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Article 
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Abstract: Cowpea chlorotic mottle virus (CCMV) is a plant virus explored as a nanotechnological platform. 
The robust self-assembly mechanism of its capsid protein allows for drug encapsulation and targeted delivery. 
Additionally, the capsid nanoparticle can be used as a programmable platform to display different molecular 
moieties. In view of future applications, efficient production and purification of plant viruses is a key step. In 
established protocols, the need for ultracentrifugation is a significant limitation due to cost, difficult scalability, 
and safety issues. In addition, the purity of the final virus isolate often remains unclear. Here, an advanced 
protocol for the purification of CCMV from infected plant tissue was developed, focusing on efficiency, 
economy, and final purity. The protocol involves precipitation with PEG 8000, followed by an affinity 
extraction using a novel peptide aptamer. The efficiency of the protocol was validated using size exclusion 
chromatography, MALDI-TOF mass spectrometry, reversed-phase HPLC, and sandwich immunoassay. It was 
demonstrated that the final eluate of the affinity column is of exceptional purity (98.4%) determined by HPLC 
and detection at 220 nm. The scale-up of our proposed method seems to be straightforward, which opens the 
way to the large-scale production of such nanomaterials. This highly improved protocol may facilitate the use 
and implementation of plant viruses as nanotechnological platforms for in vitro and in vivo applications.     

Keywords: Cowpea chlorotic mottle virus; purification; affinity extraction; affinity chromatography; CCMV-
binding peptide; virus-like particles; VLP; plant virus; nanotechnology; nanoparticles; virus production; safety 
issues; ultracentrifugation-free protocol; molecular dynamics 

 

1. Introduction 

Plant viruses and their respective virus-like particles (VLP) offer an exciting nanotechnological 
platform for a variety of applications. Their propensity to self-assemble into monodisperse and highly 
symmetric nanometer-range particles makes them obvious candidates for the entrapment and 
delivery of biomedically active cargos in vivo [1–10]. In addition, the rigid protein capsids may be 
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genetically or chemically modified to introduce (bio)chemical moieties to be displayed on the viruses' 
surface [11–16]. The resulting conjugates exhibit strong polyvalency while preserving the 
bioavailability of these nanomolecular building blocks and are used as carriers for the presentation 
of antigens or other biochemically relevant units [2,17]. 

Cowpea chlorotic mottle virus (CCMV) is a plant virus from the family Bromoviridae, and its 
particles have an icosahedral symmetry with a diameter of 28 nm [18,19]. The capsid consists of 180 
identical copies of the coat protein [20]. A 3D model is shown in Figure 1 [20,21]. CCMV can be 
produced with high yields of 0.1-1 mg per gram of infected leaf tissue [22]. Hence, CCMV is an 
attractive building block in many scientific fields. For example, Lam et al. used CCMV as a carrier for 
gene therapy to deliver siRNAs [23]. Apart from heterologous RNAs, a wide range of other non-viral 
cargo has also been packaged by self-assembled viral capsid proteins of CCMV, for example, anionic 
polymers [24], mineralized salts [25], gold nanoparticles [26], and fluorescent proteins [27]. In 
addition, CCMV VLPs were recently studied as potential candidates for in situ cancer vaccines [28] 
and scaffolds to display SARS-CoV-2 antigens [29]. 

 

Figure 1. 3D model of the capsid protein of CCMV (PDB ID: 1CWP) generated with X-ray 
crystallography and cryo-electron microscopy data from the RCSB protein data bank [20], created 
with Mol*viewer [21].  

However, the success of future applications of this nanotechnological platform strongly depends 
on the availability and purity of the starting material. So far, native CCMV is propagated in the host 
plant Vigna unguiculata (cowpea) and isolated by repeated precipitation with polyethylene glycol 
(MW 8000) and NaCl [30,31]. After resuspension of the second pellet containing the enriched but still 
impure CCMV, a final polishing step is necessary – usually density gradient ultracentrifugation 
[22,32] and sometimes ultrafiltration [33]. It should be noted that ultracentrifuges are quite expensive 
equipment and unsuitable for upscaling and relate to severe safety issues [34]. The availability of a 
suitable ultracentrifuge often limits access to purified virus preparations. In addition, the purity of 
the isolated CCMV and the characterization of the purification steps have not been the subject of in-
depth studies. Obviously, applying plant viruses in vivo demands the highest standards to avoid any 
unwanted contamination. Virus-like particles (VLP) of CCMV are commonly produced 
recombinantly [35,36]. A Coomassie-stained SDS-PAGE gel is usually considered to be sufficient for 
characterizing the eluate of the coat proteins after Ni-NTA purification (IMAC). 

To improve the availability and purity of CCMV, we developed a new two-step method for the 
purification of CCMV from infected leaves (see Figure 2). After propagation of CCMV in its natural 
host, Vigna unguiculata, symptomatic leaves are harvested and homogenized to a crude extract. Then, 
CCMV is precipitated once using PEG 8000. Next, the resuspended CCMV is purified by affinity 
extraction and subsequent elution on a novel CCMV-binding peptide aptamer immobilized on a 
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monolithic glass column. This powerful and fast purification step eliminates the need for multiple 
PEG precipitations or any density gradient ultracentrifugation. In our protocol, we qualified the 
impurities at each step using, among other methods, silver-stained SDS-PAGE, MALDI-TOF-MS, and 
size exclusion chromatography combined with UV detection. Furthermore, the purity of the virus 
isolates was determined by reversed-phase HPLC/UV, and the total yield of CCMV in each step was 
calculated using an enzyme-linked immunosorbent assay (ELISA) based on a new monoclonal 
antibody.  

 

Figure 2. Simplified workflow for the purification of CCMV using a novel peptide aptamer. 

2. Materials and Methods 

2.0. Biochemicals and other reagents 

Buffers: PBS (10x powder, from AppliChem, A0965,9010); Acetate binding buffer: sodium 
acetate (30 mM), acetic acid (20 mM), Na2-EDTA (1 mM), pH 4.8; Acetate elution buffer: acetic acid 
(6 mM), Na2-EDTA (1 mM), pH 3.6; Acetate neutralization buffer: sodium acetate (584 mM), acetic 
acid (292 mM); SEC running buffer: Sodium acetate (30 mM), acetic acid (20 mM), sodium chloride 
(150 mM), Na2-EDTA (1 mM), pH 4.8; phosphate binding buffer: Na2HPO4 · 2 H2O (8.7 mM), NaH2PO4 
· 2 H2O (3.3 mM), pH 7.4; phosphate elution buffer: NaH2PO4 · 2 H2O (6.0 mM), H3PO4 (6.0 mM), pH 
2.3; 2x loading buffer for SDS-PAGE (reducing): Glycerol (24%), tris base (900 mM, pH 8.45) (72%), 
sodium dodecyl sulfate SDS (4%), TCEP (100 mM), bromophenol blue (0.02%); 1x SDS running buffer: 
tris base (100 mM), tricine (100 mM), SDS (1%); Solvents: Ethanol (absolute for HPLC, Labsolute, 
2222). 

Other reagents: Acetic acid (Chemoslute,2289-1L); EDTA disodium salt 2-hydrate (AppliChem, 
131669.1209); formaldehyde (Sigma, 252549-25ML); (3-glycidyloxypropyl)trimethoxysilane (Sigma-
Aldrich, 440167, CAS 2530-83-8); hydrochloric acid (ChemSolute, 857,1011); Mucasol ® (Brand, 
230091); polyethylene glycol MW 8000 (Sigma-Aldrich P2139); potassium dihydrogen phosphate 
(ChemSolute 1648.0250); silver nitrate (Roth, 9370.4); sodium acetate (Chemsolute 8694-1KG); sodium 
carbonate (AppliChem, AP141648.1211); sodium chloride (Acros Organics, 446212500); sodium 
hydroxide (Sigma-Aldrich, 30620-1KG-R); sodium thiosulfate (Roth, HN25.1); Triton X-100 (Sigma-
Aldrich, T8787-50ML), 37470.01). Water was purified by an Ultra-Pure Water System from Millipore 
Co., with a resistivity of 18.2 MΩ·cm. 

Antibodies: Anti-rabbit antibody (Origene, R1364P); anti-mouse antibody (Jackson 
ImmunoResearch (111-005-008); HRP-anti-mouse antibody (115-035-003); HRP-anti-rabbit antibody 
(Jackson ImmunoResearch (111-035-003) 

Preparation of the monolithic raw column: The sintered core monolith (Por. 5, ultrafine, pore 
size 1-1.6 µm, borosilicate glass 3.3) was obtained from ROBU Glasfilter-Geräte GmbH, Hattert, 
Germany. The monolithic cylinder is prepared by custom order with the designation VitraPOR 5, 
diameter 8 mm, length 35 mm, front surfaces finely sawn. The raw cylinder is glued into a titanium 
tube with the outer dimensions of 35 mm x 12 mm and a wall thickness of 1 mm using silicon F liquid, 
obtainable from Weicon (13200310). A detailed description of the construction and manufacturing of 
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the column and the column holder is shown in previous work [37]. In this work, the monolith length 
was increased from 15 mm to 35 mm. 

2.1. Generation of a peptide binder for CCMV 

2.1.1. Experimental peptide binder generation 

For the screening, a one-bead-one-compound (OBOC) library with a ladder sequence was 
synthesized as previously reported [38]. The peptide library was synthesized by attaching the 4-
hydroxybenzoic acid linker to TentaGel-resin. A short spacer containing (Gly-Gly-Thr-Glu-Arg-Ser-
Gly-Gly) was added. On the spacer, octamer peptides with a ladder sequence were coupled via split-
and-mix-method. The library contained glycine, serine, proline, tyrosine, glutamine, isoleucine, 
phenylalanine, tryptophane, histidine, glutamic acid, and arginine. The beads were immobilized with 
an electrically conductive, double-sided adhesive tape attached to a glass microscope slide to create 
the chip. 

