-containing buffer solutions (5 mM penG). Right: Typical ConCap response curve of the

developed TMV-based penicillin biosensor.

The EIS structure used for this setup represented
a FED, which monitors changes in the electrical
surface charge due to its pH- and ion-sensitive
properties (comprehensively reviewed e.g. in [55]).
The operation principle of a typical FED penicillin
sensor (as e.g. used in [56-59]) is as follows: The
immobilized enzymes (penicillinase) catalyze the
hydrolysis of penicillin, resulting in an increasing
amount of H*-ions (reaction see also Figure 1A)
accruing near the sensor surface. This local pH
decrease is detected by the pH-sensitive Ta>Os surface
layer (gate insulator) of the sensor chip. A resulting
variation in the electrical surface charge (protonation
of surface OH groups) leads to an alteration of the
capacitance-voltage (C-V) and constant-capacitance
(ConCap) response (see Figure5A) of the EIS
structure. The pH value decreasing due to enzymatic
penG conversion and the measurable changes in the
sensor signal are directly linked and thus allow a
quantification of penG concentration in the analyte
solution (Figure 5B).

Functional TMV-assisted penicillin sensors were
prepared in a stepwise manner, each step followed by
electrochemical characterization by means of C-V,
ConCap and impedance-spectroscopy (IS) methods.
First proof-of-principle setups hind at a good sensor
performance of these label-free TMV-assisted penicill-
in sensors (a typical ConCap response is shown in
Figure 5B; further data will be published elsewhere).

Discussion

The extensive worldwide use of antibiotics in
human medicine and treatment of food-producing
animals results in an alarming spread of antimicrobial
resistance. =~ To  overcome  this  unfortunate
consequence, it is of utmost importance to monitor
antibiotic residues in water, food and waste. Most
antibiotics screening methods used nowadays depend
on appropriately equipped laboratories; they are
based on enzyme-linked immunosorbent assays
(ELISA), a combination of liquid chromatography
(LC) and mass spectrometry (MS) [60, 61],
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microbiological inhibition assays [62, 63] or
biosensors (see e.g. reviews as [8, 11-13] and
references therein).

Many of these sensors are label-free and often
based on surface plasmon resonance (SPR) (see for
original research e.g. [64, 65] or for review e.g. [10,
66]), quartz crystal microbalance (QCM) (reviewed in
e.g. [10]), or several electrochemical techniques
(potentiometric, amperometric and conductometric)
[8, 10-13]. These biosensors allow high throughput,
short analysis times, automation and multiple
repeated uses due to high regenerability. The
frequently utilized integration of biological
recognition elements such as enzymes entails a high
specificity and great signal amplification. Enzyme-
based biosensors have achieved LODs of 1.6 pg/kg -
1.3 mg/kg (= 5nM - 4 uM) as reviewed e.g. in [12].
However, the biosensor design typically suffers from
two main types of drawback: the first is the instability
of the biological sensing component (enzyme or
antibody), which is susceptible to temperature, pH
and other environmental stresses and may therefore
quickly lose its activity. The second is the elaborate
sensor format with respect to the size of the
transducer unit, the often complex and costly signal
processing/readout setup, and the corresponding
personnel training needed. Hence, long-term stable
biosensor units accessible to both official calibration
and miniaturization due to electronic readout might
constitute an important step towards future on-site
monitoring for antibiotic residues.

To our knowledge, this study is the first
approach to use viral scaffolds as enzyme-carriers in
antibiotic biosensing, in order to potentially abate at
least limitations due to biomolecule degradation. The
integration of viral adapters into glucose sensors had
revealed a remarkable stabilizing effect of TMV
nanocarrier rods on both GOx and HRP, extending
the reusability and overall stability of the sensors over
weeks, and enabling a high-density immobilization of
active enzymes on sensor surfaces [43, 44]. Here, we
sought to find out if TMV-assisted enzyme-based
penicillin ~ sensors  (both  colorimetric  and
potentiometric) would exhibit similarly improved
characteristics. The application of TMV-derived
nano-adapters mediated increased enzyme loading
compared to TMV-free layouts (factor: = 1.6 x in
microtiter plates (Figures 3)). The two-step coupling
procedure of [SA]-conjugated enzymes to
biotin-linkers was again suitable to allow strong and
specific ~ immobilization of active enzymes
(Figure 2A). The method made use of a commercial
bulk penicillinase preparation that was efficiently
conjugated to streptavidin by a simple coupling
reagent and retained its full activity. Dense enzyme
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coverage of the TMV rods was confirmed by TEM
(Figure 2B). As our study aimed at a first basic
evaluation whether or not enzymatic penG detection
could be enhanced by the viral scaffolds, a standard
reasonably-priced penicillinase was employed, not
selected for maximum sensitivity in these sets of
experiments, yet. Nevertheless, it allowed detecting at
least three distinct penicillin derivatives, all being
frequently used antibacterial drugs.