Fluorescently labeled CCMV was made by mixing 95 µL of a solution of CCMV in PBS (1 g/L) 
and 5 µL of NHS-Dy-654 (5 g/L) under dark conditions for 1 h at 22 °C. The solution was purified by 
using a Vivaspin500 filter. The solution was mixed with 400 µl acetate buffer (0.2 M, pH 4.8) and 
centrifuged for 5 min at 12,000 g. 450 µL of the acetate buffer was added, and the solution was again 
centrifuged for 5 min at 12,000 g. The step was repeated two times. The coupling success was 
examined via UV-spectroscopy and MALDI-TOF-MS.  

The chip was pre-incubated in 15 ml acetate buffer for 1 h, and the buffer was removed.  
Afterward, a virus-free plant extract (300 mg of mashed leaves in 2 mL 0.2 M sodium-acetate buffer 
pH 4.8; centrifuged at 25.000 x g at 4 °C and filtered by 0.2 µm) was added and incubated for 2 h. The 
solution was removed, and the chip was washed three times with acetate buffer, dried for 30 min 
under air, and scanned with a microarray scanner Axon GenePix 4300A (Axon Instruments, 
Molecular Devices, LLC, California, USA) at 635 nm. After this pre-scan, the chip was again 
incubated in acetate buffer for 1 h. Following that, 5.17 µL of the CCMV-Dy654 conjugate was mixed 
with 15 mL of the plant extract, and the chip was incubated under dark conditions overnight. The 
solution was removed, and the chip was washed three times with acetate buffer, dried for 30 min 
under air, and scanned again with the microarray scanner at 635 nm.  

The plant matrix was removed from the chip by incubation of 6 M guanidine HCl solution for 
20 min. The chip was washed with 0.1% TFA in double deionized water, acetate buffer, 0.3% 
ammonium dodecyl sulfate in double deionized water, double deionized water, double deionized 
water:EtOH:TFA (94,9%:5%:0,1%), and double deionized water.  The peptides were cleaved in a 
humid ammonia gas atmosphere overnight, and a 2,5-DHAP matrix was applied via an airbrush 
system, as previously reported [38]. The coordinates of the positive particles on the chip from the 
fluorescence scan were used for aiming with the laser in the MALDI-TOF-MS (Bruker autoflex max 
smartbeam2) measurement. 

The found peptide was resynthesized by using the Titan 357 peptide synthesizer (AAPPTec, 
Kentucky, USA). For this, 100 mg of Fmoc-Rink Amide aminomethyl resin (Iris Biotech GmbH, 
Germany, 0.59 mmol/g) was placed into a reaction vessel. The Fmoc protecting group was cleaved 
by applying 2.5 ml of cleaving solution (20% piperidine in DMF) and shaking for 5 min. The solution 
was removed, and another 2.5 mL cleaving solution was added for 10 min shaking. The resin was 
washed five times with 2 ml DMF for 1 min each. After removal of the last washing solution, 1 mL of 
amino acid with oxyma (both 0.4 M in DMF) and 1 mL of DIC (0.4 m in DMF) were added to the resin 
and shaken for 1 h. The coupling solution was removed, and the resin was washed once with 2 mL 
DMF for 1 min. Again, the amino acid/oxyma solution was added (1 mL) for the second coupling 
round. This time 1 mL HCTU (0.4 M in DMF) and 1 mL of DIPEA (1 M in DMF) were added to the 
resin-amino-acid-slurry and shaken for 1 h. The solution was removed, and the resin was washed 
three times with 2 mL DMF for 1 min each. Again, Fmoc was removed, as described before. Finally, 
the resin was washed two times with EtOH (2 mL), and the particles were placed in a syringe reactor. 
4 mL of agent K (83% TFA, 5% double deionized water, 5% 1,2-ethanedithiol, 5% thioanisol, 2% 
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triisopropylsilane) were added to the resin for 3 h. The solution was poured into cold diethyl ether, 
and the precipitate was collected by centrifugation at 3280 x g. The precipitate was washed once with 
diethyl ether and dissolved with DMSO. After lyophilization, a product of 75 mg was obtained. The 
crude peptide was used without further purification. 

2.1.2. Molecular dynamics simulations of the peptide with GROMACS  

GROMACS v.2022, a molecular dynamics (MD) simulation tool, was used to model the 
equilibrium properties of the aptamer peptide in solution [39]. The following outlines the modeling 
pipeline: As a starting point, an initial model of the peptide and linker was generated with Alphafold2 
(AF2) [40]. The modeled peptide of rank 1, was then processed for MD simulations to obtain an 
equilibrium structure in solution. The peptide's coordinates were solvated in a dodecahedron box of 
TIP3P water molecules using periodic boundary conditions. A minimum distance between the solute 
and the boundary was set to 1 nm, and the AMBER99SB forcefield [41] was applied to the peptide. 
GROMACS took the protonation state of the peptide free in a solvent at pH 7, which should be 
indifferent from that at pH 4.8. No ion was added to the system as the dilute buffer ions were unlikely 
to interact with the peptide. The system was energy minimized with 500 steps of the steepest descent 
algorithm. Then heavy peptide atoms were position restrained with harmonic force constants of 1000 
kJ mol−1 nm−2, while water molecules were allowed to equilibrate in an NVT ensemble for 200 ps 
followed by an NPT equilibration for a further 200 ps using the Leap-Frog algorithm [42]. The mean 
temperature of 300 K was achieved using the velocity-rescaling thermostat [43] with a time constant 
of 0.1 ps. The pressure was maintained at 1 bar using the Parrinello-Rahman barostat [44] with a time 
constant of 2 ps. Short-range nonbonded interactions were truncated using a Verlet cut-off scheme at 
10 Å. The smooth particle-mesh Ewald [45] was used to calculate long-range electrostatics. The 
production simulation consisted of 5 parallel 1 μs simulations using a timestep of 2 fs, with frames 
saved every 40 ps.  All input files for the simulations can be found at: 
https://github.com/meyresearch/CCMV_aptamer_msm. 

2.1.3. Markov modeling to obtain the dominant equilibrium peptide structure in solution 

In order to analyze the 5 μs of trajectory data, a Markov State model (MSM) was built using 
pyEMMA v2.5.7 [46] following the pyEMMA tutorial [47] and similar approaches [48,49]. The 
trajectories were featured using backbone torsion angles and distances between α-carbon atoms. 
Time-lagged independent component analysis (TICA) [50] was performed to reduce the dimension 
of the feature space, which then produced a 64-dimensional subspace using a 95% kinetic variance 
cut-off. The TICA space was discretized using a k-means algorithm with 300 cluster centers. The 
maximum likelihood MSM was estimated from the discrete trajectories using a lag time of 1 ns. The 
PCCA+ algorithm [51] was used to coarse-grain the MSM into two metastable states. The most likely 
state was identified as the dominant equilibrium peptide structure. The final visualisation of the 
equlibrium structure rendered using VMD v.1.9.3 [52], was obtained by drawing random samples 
from the most populated PCCA state. A Jupyter notebook containing the MSM analysis is provided 
at:  https://github.com/meyresearch/CCMV_aptamer_msm. 

2.2. Preparation of the affinity column with CCMV-binding peptide 

An assembled column system consisting of the monolithic column [37] built in a 3D-printed 
column holder was connected to a syringe pump (Standard Infusion Only Pump 11 Elite from 
Harvard Apparatus, USA), and several reagents and washing solutions were pumped through the 
column. If not indicated otherwise, a flow rate of 1 mL/min was used, and the reactions took place at 
room temperature. 

To clean the glass surface, at 1 mL/min 10 mL of Mucasol (1%), NaOH (10%), and HCl (10%), 
were pumped through the column subsequently. Afterward, the column was washed with 10 mL of 
PBS at 1 mL/min to obtain a neutral pH before the column was equilibrated with 10 mL of toluene. 
In the first reaction step, 10 mL of (3-glycidyloxypropyl)trimethoxysilane (10% in toluene) was 
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pumped through the column within 10 min.  The column was sealed on both sides and incubated 
for 1 h at room temperature. After the reaction took place, the column was manually flushed with an 
air-filled syringe to remove the remaining silane solution from the column. The monolithic column 
was then removed from its column holder and placed in a drying oven (UNB 200, Memmert) to 
incubate overnight at 130 °C. Then, the column was allowed to cool down for 20 minutes and put 
back in the column holder. After flushing the reassembled column with 10 mL of toluene at 1 mL/min 
to remove the left-over silane, the column was again flushed with air to remove any left toluene. The 
column surface was now presenting epoxide groups and was ready for coupling the column with the 
target peptide via its thiol group. 

For the peptide coupling, 12 mg of the CCMV-binding peptide was dissolved in 7.2 mL of 
DMSO. While gently vortexing the peptide solution, 4.8 mL of a Tris buffer (100 mM, pH 9.0) was 
added slowly. The acquired 12 mL of ready-to-couple peptide solution was now pumped through 
the column within 1 h at room temperature. To block the remaining epoxy groups, the column was 
flushed with 10 mL of a cysteine solution (100 mM in Tris buffer (100 mM, pH 9.0)) within 1 h. Next, 
the column was flushed at a flowrate of 1 mL/min with 10 mL of a Tris buffer (100 mM, pH 9.0), 10 
mL of H2O and eventually washed with 10 mL of EtOH (20% in H2O) and stored in a fridge until 
further use. 

2.3. Optimized protocol for the purification of CCMV 

CCMV was isolated from leaves of Vigna unguiculata (cowpeas, black-eyed peas). For the 
germination of the seeds and growth of the plants, a hydroponic system with in-built and automated 
LED illumination from iDOO (Model: ID-IG301) was used. Before the plants reached the 3-leaf stage, 
cotyledons (seed leaves) were inoculated with a 50 µL suspension of 0.1 mg/mL CCMV in 0.05 M 
sodium acetate buffer and 1 mM Na2EDTA, pH 4.8 and a spatula tip of silicon carbide powder 
(carborundum, 600 grit) each, by gentle but firm rubbing of the leaves surface. After 3 minutes, excess 
silicon carbide was rinsed off with lab water. After 7-14 days, symptomatic leaves were harvested, 
weighed, and stored at -20 °C in a plastic bag. Any further symptomatic regrown leaves were also 
harvested and stored at -20 °C in a plastic bag. 

The infected plant material was homogenized with a standard household blender (Bosch 
VitaBoost MMBH6P6BDE). For every gram of leaves, 6 mL of extraction buffer (0.2 M sodium acetate 
buffer with 10 mM Na2-EDTA and 0.1% (w/v) ascorbic acid, pH 4.8) was used. After 1 min of 
blending, 1 droplet of defoamer (neodisher Entschäumer S, article number: 430148) was added and 
mixed with the extract for 3 s. The extract was transferred into 50 mL falcon tubes and centrifuged at 
15,000 x g and 4 °C for 20 min, then filtered with a 0.2 µm syringe filter. To the filtrate, a final 
concentration of 10% (w/v) PEG 8000 was added and thoroughly vortexed. Afterward, the solution 
was placed in an overhead shaker and allowed to incubate at 4 °C overnight. After incubation, the 
solution was centrifuged at 15000 x g and 4 °C for 25 min to obtain a yellow pellet. The supernatant 
was discarded. The pellet was completely resuspended in binding buffer (0.05 M sodium acetate 
buffer with 1 mM Na2-EDTA, pH 4.8) using a quarter of the initial volume by thorough vortexing. A 
few seconds of ultrasonication can help in the resuspension process. After resuspension, a pellet is 
again formed by centrifuging at 15000 x g and 4 °C for 15 min. This pellet does not contain CCMV. 
The supernatant is filtered with a 0.2 µm syringe filter and used for the affinity extraction performed 
on an FPLC system (ÄKTA pure 25 L, GE Healthcare Life Sciences) using the peptide aptamer column 
described in section 2.2.  

Before each run on the FPLC, the column was washed with 20 mL of 1% Triton X-100 solution, 
followed by washing with elution buffer (6 mM acetic acid, 1 mM Na2-EDTA, pH 3.6), and a 
subsequent equilibration with lab water and then binding buffer (0.05 M sodium acetate buffer with 
1 mM Na2EDTA, pH 4.8). The fractions of the fraction collector were filled each with 10 µL of 
neutralization buffer (292 mM acetic acid, 584 mM sodium acetate, pH 4.5). Then, the sample loop 
(10 mL) was filled with the sample. During the injection, a flow of 2 mL/min was applied. Afterward, 
a washing step with 10 mL binding buffer and a flow rate of 10 mL/min was used. Finally, CCMV 
was eluted with the elution buffer (6 mM acetic acid, 1 mM Na2EDTA, pH 3.6) at a flow rate of 6 
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mL/min and collected in 200 µL fractions in the fraction collector. The neutralized fractions, now at 
0.05 M sodium acetate buffer with 1 mM Na2EDTA, pH 4.8, were pooled so that ~95% of the peak 
area was saved without unnecessary dilution of the sample and stored at 4 °C for later analysis. An 
aliquot was used to determine the concentration of the CCMV by UV absorbance, using the extinction 
coefficient of CCMV at 260 nm: ε260=5.87 mg-1 mL cm-1 [53]. The column was re-equilibrated with 
binding buffer and stored at 20% ethanol at 4 °C. 

2.4. Characterization of purification steps with silver-stained SDS-PAGE 

From all samples shown in Figure 7, 10 µL aliquots were taken and each supplemented with 10 
µL of 2x SDS loading buffer, mixed, and heated to 95 °C in a ThermoMixer C (Eppendorf, 5382000015) 
for 15 min. The samples were mixed again, and subsequently, 10 µL of each sample was loaded onto 
the gel (Novex™ WedgeWell™ 8-16%, Tris-Glycine, 1.0 mm, Mini Protein Gel, Invitrogen, 
XP08160BOX), which was run with 900 mL of SDS running buffer in a fridge at 4 °C with a XCell 
SureLock Mini-Cell Electrophoresis System from Invitrogen (EI0001). Run times: 20 min at 80 V + 25 
min at 200 V. The following silver-staining protocol was applied to visualize protein bands: The gel 
was washed twice in lab water for 2 min each. Afterward, the gel was incubated in sodium thiosulfate 
Na2S2O3 (1.3 mM) for 1 min and then washed with water for 10 s. The gel was then transferred into a 
staining container containing freshly prepared AgNO3 (5.9 mM) and incubated for 25 min. The gel 
was washed twice with water for 10 s each and then incubated for 30 s with sodium carbonate Na2CO3 
(236 mM). In the next step, the gel was incubated in a solution of Na2CO3 (236 mM) and formaldehyde 
(2.5 mM) for 7 min. After the completed staining, the gel was washed twice with water and then 
incubated in Na2EDTA (50 mM) for 10 min. Lastly, the gel was washed twice with water, and a 
photograph of the final gel was taken. 

2.5. Characterization of purification steps with size exclusion chromatography (SEC) 

Size exclusion chromatography was performed on an FPLC (ÄKTA pure 25 L, GE Healthcare Life 
Sciences); 280 nm was used as the detection wavelength. A flow rate of 2.6 mL/min was used during 
washing steps and 0.5 mL/min during separations. The experiment was performed with samples 1, 
3, 4, and 5, subsequently. To each of the four samples, 150 mM sodium chloride was added. The 
CCMV eluate (sample 5) was diluted in SEC running buffer to a concentration of 100 µg/mL. The 
obtained samples were filtered with a 0.22 µm syringe filter. The column (Hi Prep 26/60 Sephacryl S-
300-HR, from Cytiva, 17119601) was connected to the FPLC system and then equilibrated with 1.5 
column volumes (CV) water and SEC running buffer, subsequently. During the applied purification 
protocol, the column was first equilibrated with 0.1 CV of SEC running buffer before the 1 mL sample 
was injected through the 2 mL sample loop using 10 mL of SEC running buffer. Afterward, the 
column was eluted with 1.5 CV of SEC running buffer, where the separation took place.  

2.6. Characterization of purification steps with MALDI-TOF-MS 

Samples 1, 3, 4, and 5 were desalted using Zeba Spin 7K MWCO size-exclusion desalting 
columns (75 µL) according to the manufacturer's protocol. 1 µL of the eluted solution was pipetted 
on a target spot of the MALDI plate, and 1 µL of α-cyano-4-hydroxycinnamic acid (10 mg/mL in 50% 
H2O, 49.9% ACN, 0.1% TFA (v/v/v)) was added.  The droplet was mixed by pipetting up and down 
several times and then allowed to dry.  MALDI-TOF-MS was performed on a Bruker Autoflex maX 
in linear mode. The obtained spectra were averaged over 5000 laser shots.  

2.7. Purity determination by reversed-phase HPLC 

The eluate of the affinity extraction (sample 5) was diluted with lab water to a concentration of 
0.3 mg/mL and filtered with a 0.1 µm syringe filter into an HPLC vial. A high-performance liquid 
chromatography system with a diode array detector (HPLC-DAD; Agilent Technologies 1260 Infinity 
II series) was used. The injection volume was 30 µL. A C8 column (AdvanceBio RP-mAb SB-C8, 2.1 x 
150 mm, 3,5 µm, Agilent Technologies) was used as the stationary phase. Separation was performed 
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with A=0.2% TFA in H2O and B=0.16% TFA in acetonitrile with the following gradient: 0-3 minutes 
99% A and 1% B, 3-23 minutes 30% A and 70% B, 23-40 minutes 1% A and 99% B at a constant flow 
rate of 0.8 mL/min. Baseline subtraction, peak finding, and integration were performed using 
Chromeleon chromatographic data analysis software (version 7.2.10.23925). 

2.8. Determination of integrity and monodispersity 

Transmission electron microscopy (TEM) images were obtained in a Talos F200S Microscope 
(Thermo Fisher Scientific) by using a 200 kV microscopy technique in which a beam of electrons is 
transmitted through a specimen to form an image. The specimens were prepared by negative staining 
the CCMV with a 3% solution (w/v) of phosphotungstic acid in ultrapure water onto a 3 mm copper 
grid (lacey, 400 mesh, TED PELLA, 01824) using the side-blot method.  

Dynamic light scattering experiments were performed at a Zetasizer Malvern Instrument with 
disposable cuvettes made from polystyrene (10 mm) purchased from Th. Geyer GmbH & Co. KG 
(Renningen, Germany). Measurements were performed in forward scatter mode and the advanced 
cumulant model. A 1 mg/mL CCMV solution in 0.05 M acetate buffer containing 1 mM EDTA, pH 
4.8, was freshly prepared and measured. 