To our knowledge, this is the first work
comparing six different pH indicators in the same
enzyme-based sensor system, including the two most
frequently used halochromic dyes for acidometric
penicillin detection: phenol red and bromcresol
purple. In our setup, bromcresol purple turned out to
be best suited since it provoked the highest
pH-dependent absorption changes in a reasonable
detection range (Figure S3; Table 2). The acidometric
characterization of our first-generation TMV-assisted
penicillin sensors with an input of 1U [SA]-Pen
showed a LOD of 100 uM and a working range up to
20mM penG (Figure 4). This LOD is far beyond
(factor: =~ 8000 x) the regulation maxima (=12 nM).
However, a commercial enzyme, not particularly
selected for maximum sensitivity, was used for first
proof-of-principle experiments shown in this study.
The use of a high-performance enzyme with better
specifity, higher activity and further optimization of
measuring conditions (such as pH, buffer,
temperature and input amounts) could lead to a
lowering of the detection limit obtained by these
Sensors.

Integration of modified TMV adapter sticks
achieved increased reusability, better stability, higher
regenerability and higher analysis rates (Figure 3).
The use of TMV enzyme carriers extended the half-life
of the acidometric sensors from 4-6 days to 5 weeks
(Figure 3B). Both the GOx/HRP system tested on
TMV carriers before [43] and the penicillinase applied
here exhibited a similar half-life of about four days
under TMV-free control conditions. However,
compared to the GOx/HRP half-life prolonged about
threefold (to nearly two weeks) on TMV nanocarriers,
that of [SA]-Pen was increased to about five weeks,
i.e. more than eightfold as obvious from Figure 3B.
This impressive stabilization and preservation of the
bioactive sensor elements might allow the
applications of the sensors even over several months.
Furthermore, a capacitive field-effect EIS structure
equipped with TMV adapters, in order to test a
different type of readout, allowed label-free analyte
detection in penicillin-spiked samples.

Enzyme activity is often affected by the
molecules' binding to solid supports. A carefully
considered  enzyme  immobilization  strategy
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compatible with the sensor surface of choice is
therefore essential for generating biosensors with
good and reliable performance and high reusability.
Depending on the read-out system, biological,
charge-sensitive or conductive compounds serving as
adapter particles or films may improve the
immobilization efficiency, analyte sensitivity or
stability of the biological sensing molecule. A variety
of organic and inorganic materials with different
beneficial properties are frequently used for enzyme
immobilization, alone or in composite materials.
Important examples comprise gold nanoparticles
(AuNPs), magnetic nanoparticles, graphene, and
carbon nanotubes (including graphene oxide (GO),
carbon nanotubes (CNT), both single-walled (SWNT)
and multiwalled nanotubes (MWNT)) [67-69].
Nanocrystalline quantum dots (QDs) are among the
most versatile adapter particles as they are
luminescent as well as semiconducting, thus allowing
different read-out processes from electronic up to
optical sensing [70]. However, natural (e.g. gelatine,
starch, cellulose, chitin, collagen) or synthetic
polymers (including stimulus-responsive 'smart' and
conductive polymers), as well as inorganic materials
such as glass, quartz or silica are equally widespread,
as they enable well-controlled installation routines of
sensor ~ molecules at  practically  relevant
surface-densities [71, 72].