Atomic force microscopy (AFM) measurements were performed on a HORIBA OmegaScope 
with LabRAM HR evolution instrument, using tapping mode (AC mode) with ATEC-NC (frequency 
335 kHz, spring constant 45 N/m) tips. The AC mode automatically controls all the parameters with 
an exception for the scan rate which was set to 1 Hz. A 1 µL 0.1 mg/mL CCMV solution was added 
to 9 µL 1x Tris-acetate-EDTA buffer containing 15 mM MgCl2 and incubated on a plasma-treated 
silicon chip for 10 mins. The chip was then washed two times with a mixture of ethanol and water 
(1:1) and blow dried with compressed air. The chip was taped on a magnetic disc and inserted in the 
AFM instrument for imaging. 

2.9. Quantification of CCMV by ELISA 

For the immunoassay, antiserum (BAM-CCMV-rab-pAb01) from rabbits after immunization with 
CCMV was purified via protein G affinity chromatography. The experiment was performed on an 
ÄKTA pure 25 L from GE Healthcare Life Sciences, and 280 nm was used as the detection wavelength. 
A flow rate of 4 mL/min was used if not mentioned otherwise. The rabbit serum was diluted 1:10 in 
a phosphate binding buffer (pH 7.4). The obtained serum solution (500 µL) was filtered using a 
0.22 µm syringe filter and then filled into the 2 mL sample loop of the FPLC system. The column 
(HiTrap 1 mL Protein G HP, Cytiva, 29048581) was connected to the system and then washed with 
water, phosphate elution buffer, and phosphate binding buffer subsequently. During the applied 
method, the column was first equilibrated with 10 mL of binding buffer before the sample was 
injected with 6 mL of phosphate binding buffer at a flow rate of 0.5 mL/min through the sample loop. 
After a washing step with 15 mL of phosphate binding buffer to remove loosely bound components, 
IgG was eluted with 5 mL of phosphate elution buffer (pH 2.3). Finally, the column was re-
equilibrated with 10 mL of phosphate binding buffer to a pH of 7.4. An IgG solution with 0.5 mg/mL 
in 600 µL was obtained, determined with UV absorption at 280 nm, and rabbit IgG as a reference in 
a photometer (NanoPhotometer NP80, Implen).  

For the determination of CCMV with an enzyme-linked immunosorbent assay (ELISA), the 
protein G purified polyclonal antibody was used, as well as an anti-CCMV monoclonal antibody 
(BAM-CCMV-29-81) and secondary antibodies (polyclonal anti-mouse antibody and polyclonal 
peroxidase-conjugated anti-rabbit antibody). All steps were performed at room temperature, 
washing was done in triplicate using 300 µL of washing buffer (KH2PO4 1.25 mM; Na2HPO4·2H2O 
6.67 mM; Tween 20 0.3 mM), and incubation was performed on a plate shaker. The high-binding 
microplate was coated in 100 µL of 1x PBS, pH 7.4, containing 2.6 µg/mL of anti-mouse antibody and 
incubated overnight. The next morning, the plate was washed, and 100 µL of the monoclonal anti-
CCMV antibody at a concentration of 0.72 µg/mL in 1x PBS, pH 7.4, was added to the wells of the 
microplate. After one hour, the plate was washed and then incubated with 250 µL of the blocking 
solution (5% skim milk powder in 1x PBS, pH 7.4) for another hour. Following the next washing, the 
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wells were treated with 100 µL of the sample dilutions (usually ranging from 1:100 to 1:50,000, 
depending on the supposed concentration) and the calibration solutions in PBS-T for an hour. 100 µL 
of polyclonal anti-CCMV antibody (0,34 µg/mL) in PBS-T was added after washing, and the plate 
was again placed on the shaker for one hour. The plate was washed, and 100 µL of the peroxidase-
conjugated anti-rabbit antibody in PBS-T was added at a concentration of 2.67 ng/mL and incubated 
for 30 minutes. Then a final wash step was performed. For detection, 100 µL TMB substrate was 
added to the wells and incubated for 15 minutes in darkness. In the last step, 100 µL of stop solution 
(250 mM H2SO4) was added, and the absorbance at 450 nm was measured using the plate reader. 

3. Results 

3.1. Generation of a peptide aptamer for CCMV 

A synthetic peptide library containing linear peptides was used to screen for a CCMV-binding 
peptide. A positive hit in the screening resulted in the peptide with the amino acid sequence Tyr-Ile-
Gln-Ile-Tyr-Phe-Gly-Tyr, which showed the most promising properties. The positive peptide bead is 
highlighted with a white circle in Figure 2 (left). The subsequent MALDI-TOF MS of the peptide 
candidate (Figure 2, right) revealed its sequence due to the introduced ladder sequence during 
peptide synthesis. 

 

Figure 3. Left: A small part of the combinatoric peptide library immobilized on a chip after incubation 
with fluorescently labeled CCMV in a diluted extract of Vigna unguiculata. In total, approximately 
25,000 different peptides were screened on the chip. The positive bead is highlighted with a white 
circle. Right: MALDI-TOF mass spectrum of the peptide after cleavage from the bead. The ladder 
sequence introduced during peptide synthesis allows for the simple readout of the peptide sequence 
without the need for fragmentation. 

For the resynthesis of the peptide, its C-terminus was extended with a glycine-serine linker for 
better solubility and steric reasons. In addition, a cysteine was added as the C-terminal amino acid to 
facilitate the immobilization of the peptide on a solid phase. To illustrate the peptide's dominant 
folding behavior in water, a Markov State model (MSM) was used to extract the most stable folding 
structures from a molecular dynamics (MD) trajectory of 5 μs of the target peptide. The conformation 
shown on the left in Figure 4 shows a representative structure from an equilibrium ensemble 
observed at 96.6% from the MSM analysis of the MD simulations. The schematic on the right 
illustrates the corresponding amino acid sequence. For more details on the populations of peptide 
conformations from the MSM, see Figure S2.   
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Figure 4. Left: Representative structure of the equilibrium-folded structure of the peptide; the glycine-
serine linker is shown in purple, and the aptamer in green, with the silane linker shown in licorice 
representation. Right: Cartoon representation of the peptide for comparison using the same color 
scheme. 

3.2.  Preparation of an affinity column with the CCMV-binding peptide aptamer 

For the preparation of the affinity column, sintered glass monoliths were used as the starting 
material for the immobilization of the CCMV-binding peptide. This material and the evaluation of its 
performance regarding affinity separations were previously published [37]. The detailed protocol for 
the treatment of the monolithic raw column, its assembly, and the cleaning of the glass surface was 
performed as described there. Afterward, the glass surface was functionalized with an epoxysilane, 
as shown in Figure 5. Then, 10 mL of 1 mg/mL of the CCMV-binding peptide in 40% Tris buffer (0.1 
M, pH 9.0) and 60% DMSO were pumped through the column. The reaction of the thiolate from the 
C-terminal cysteine of the peptide and the epoxide can be considered a form of click-chemistry [54]. 
Therefore, the product should form quickly, with a high yield and essentially no byproducts. 
Afterward, the column was washed with DMSO, then water, before a cysteine-blocking solution was 
pumped through the column to block any unreacted epoxide groups. 

 

Figure 5. Scheme for preparing the affinity column for CCMV purification: Surface functionalization 
of a sintered glass monolith with epoxy silane and coupling of the thiol-containing CCMV-binding 
peptide aptamer via ring-opening of the epoxide. Please note: In this figure, the N-terminus of the 
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peptide NH2-Tyr-Ile-Gln-Ile-Tyr-Phe-Gly-Tyr-Gly-Gly-Ser-Gly-Gly-Ser-Cys-NH2 is located on the 
right-hand side, and the C-terminus is amidated. Due to the specific synthesis and subsequent 
screening procedure, the peptide must be oriented so that the C-terminus is directed to the solid 
phase. 

The capacity of the peptide column was determined by using an excess of CCMV with a known 
concentration in a plant extract. A maximum of 2 mg CCMV was bound by the column within 5 
minutes (see Figure 6). The flowthrough consists of the plant matrix. The eluate of 1 mL was later 
measured by UV absorbance and yielded 2 mg/mL determined with the extinction coefficient of 
CCMV at 260 nm: ε260=5.87 mg-1 mL cm-1. 

 

Figure 6. Column capacity for the binding of CCMV. Three 10 mL injections of a resuspended PEG-
precipitate solution containing 0.1 mg/mL CCMV were made in succession. The flowthrough of the 
1st and 2nd injection is free of any CCMV as determined with ELISA. It contains impurities from the 
plant matrix and PEG8000. After the third injection, the column capacity is exceeded, and 
flowthrough peak is increased, as indicated by the dashed line. The column capacity was determined 
as approximately 2 mg of CCMV. After washing with binding buffer and elution at pH 3.6, pure 
CCMV was obtained as a narrow peak. The eluting CCMV is immediately neutralized to 
approximately 50 mM sodium acetate pH 4.8 with a small volume of concentrated neutralization 
buffer present in the fraction collector. 

3.3. Optimized protocol for the purification of CCMV 

Figure 7 shows the schematic workflow for the stepwise purification of CCMV.  First, a crude 
extract is made by blending infected leaves with extraction buffer (0.2 M sodium acetate buffer with 
10 mM Na2-EDTA and 0.1% (w/v) ascorbic acid, pH 4.8). In our experience, 6 mL of extraction buffer 
for every gram of leaves is sufficient. The extract is centrifuged and filtered before PEG 8000 is added 
to a final concentration of 10% (w/v). The solution is allowed to incubate at 4 °C overnight before it 
is centrifuged again. The pellet formed contains the CCMV. The supernatant is discarded. The pellet 
is completely resuspended with binding buffer (0.05 M sodium acetate buffer with 1 mM Na2EDTA, 
pH 4.8). Afterward, the suspension is centrifuged, forming a pellet that does not contain the CCMV. 
Instead, the supernatant containing the CCMV, other plant matrix components, and PEG 8000, is 
filtered (0.2 µm) and used for the final purification step. In this final step, the CCMV is enriched on 
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the affinity column shown in Figure 7. After washing the column with 10 column volumes of binding 
buffer, the CCMV is eluted from the column with 6 mM acetic acid, 1 mM Na2-EDTA, pH 3.6, and 
the elution peak is collected in 200 µL fractions. Each fraction in the fraction collector is prepared 
beforehand to contain 10 µL of neutralization buffer (292 mM acetic acid, 584 mM sodium acetate). 
Thus, the 200 µL fractions of CCMV eluates are immediately neutralized to 0.05 M sodium acetate, 1 
mM EDTA, pH 4.8 upon reaching the fraction collector and can be stored at 4 °C. 

 

Figure 7. Optimized workflow for the purification of CCMV from leaves of Vigna unguiculata:     (1) 
Leaves are homogenized to a crude extract. The extract is centrifuged, and 10% PEG 8000 is added.  
After incubation overnight, the solution is centrifuged, and the supernatant (2) is removed. The pellet 
containing CCMV is completely resuspended with buffer. Afterward, the suspension is centrifuged 
again to obtain the essentially CCMV-free pellet. The supernatant (3) containing the CCMV, among 
other proteins and PEG 8000, is filtered. Pure CCMV (5) is isolated from the supernatant by affinity 
extraction with the CCMV binding peptide immobilized on a sintered glass monolith surface; the 
flowthrough of the column (4) is discarded. 

From every purification step (1-5), aliquots were taken and analyzed (when applicable) with 
SDS-PAGE, size exclusion chromatography (SEC), mass spectrometry, reversed-phase 
chromatography, transmission electron microscopy (TEM), atomic force microscopy (AFM), dynamic 
light scattering (DLS), and an immunoassay to determine the purity, integrity, and yield of the viral 
nanoparticles at these steps. 

3.4. Characterization of purification steps with silver-stained SDS-PAGE 

The SDS-PAGE for samples 1-5 (1 - crude extract, 2 – supernatant, 3 – resuspended pellet, 4 – 
flowthrough, 5 – affinity purified) is shown in Figure 8. CCMV is already detectable in sample 1, the 
crude extract, at around 20 kDa. The following pelleting step seems to be very efficient as no CCMV 
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can be detected in the supernatant (sample 2), and CCMV could be enriched by PEG precipitation, as 
shown in the lane for sample 3. However, other protein impurities are still clearly visible. PEG 
impurities cannot be detected by this method. The next lane demonstrates the need for the final 
affinity purification step as the flowthrough (sample 4) contains many of the impurities already 
detectable in sample 3. Sample 5 is the enriched CCMV eluate (1 mg/mL) diluted to 0.02 mg/mL, 
which does show any residual impurities. 

  

Figure 8. Silver-stained SDS-PAGE analysis of each purification step and the final eluate. Lane 1: 
Protein ladder; Lane 2: Crude extract; Lane 3: Supernatant after precipitation with PEG 8000; Lane 4: 
Supernatant of resuspended pellet; Lane 5: Flowthrough of affinity column; Lane 6: Binding buffer as 
blank; Lane 7: CCMV eluate obtained by affinity purification (final product, diluted to approx. 20 
µg/mL). 

3.5. Characterization of purification steps with size exclusion chromatography 

Next, samples 1, 3, 4, and 5 were analyzed with size exclusion chromatography (SEC) using UV 
detection at 280 nm (Figure 9). Similarly to the silver-stained SDS-PAGE gel, a small amount of 
CCMV is detectable in the crude extract (sample 1) at around 200 min. The smaller protein impurities 
elute later, around 590 min, and constitute the majority of the protein content in the extract. The void 
volume is only reached later for molecules smaller than the exclusion size of the column. Sample 3 
contains the enriched CCMV after the pelleting step with PEG 8000. The chromatogram shows the 
virions as the dominant peak at 200 min. The purity of CCMV based on the absorbance at 280 nm at 
this purification step can be calculated from the relative integrals of the eluting peaks. With this 
premise, the purity of CCMV would be 71.1%. After the final affinity extraction (sample 5), the size 
exclusion chromatogram shows only the CCMV eluting at 200 min, and no other impurities could be 
detected. In contrast, the flowthrough of the affinity column (sample 4) contains impurities eluting 
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at 590 min. The results from the SEC also indicate that the virions are still intact after the purification 
steps. 

 

Figure 9. Size exclusion chromatograms (SEC) of samples taken at different steps of the purification 
protocol are shown in Figure 7:  crude extract,  filtered supernatant after pelleting with PEG 8000, 
 flowthrough of the affinity extraction,  eluate of the affinity extraction. SEC was performed with 
a Hi Prep 26/60 Sephacryl S-300-HR, Cytiva (17119601); the running buffer was 0.05 M sodium acetate 
buffer, 0.15 M NaCl and 1 mM Na2EDTA, pH 4.8 with a flow rate of 0.5 mL/min. . 

3.6. Characterization of purification steps with MALDI-TOF-MS 

 It is important to note that the calculated purity is dependent on the detection method. Non-
UV-absorbing molecules cannot be identified at 280 nm. For this reason, we analyzed samples 1, 3, 4, 
and 5 with matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS) (see Figure 10). While the mass spectrum for sample 1 shows the complexity of the plant 
matrix, the mass spectrum for sample 3, taken after the pelleting step, is even more noteworthy. 
Whereas the silver-stained SDS-PAGE gel shows CCMV as the dominant band and the SEC suggests 
a CCMV purity of >71%, the mass spectrum does not even contain the characteristic peak at ~20300 
Da corresponding to the CCMV capsid protein subunit. Instead, only PEG is detectable over a broad 
mass range with a maximum of 8000 Da. After the affinity extraction, the PEG is completely removed 
from the solution, as can be seen in the mass spectrum of sample 5, the eluate of the affinity extraction. 
The molecular ion peak at 20,300 Da [CCMV+H]+ and the peaks of the corresponding multiple 
charged species [CCMV+2H]2+, [CCMV+3H]3+ are the dominant signals in the spectrum.  The small 
peak at around 13,500 Da corresponds to the triply charged dimer [2CCMV+3H]3+ of the capsid 
protein. No other impurities of higher molecular mass can be detected in the mass spectrum of the 
final eluate. 
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Figure 10. MALDI-TOF mass spectra of samples taken at different steps of the purification protocol 
are shown in Figure 7:  Crude extract,  filtered supernatant after pelleting with PEG 8000,  
flowthrough of the affinity extraction,  eluate of the affinity extraction. 

However, in some other samples of CCMV, we found multiple smaller peaks at m/z ratios of 
around 18000-20000 Da and their multiply charged species. Indeed, we could prove by peptide mass 
fingerprinting and western blotting that these peaks are fragments of the CCMV capsid protein 
(Figure S3, SI). Furthermore, we observed a dependency on the age of the leaves that may indicate 
the degree of capsid protein degradation (Figure S4, SI). CCMV isolated from leaves harvested that 
were older than 6 weeks had far more degradation products than leaves harvested after only 1-3 
weeks. We assume that the breakdown of the capsid protein may be caused by proteolytic cleavage. 
We tried to prevent proteolytic breakdown by the addition of plant protease inhibitors to the crude 
extract, but no difference in CCMV capsid protein degradation in older leaves could be noticed. For 
this reason, we concluded that the degradation is apparently already taking place in the plant.  

3.7. Purity determination by reversed-phase liquid chromatography (HPLC) 

Purity assessment of biomolecules is often performed using reversed-phase liquid 
chromatography with UV detection, e.g., at 220 nm [55]. At this wavelength, peptidic amide bonds 
have a strong absorbance. Figure 11 shows the chromatogram of sample 5 using a C8 column on an 
HPLC. Gradient separation with A: H2O with 0.2% TFA and B: Acetonitrile with 0.16% TFA was 
applied from 3 minutes (99% A, 1% B) to 23 minutes (30% A, 70% B).  
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Figure 11. Reversed-phase high-performance liquid chromatography (RP-HPLC) of CCMV after 
purification by affinity chromatography. 9 µg CCMV was injected and subsequently separated using 
the following gradient: 0-3 minutes 99% A (H2O with 0.2% TFA) and 1% B (ACN with 0.16% TFA), 3-
23 minutes 30% A and 70% B, 23-40 minutes 1% A and 99% B at a constant flow rate of 0.8 mL/min. 

At 20.7 minutes, the capsid monomer of the CCMV elutes. No significant peaks of impurities 
seem to be present in the chromatogram. Purity was calculated by the relative peak areas. The 
chromatographic analysis software Chromeleon (version 7.2.10.23925) was used for peak picking and 
integration, leading to a relative area of 98.4% for the CCMV peak. For the full report of the analysis, 
please refer to Figure S5 in the supplementary information. 