For sensor enzymes, a large variety of
immobilization strategies is pursued for different
detection layouts, which still demands for
optimization and modification in every new enzyme-
analyte combination and sensor system created.
Recently, a cost-effective colorimetric method for the
detection of cholesterol in aqueous solutions based on
enzyme-modified gold nanoparticles was developed
[73]. Cholesterol oxidase immobilized on AuNPs was
used to produce H>O: in proportion to the level of
cholesterol being detected in solution. Due to the
electron-accepting properties of H»O,, increasing
analyte levels led to changes in the optical properties
of the AuNPs. Successful detection of urea was
achieved by help of three-dimensionally expanded
template structures: layer-by-layer (LbL) assemblies
of polyethyleneimine (PEI) and urease were deposited
onto reduced GO (rGO) [74]. The integration of the
weak polyelectrolyte PEI improved the pH response
of the underlying graphene-based FET due to its
transducing properties, thereby enabling a LOD of 1
PM urea. To improve the water dispersibility of rGO
and to allow efficient glucose detection, rGO particles
were also integrated into a nanocomposite matrix
consisting of chitosan and AuNPs [75]. The composite
provided a beneficial microenvironment for the
immobilization of GOx on a glassy carbon electrode.
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Penicillin biosensing has been achieved by a
number of different sensor layouts before. An
electrochemical immunosensor employed anti-
penicillin G antibodies integrated in a supported
bilayer lipid membrane (s-BLM) modified with
AuNPs [76]. Binding of penicillin G was detected by
impedance spectroscopy, with the AuNPs serving
mainly as antibody-stabilizing additives. The
approach was unprecedentedly sensitive, with a LOD
below one femtoM, and about 85 % of the initial
response still possible after one week of wet storage.
Our detection layout was, as in most other previous
studies, based on enzymatic recognition and
conversion of the antibiotic. The penicillinase enzyme
was exposed on plant virus-based nanorod adapters,
which combine different advantageous properties:
They increase the surface area available for sensor
molecule coupling in the detector, their soft-matter
surface can exert strong long-term stabilizing effects
on the recognition elements' enzymatic activity, and
their repetitive, multivalent protein coat with
thousands of addressable sites can be used for various
coupling approaches. Covalent, chemically and
spatially selective linkage in combination with
bioaffinity binding was employed with highly
promising results in this work. In other studies,
penicillinase was immobilized e.g. on field-effect
sensors functionalized with layer-by-layer fabricated

films containing SWNTs and polyamidoamine
(PAMAM) dendrimers [56]. The integration of
nanostructured, three-dimensionally applied

PAMAM/SWNT LbL films resulted in penicillin
biosensing covering the range from 5.0 pM to 25 mM
penG. Compared to SWCNTs, single-graphene
nanosheets (SGNs) exhibit a significantly higher
conductivity and offer a larger surface area.
Immobilization of penicillinase on electrodes with
LbL films containing SGNs preadsorbed with
hematein (SGN-hematein) and ionic liquids allowed
high sensitivity detection of penicillin in an
amperometric setup [77]. This electrochemical system
was also applicable to milk samples. A similar
biosensor was developed by LBL co-immobilization
of MWCNTs, hematein, and penicillinase on a glassy
carbon electrode [78]. It allowed the detection of
50 nM penicillin V, a LOD more than two orders of
magnitude lower as reached by most conventional pH
change-based biosensors. Recently, penicillinase was
also combined with carbon paste for the
determination of penG, allowing high sensitivity
amperometric detection down to about 80 nM [79].
Our layout has not yet been developed into
three-dimensional sensor materials and not been
tested with high-performance enzymes so far.
Nevertheless, the efficient enzyme docking, the strong
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stabilizing effect of the virus microenviroment on the
penicillinase activity, and the resulting improvement
of sensor performance in direct comparison to
TMV-free layouts indicate that the plant-viral
particles may become a particularly suitable and
broadly applicable platform for the presentation of
bioactive molecules. So far, the TMV-based enzyme
carriers have now proved themselves worthwhile in
two different model sensing systems (for glucose and
penicillin), and in four different sensor setups.
Therefore, the integration of TMV in further
biosensors and lab-on-a-chip devices with different
setups and other analyte targets is worth continuative
testing. In the future, a toolbox of distinct viral
adapter/enzyme-complexes may be created, based on
variable coupling methods and biomolecular partners
enabling substrate detection in numerous kinds of
sensor layouts. The enrichment and stabilization of
enzymes on sensor surfaces by help of the richly
available, plant-produced TMV-based nanocarriers, in
combination with more elaborated measuring-setups
or more sensitive chip-materials, might enable a
minijaturization of biosensor units to small hand-held
devices in the future. This might allow month-long
detection in less developed and newly industrialized
countries without the need for fully equipped
laboratories and special training for operators.

Conclusion
The study has demonstrated the general
functionality of viral enzyme-nanocarriers in

penicillin detection. TMV nanotube adapters densely
equipped with penicillinase enzymes were integrated
into setups allowing acidometric analyte detection.
The most important results are: (1) Compared to mere
adsorption, the presence of the TMV-based enzyme
carriers increased selective enzyme loading of the
sensor surfaces with equal enzyme input by a factor of
~ 1.6 x. (2) TMV-assisted sensors exhibited superior
performance along with a significantly increased
half-life (5 weeks instead of several days), thus
allowing an at least 8-fold longer use of the sensors.
(3) Using a commercially available enzyme
preparation, not particularly selected for maximum
sensitivity, a LOD of 100 uM penG was obtained.

The integration of TMV/enzyme complexes in
biosensors was shown to achieve superior working
characteristics. In the future, this could be used to
promote detection of a wide range of chemical and
biological species in miniaturized detection devices.
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