3.8. Determination of particle integrity and size distribution 

For a quick purity assessment and determination of particle integrity, the absorbance ratio of 
260/280 nm may be used. This ratio reflects the amount of RNA and protein in the sample and should 
be between 1.5-1.7, according to the literature [53]. In the case of sample 5 (the affinity-purified 
CCMV), this ratio was 1.6. The absorption spectrum is shown in Figure S6 in the supplementary 
information. However, care should be taken with the interpretation of such absorption spectra. As 
shown in Figure 10, certain impurities, such as PEG, can only be detected using more sophisticated 
methods, for example, mass spectrometry. Still, the absorbance ratio is useful to quickly detect the 
right RNA/protein ratio in the sample without much effort. In addition, transmission electron 
microscopy (TEM) and atomic force microscopy (AFM) were used to confirm that the CCMV isolated 
from the affinity extraction is present in the form of intact and monodisperse virions (Figure 12). 
Dynamic light scattering (DLS) experiments also confirmed intact and monodisperse particles (Figure 
S7, SI) 
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Figure 12. Detection of intact CCMV nanoparticles after affinity extraction. Top: Negative staining 
TEM image showing virions with a diameter of 28 nm, Bottom: AFM image. 
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3.9. Quantification of CCMV by ELISA 

The yield of CCMV after each purification step in the presented protocol was determined by a 
sandwich enzyme-linked immunosorbent assay (ELISA). For this purpose, polyclonal and 
monoclonal antibodies were developed. 

A polyclonal antiserum against CCMV (BAM-CCMV-rab-pAb01) was raised by immunization 
of rabbits with native CCMV as the immunogen. After 63 days, IgG was purified from the final bleed 
by protein G affinity extraction. The antibody titer was determined using dilutions of the unpurified 
antiserum, resulting in extraordinarily high titers (Figure S8, SI). Even a serum dilution of 
1:100,000,000 was still distinguishable from the blank (pre-immune serum). Additionally, monoclonal 
antibodies were developed by immunization of mice with CCMV. Hybridoma culture supernatants 
were screened against native CCMV in both PBS pH 7.4 and sodium acetate buffer pH 4.8, and a 
promising clone, BAM-CCMV-29-81, was found and subcloned. As proposed in earlier works [56], a 
peptide mass fingerprint of BAM-CCMV-29-81 was generated, which is shown in Figure S9 in the 
supplementary information. These spectra and the open-source software ABID 2.0 
(https://bam.de/ABID) can be used as a future sequence-independent and fast confirmation of 
identity for this and other antibodies [57]. 

For the immunoassay, a microtitration plate is prepared as follows: Coating with anti-mouse 
antibody, binding of the monoclonal mouse BAM-CCMV-29-81, blocking with skimmed milk 
powder, binding of CCMV, binding of polyclonal rabbit anti-CCMV antibody, binding of the 
peroxidase-conjugated anti-rabbit-IgG antibody, and finally colorimetric detection at 450 nm after 
addition of TMB substrate and finally H2SO4 to stop the reaction. The calibration curve measured 
with the known concentration of pure CCMV is shown in Figure 13. To determine the limits of 
detection (LOD) and quantification (LOQ), a linear regression of the lowest five test points (0-5 
ng/mL) was performed (Figure S10, SI). A LOD of 0.25 µg/L and a LOQ of 0.79 µg/L was calculated. 
Using the calibration curve in Figure 13, a working range from 3 µg/L to 200 µg/L can be defined. 
Usually, the dilution of the crude plant extract is required. This is beneficial in most cases, as it highly 
reduces potential interferences. Dilutions of the crude extract of 100-fold or greater were found to 
show no matrix effects. 

 

Figure 13. Calibration curve for the determination of CCMV with a sandwich enzyme-linked 
immunosorbent assay (ELISA). Error bars correspond to the standard deviation of quadruplicates. 
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LOD and LOQ were calculated to be 0.25 µg/L, and 0.79 µg/L, respectively. No matrix effect was 
observed by diluting the samples to the working range of this assay (3-200 µg/L). 

By measuring the concentration of CCMV in samples 1, 2, 3, 4, and 5, the yield of CCMV after 
each purification step was determined (see Table 1). The data confirms that the precipitation with 
PEG 8000 leads to a loss of only ~16% of CCMV from the crude extract. We assume that most of the 
loss is caused by the co-precipitation of CCMV with solids after resuspension of the PEG pellet. The 
affinity purification leads to a loss of about 50% relative to the PEG pelleting step.  

Table 1. The yield of CCMV after each purification step; absolute values in mg, relative values in 
percent relative to 100% determined for the crude extract. Errors were taken from quadruplicate 
absorbances, calculating the concentrations from the calibration function and determining their 
standard deviation. 

Purification step Absolute yield [mg] Relative yield [%] 

1 - Crude extract 3.52 ± 0.27 100 (def.) 
2 - Supernatant of 1 0.040 ± 0.001 (1.1) 
3 – Resuspended pellet 2.91 ± 0.04 83 
4 – Flowthrough of affinity column < 0.001 (0) 
5 – Eluate of affinity step 1.57 ± 0.02 45 

4. Discussion 

The results of this work highlight the power of affinity extraction as a polishing step for the 
purification of CCMV from crude plant extracts. As SDS-PAGE (Figure 8) and SEC (Figure 9) analysis 
show, the precipitation of CCMV with PEG is not sufficient to separate the virus from other proteins 
of the plant matrix. Even worse, PEG remains as an impurity after resuspension of this pellet, as can 
be seen in the MALDI-TOF-MS (Figure 10). Therefore, the final step of every plant virus purification 
protocol involving precipitation with PEG should also remove this contaminant. So far, many 
established protocols use density gradient centrifugation for this purpose. However, the 
ultracentrifuges needed for this procedure are expensive and limit the upscaling of the process. 
Furthermore, whether the PEG is removed completely at this step remains questionable. Other 
contaminants may be introduced by sucrose or CsCl gradients. The new purification method by 
affinity extraction using a novel peptide aptamer can address previous shortcomings of virus purity. 
No expensive equipment is needed for the workflow, which enables more laboratories to explore 
plant viruses like CCMV as a potential nanotechnological platform. In the future, we expect that using 
peptide aptamer-based purification protocols will pave the way for future applications of CCMV and 
other plant viruses and make sure that high purity requirements can be routinely reached. Affinity 
columns also show promise for the purification of the CCMV coat proteins from culture supernatants 
from recombinant expression (data not shown). In that case, a His-Tag would not be needed to purify 
the coat proteins. The novel peptide aptamer found in this study might also be explored for selective 
cargo loading and "plug-n-play functionalization" as analogously described for the related plant virus 
cowpea mosaic virus (CPMV) [58]. Further modeling of the interaction between the peptide and CCMV 
is of interest to determine the exact binding site. 

The purity of CCMV isolates was previously given as an absorbance ratio of A260/280, which 
should be between 1.5-1.7. Indeed, this ratio is useful to quickly assess the correct RNA and capsid 
protein ratio for relatively pure samples. However, today, it seems outdated and too imprecise to be 
considered a valid method for protein purity assessment. Instead, we propose to use a standard 
reversed-phase chromatographic separation with detection at 220 nm (see Figure 11) to obtain a 
purity based on the relative peak ratios of the capsid protein and any contaminants. The correct 
integrity of the particles should then be checked using more methods for particle analysis, such as 
TEM, AFM, or DLS (see Figure 12). 

Quantification of CCMV in complex matrices can be achieved using immunoassays. This work 
presents a new ELISA for CCMV, using both polyclonal and monoclonal antibodies (Figure 13). This 
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assay can be used to determine the concentration of CCMV in field samples. In addition, yields of 
CCMV for other purification protocols can be evaluated. The monoclonal antibody BAM-CCMV-29-
81 presented here might also be a good starting point for developing a lateral flow test against CCMV 
in plant samples, which can be envisioned to reduce crop failures substantially. 

5. Conclusion 

This work presents a modern protocol for the efficient purification of CCMV from infected leaves 
involving a novel peptide aptamer for affinity extraction. After harvesting, the leaves are 
homogenized with a buffer to obtain a crude extract. Subsequently, the virus is precipitated with PEG 
8000 by incubation overnight. CCMV is then isolated from the PEG-isolate by a CCMV-binding 
peptide immobilized on a monolithic glass column. The affinity extraction avoids the use of 
expensive and complex ultracentrifuges, which imposes a severe limitation on the broad application 
of CCMV as a nanotechnological platform. Our results show that the final virus isolate is free of any 
PEG contaminants and has an extraordinary purity of 98.4%, as determined by HPLC at 220 nm. In 
addition, we presented an immunoassay using a novel monoclonal antibody against CCMV to 
monitor the yield of CCMV in the different purification steps. The purification protocol presented in 
this paper considerably reduces the hurdle for scientists outside the phytopathology community to 
use CCMV as a nanotechnological platform. Furthermore, the analogous purification of other plant 
viruses is conceivable using peptide aptamers, which can be obtained without much effort by a new 
chip-based peptide screening method [38]. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. Figure S1: Convergence test of the implied timescales for MSM of the peptide 
aptamer; Figure S2: Free energy surface of the first two independent components from TICA analysis of the 
peptide aptamer; Figure S3: Western Blot of partially degraded capsid protein; Figure S4: MALDI-TOF mass 
spectra of partially degraded CCMV isolated from aging leaves; Figure S5: Chromatographic report for purity 
determination of CCMV; Figure S6: Absorption spectrum of CCMV; Figure S7: Dynamic light scattering of 
CCMV; Figure S8: Titer determination of rabbit antiserum against CCM; Figure S9: Peptide Mass Fingerprint of 
BAM-CCMV-28-81 for identity confirmation; Figure S10: Calculation of LOD and LOQ for CCMV immunoassay. 

Author Contributions: Conceptualization, M.G.W., and G.T.; methodology, G.T. and M.G.W.; validation, G.T., 
M.P., and C.R.; formal analysis, G.T., M.P., C.R., A.S.J.S.M., Y.Z.; investigation, M.P., G.T., C.R., P.S.W., R.H., 
Y.Z., A.M., J.L.V., C.P., H.B., K.N., R.Z., P.A., and T.S.; data curation, G.T., M.P., A.S.J.S.M., Y.Z., C.R., and G.B.; 
writing—original draft preparation, G.T., C.R., M.P., A.S.J.S.M., Y.Z., and J.O.K.; writing—review and editing, 
G.T., M.G.W., A.S.J.S.M., J.O.K., and I.B.; visualization, G.T., A.S.J.S.M., Y.Z., M.P., C.R., R.H.; supervision, 
M.G.W.; project administration, M.G.W.; funding acquisition, M.G.W. All authors have read and agreed to the 
published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Ethical review and approval were waived for this study. The 
immunization of mice and rabbits for the generation of antibodies against CCMV was performed by Davids 
Biotechnology GmbH. Davids performs all immunizations in Germany/Europe according the German and 
European Law. Our animal lab is in Regensburg, Germany and the Veterinary Institute of Regensburg frequently 
inspects the animal lab. The immunizations are classified as "low level" (geringe Belastung). The immunizations 
are only performed to obtain antibodies, similar to a vaccination. All our employees, that work with the animals, 
have a FELASA education, and we work according to FELASA. The rabbits have enough room to stand up and 
are held in small groups of 4 animals. The rabbits can hide in a hideout, climb on a podium, nibble on wood, 
and eat hay. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: We would like to thank Guillaume Tresset (Université Paris-Saclay) for providing CCMV 
isolate and for his valuable suggestions regarding plant breeding. 

Conflicts of Interest: The authors declare no conflict of interest. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 January 2023                   doi:10.20944/preprints202301.0553.v1

https://doi.org/10.20944/preprints202301.0553.v1


 21 

 

References 

1. Hespenheide, B.M.; Jacobs, D.J.; Thorpe, M.F. Structural rigidity in the capsid assembly of cowpea chlorotic 
mottle virus. Journal of Physics-Condensed Matter 2004, 16, S5055-S5064, doi:10.1088/0953-8984/16/44/003. 

2. Kaiser, C.R.; Flenniken, M.L.; Gillitzer, E.; Harmsen, A.L.; Harmsen, A.G.; Jutila, M.A.; Douglas, T.; Young, 
M.J. Biodistribution studies of protein cage nanoparticles demonstrate broad tissue distribution and rapid 
clearance in vivo. International journal of nanomedicine 2007, 2, 715-733. 

3. Azizgolshani, O.; Garmann, R.F.; Cadena-Nava, R.; Knobler, C.M.; Gelbart, W.M. Reconstituted plant viral 
capsids can release genes to mammalian cells. Virology 2013, 441, 12-17, doi:10.1016/j.virol.2013.03.001. 

4. Sanchez-Sanchez, L.; Cadena-Nava, R.D.; Palomares, L.A.; Ruiz-Garcia, J.; Koay, M.S.; Cornelissen, J.J.; 
Vazquez-Duhalt, R. Chemotherapy pro-drug activation by biocatalytic virus-like nanoparticles containing 
cytochrome P450. Enzyme and microbial technology 2014, 60, 24-31, doi:10.1016/j.enzmictec.2014.04.003. 

5. Pretto, C.; Tang, M.; Chen, M.; Xu, H.P.; Subrizi, A.; Urtti, A.; van Hest, J.C.M. Cowpea Chlorotic Mottle 
Virus-Like Particles as Potential Platform for Antisense Oligonucleotide Delivery in Posterior Segment 
Ocular Diseases. Macromolecular Bioscience 2021, 21, 2100095, doi:10.1002/mabi.202100095. 

6. Villagrana-Escareño, M.V.; Reynaga-Hernández, E.; Galicia-Cruz, O.G.; Durán-Meza, A.L.; la Cruz-
González, D.; Hernández-Carballo, C.Y.; Ruíz-García, J. VLPs derived from the CCMV plant virus can 
directly transfect and deliver heterologous genes for translation into mammalian cells. BioMed Research 

International 2019, doi:10.1155/2019/4630891. 
7. Timmermans, S.; Mesman, R.; Blezer, K.J.R.; van Niftrik, L.; van Hest, J.C.M. Cargo-loading of hybrid 

cowpea chlorotic mottle virus capsids via a co-expression approach. Virology 2022, 577, 99-104, 
doi:10.1016/j.virol.2022.10.011. 

8. Tresset, G.; Chen, J.Z.; Chevreuil, M.; Nhiri, N.; Jacquet, E.; Lansac, Y. Two-Dimensional Phase Transition 
of Viral Capsid Gives Insights into Subunit Interactions. Physical Review Applied 2017, 7, 014005, 
doi:10.1103/PhysRevApplied.7.014005. 

9. Chen, J.Z.; Lansac, Y.; Tresset, G. Interactions between the Molecular Components of the Cowpea Chlorotic 
Mottle Virus Investigated by Molecular Dynamics Simulations. J Phys Chem B 2018, 122, 9490-9498, 
doi:10.1021/acs.jpcb.8b08026. 

10. Lu, X.Y.; Thompson, J.R.; Perry, K.L. Encapsidation of DNA, a protein and a fluorophore into virus-like 
particles by the capsid protein of cucumber mosaic virus. Journal of General Virology 2012, 93, 1120-1126, 
doi:10.1099/vir.0.040170-0. 

11. Gillitzer, E.; Willits, D.; Young, M.; Douglas, T. Chemical modification of a viral cage for multivalent 
presentation. Chem Commun (Camb) 2002, 2390-2391, doi:10.1039/b207853h. 

12. Hassani-Mehraban, A.; Creutzburg, S.; van Heereveld, L.; Kormelink, R. Feasibility of Cowpea chlorotic 
mottle virus-like particles as scaffold for epitope presentations. Bmc Biotechnology 2015, 15, 1-17, 
doi:10.1186/s12896-015-0180-6. 

13. Barwal, I.; Kumar, R.; Kateriya, S.; Dinda, A.K.; Yadav, S.C. Targeted delivery system for cancer cells consist 
of multiple ligands conjugated genetically modified CCMV capsid on doxorubicin GNPs complex. Scientific 

reports 2016, 6, 37096, doi:10.1038/srep37096. 
14. Vervoort, D.F.; Heiringhoff, R.; Timmermans, S.B.; Van Stevendaal, M.H.; Van Hest, J.C. Dual site-selective 

presentation of functional handles on protein-engineered cowpea chlorotic mottle virus-like particles. 
Bioconjugate chemistry 2021, 32, 958-963, doi:10.1021/acs.bioconjchem.1c00108. 

15. Hommersom, C.A.; Matt, B.; van der Ham, A.; Cornelissen, J.J.; Katsonis, N. Versatile post-
functionalization of the external shell of cowpea chlorotic mottle virus by using click chemistry. Organic & 

biomolecular chemistry 2014, 12, 4065-4069, doi:10.1039/c4ob00505h. 
16. Pomwised, R.; Intamaso, U.; Teintze, M.; Young, M.; Pincus, S.H. Coupling Peptide Antigens to Virus-Like 

Particles or to Protein Carriers Influences the Th1/Th2 Polarity of the Resulting Immune Response. Vaccines 

(Basel) 2016, 4, 15, doi:10.3390/vaccines4020015. 
17. Eiben, S.; Koch, C.; Altintoprak, K.; Southan, A.; Tovar, G.; Laschat, S.; Weiss, I.M.; Wege, C. Plant virus-

based materials for biomedical applications: Trends and prospects. Adv Drug Deliv Rev 2019, 145, 96-118, 
doi:10.1016/j.addr.2018.08.011. 

18. Smith, T.J.; Chase, E.; Schmidt, T.; Perry, K.L. The structure of cucumber mosaic virus and comparison to 
cowpea chlorotic mottle virus. Journal of Virology 2000, 74, 7578-7586, doi:10.1128/jvi.74.16.7578-7586.2000. 

19. Tama, F.; Brooks, C.L., 3rd. The mechanism and pathway of pH induced swelling in cowpea chlorotic 
mottle virus. Journal of molecular biology 2002, 318, 733-747, doi:10.1016/S0022-2836(02)00135-3. 

20. Speir, J.A.; Munshi, S.; Wang, G.; Baker, T.S.; Johnson, J.E. Structures of the native and swollen forms of 
cowpea chlorotic mottle virus determined by X-ray crystallography and cryo-electron microscopy. 
Structure 1995, 3, 63-78, doi:10.1016/s0969-2126(01)00135-6. 

21. Sehnal, D.; Bittrich, S.; Deshpande, M.; Svobodova, R.; Berka, K.; Bazgier, V.; Velankar, S.; Burley, S.K.; 
Koca, J.; Rose, A.S. Mol* Viewer: modern web app for 3D visualization and analysis of large biomolecular 
structures. Nucleic Acids Res 2021, 49, W431-W437, doi:10.1093/nar/gkab314. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 January 2023                   doi:10.20944/preprints202301.0553.v1

https://doi.org/10.20944/preprints202301.0553.v1


 22 

 

22. Bancroft, J.B.; Hills, G.J.; Markham, R. A study of the self-assembly process in a small spherical virus. 
Formation of organized structures from protein subunits in vitro. Virology 1967, 31, 354-379, 
doi:10.1016/0042-6822(67)90180-8. 

23. Lam, P.; Steinmetz, N.F. Delivery of siRNA therapeutics using cowpea chlorotic mottle virus-like particles. 
Biomaterials science 2019, 7, 3138-3142, doi:10.1039/c9bm00785g. 

24. Hu, Y.F.; Zandi, R.; Anavitarte, A.; Knobler, C.M.; Gelbart, W.M. Packaging of a polymer by a viral capsid: 
The interplay between polymer length and capsid size. Biophysical Journal 2008, 94, 1428-1436, 
doi:10.1529/biophysj.107.117473. 

25. Douglas, T.; Young, M. Host-guest encapsulation of materials by assembled virus protein cages. Nature 

1998, 393, 152-155, doi:10.1038/30211. 
26. Aniagyei, S.E.; Kennedy, C.J.; Stein, B.; Willits, D.A.; Douglas, T.; Young, M.J.; De, M.; Rotello, V.M.; 

Srisathiyanarayanan, D.; Kao, C.C.; et al. Synergistic effects of mutations and nanoparticle templating in 
the self-assembly of cowpea chlorotic mottle virus capsids. Nano letters 2009, 9, 393-398, 
doi:10.1021/nl8032476. 

27. Rurup, W.F.; Verbij, F.; Koay, M.S.; Blum, C.; Subramaniam, V.; Cornelissen, J.J. Predicting the loading of 
virus-like particles with fluorescent proteins. Biomacromolecules 2014, 15, 558-563, doi:10.1021/bm4015792. 

28. Shukla, S.; Wang, C.; Beiss, V.; Cai, H.; Washington, T., 2nd; Murray, A.A.; Gong, X.; Zhao, Z.; Masarapu, 
H.; Zlotnick, A.; et al. The unique potency of Cowpea mosaic virus (CPMV) in situ cancer vaccine. 
Biomaterials science 2020, 8, 5489-5503, doi:10.1039/d0bm01219j. 

29. Almendarez-Rodriguez, C.; Solis-Andrade, K.I.; Govea-Alonso, D.O.; Comas-Garcia, M.; Rosales-
Mendoza, S. Production and characterization of chimeric SARS-CoV-2 antigens based on the capsid protein 
of cowpea chlorotic mottle virus. International Journal of Biological Macromolecules 2022, 213, 1007-1017, 
doi:10.1016/j.ijbiomac.2022.06.021. 

30. Vajda, B.P. Concentration and purification of viruses and bacteriophages with polyethylene glycol. Folia 

Microbiol (Praha) 1978, 23, 88-96, doi:10.1007/BF02876605. 
31. Bhat, A.I.; Rao, G.P. Characterization of plant viruses; Springer: 2020. 
32. Ali, A.; Roossinck, M.J. Rapid and efficient purification of Cowpea chlorotic mottle virus by sucrose cushion 

ultracentrifugation. Journal of virological methods 2007, 141, 84-86, doi:10.1016/j.jviromet.2006.11.038. 
33. Michel, J.P.; Gingery, M.; Lavelle, L. Efficient purification of bromoviruses by ultrafiltration. Journal of 

virological methods 2004, 122, 195-198, doi:10.1016/j.jviromet.2004.09.005. 
34. Office of Environment, H.S. Ultracentrifuges: Hazards and Precautions. Available online: 

https://ehs.berkeley.edu/publications/ultracentrifuges-hazards-and-precautions (accessed on 24 January 
2023)  

35. Zhao, X.; Fox, J.M.; Olson, N.H.; Baker, T.S.; Young, M.J. In vitro assembly of cowpea chlorotic mottle virus 
from coat protein expressed in Escherichia coli and in vitro-transcribed viral cDNA. Virology 1995, 207, 486-
494, doi:10.1006/viro.1995.1108. 

36. Cantin, G.T.; Resnick, S.; Jin, H.F.; O'Hanlon, R.; Espinosa, O.; Stevens, A.; Payne, J.; Glenn, N.R.; 
Rasochova, L.; Allen, J.R. Comparison of Methods for Chemical Conjugation of an Influenza Peptide to 
Wild-Type and Cysteine-Mutant Virus-Like Particles Expressed in Pseudomonas fluorescens. International 

Journal of Peptide Research and Therapeutics 2011, 17, 217-224, doi:10.1007/s10989-011-9259-7. 
37. Wilke, M.; Roder, B.; Paul, M.; Weller, M.G. Sintered Glass Monoliths as Supports for Affinity Columns. 

Separations 2021, 8, 56, doi:10.3390/separations8050056. 
38. Schwaar, T.; Lettow, M.; Remmler, D.; Borner, H.G.; Weller, M.G. Efficient Screening of Combinatorial 

Peptide Libraries by Spatially Ordered Beads Immobilized on Conventional Glass Slides. High Throughput 

2019, 8, 11, doi:10.3390/ht8020011. 
39. Abraham, M.J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High 

performance molecular simulations through multi-level parallelism from laptops to supercomputers. 
SoftwareX 2015, 1, 19-25, doi:10.1016/j.softx.2015.06.001. 

40. Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; 
Zidek, A.; Potapenko, A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 
596, 583-589, doi:10.1038/s41586-021-03819-2. 

41. Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.; Simmerling, C. Comparison of multiple Amber 
force fields and development of improved protein backbone parameters. Proteins 2006, 65, 712-725, 
doi:10.1002/prot.21123. 

42. Hockney, R.W.; Goel, S.P.; Eastwood, J.W. Quiet High-Resolution Computer Models of a Plasma. Journal of 

Computational Physics 1974, 14, 148-158, doi:10.1016/0021-9991(74)90010-2. 
43. Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling. The Journal of chemical 

physics 2007, 126, 014101, doi:10.1063/1.2408420. 
44. Parrinello, M.; Rahman, A. Polymorphic Transitions in Single-Crystals - a New Molecular-Dynamics 

Method. Journal of Applied Physics 1981, 52, 7182-7190, doi:10.1063/1.328693. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 January 2023                   doi:10.20944/preprints202301.0553.v1

https://doi.org/10.20944/preprints202301.0553.v1


 23 

 

45. Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A Smooth Particle Mesh Ewald 
Method. Journal of Chemical Physics 1995, 103, 8577-8593, doi:10.1063/1.470117. 

46. Scherer, M.K.; Trendelkamp-Schroer, B.; Paul, F.; Perez-Hernandez, G.; Hoffmann, M.; Plattner, N.; 
Wehmeyer, C.; Prinz, J.H.; Noe, F. PyEMMA 2: A Software Package for Estimation, Validation, and 
Analysis of Markov Models. Journal of chemical theory and computation 2015, 11, 5525-5542, 
doi:10.1021/acs.jctc.5b00743. 

47. Wehmeyer, C.; Scherer, M.K.; Hempel, T.; Husic, B.E.; Olsson, S.; Noé, F. Introduction to Markov state 
modeling with the PyEMMA software—v1. 0. Living journal of computational molecular science 2018, 1, 
10.33011, doi:10.33011/livecoms.1.1.5965. 

48. Vitalini, F.; Mey, A.S.; Noe, F.; Keller, B.G. Dynamic properties of force fields. Journal of chemical physics 

2015, 142, 084101, doi:10.1063/1.4909549. 
49. Schor, M.; Mey, A.; MacPhee, C.E. Analytical methods for structural ensembles and dynamics of 

intrinsically disordered proteins. Biophys Rev 2016, 8, 429-439, doi:10.1007/s12551-016-0234-6. 
50. Perez-Hernandez, G.; Paul, F.; Giorgino, T.; De Fabritiis, G.; Noe, F. Identification of slow molecular order 

parameters for Markov model construction. Journal of chemical physics 2013, 139, 015102, 
doi:10.1063/1.4811489. 

51. Röblitz, S.; Weber, M. Fuzzy spectral clustering by PCCA+: application to Markov state models and data 
classification. Advances in Data Analysis and Classification 2013, 7, 147-179, doi:10.1007/s11634-013-0134-6. 

52. Humphrey, W.; Dalke, A.; Schulten, K. VMD: visual molecular dynamics. Journal of molecular graphics 1996, 
14, 33-38, 27-38, doi:10.1016/0263-7855(96)00018-5. 

53. Bancroft, J.B.; Hiebert, E.; Rees, M.W.; Markham, R. Properties of cowpea chlorotic mottle virus, its protein 
and nucleic acid. Virology 1968, 34, 224-239, doi:10.1016/0042-6822(68)90232-8. 

54. De, S.; Khan, A. Efficient synthesis of multifunctional polymers via thiol-epoxy "click" chemistry. Chemical 

Communications 2012, 48, 3130-3132, doi:10.1039/c2cc30434a. 
55. Reinmuth-Selzle, K.; Tchipilov, T.; Backes, A.T.; Tscheuschner, G.; Tang, K.; Ziegler, K.; Lucas, K.; Pöschl, 

U.; Fröhlich-Nowoisky, J.; Weller, M.G. Determination of the protein content of complex samples by 
aromatic amino acid analysis, liquid chromatography-UV absorbance, and colorimetry. Analytical and 

Bioanalytical Chemistry 2022, 1-14. 
56. Tscheuschner, G.; Schwaar, T.; Weller, M.G. Fast Confirmation of Antibody Identity by MALDI-TOF MS 

Fingerprints. Antibodies (Basel) 2020, 9, 8, doi:10.3390/antib9020008. 
57. Tscheuschner, G.; Kaiser, M.N.; Lisec, J.; Beslic, D.; Muth, T.; Kruger, M.; Mages, H.W.; Dorner, B.G.; 

Knospe, J.; Schenk, J.A.; et al. MALDI-TOF-MS-Based Identification of Monoclonal Murine Anti-SARS-
CoV-2 Antibodies within One Hour. Antibodies 2022, 11, 27, doi:10.3390/antib11020027. 

58. Chan, S.K.; Steinmetz, N.F. Isolation of Cowpea Mosaic Virus-Binding Peptides. Biomacromolecules 2021, 22, 
3613-3623, doi:10.1021/acs.biomac.1c00712. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 January 2023                   doi:10.20944/preprints202301.0553.v1

https://doi.org/10.20944/preprints202301.0553.v1

