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Abstract

Four different kinds of sorbents for solid-phase extraction (SPE) and preconcentration
of proteins from complex samples were developed. All are based on the use of a
poly(glycidyl-coethylene dimethacrylate) host monolith that was chemically
functionalized using two different ligands (ammonia and cysteamine). Gold
nanoparticles (AuNPs) or silver NPs were then assembled to the amino or thiol groups.
The resulting materials are shown to be viable stationary phases for use in SPE
cartridges. The sorbents are shown to selectively retain bovine serum albumin, and the
thiol-modified sorbents containing AuNPs and AgNPs provided the highest recoveries
(>90%) and satisfactory loading capacities (29.3 and 17.6 pg-mg' of sorbent,
respectively). The applicability of these nanosorbents was demonstrated by
preconcentrating viscotoxins from mistletoe extracts. The enriched fractions were

subjected to MALDI-TOF analysis to underpin their selectivity.

Keywords  Metal nanoparticles; Sorption; Preconcentration; poly(glycidyl-co-
ethylene dimethacrylate); BSA; SPE; Stationary phase; MALDI-TOF; viscotoxins,

mistletoe
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Introduction

Protein/peptide purification and isolation constitute important steps in almost all
branches of biosciences and biotechnologies. For this reason, a considerable interest in
developing selective and efficient methods to isolate target proteins from complex
matrices has attracted much attention [1]. Besides, it is very important that these
methodologies present high loading capacities, which will lead to lower detection limits
in protein analysis [2]. In this sense, solid-phase extraction (SPE) is the most popular
sample treatment procedure employed in protein separation and preconcentration
techniques [2]. Thus, SPE is characterized by its high efficiency, low running cost,
simplicity, easy automation, and avoidance of the use of toxic organic solvents [2].
However, the selection of an appropriate sorbent is a critical factor to achieve high
extraction efficiency, since there is a limited number of sorbents for protein species
available at present. Thus, interest has been focused in the development of SPE sorbents
for protein isolation using novel materials such as metal-organic frameworks [3] and
polymer monoliths [4]. Particularly, these latter sorbents represent an alternative class
of stationary phases to traditional packed columns. In this sense, organic polymeric
monoliths have many advantages when they are used in sample treatment. For instance,
its porous structure can aid to increase the loading capacity of the extraction and offer a
good permeability, which allows the use of larger flow rate, thus reducing analysis time
[4]. Another important point of monolithic materials is that their extraction efficiency
can be changed by tailoring its pore structure and by introducing chemical
modifications in the pore surface, which may produce monoliths with enhanced
selectivity properties. In this regard, the modification of monoliths via attachment of
metallic nanoparticles (NPs) onto the monolithic surface has focused much attention [5-

7]. Thus, the most common way to immobilize metallic NPs to polymeric structures is
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by incorporating amine or thiol functionalities onto their pore surface [5, 7, 8].
However, up to date, most of these publications have been applied in chromatographic
area, being few reports focused on sample treatment [7, 8]. Thus, Alwael ef al. [7] have
described the immobilization of AuNPs onto the amine modified monoliths in pipette
tips using ethylenediamine to extract glycoproteins. Vergara et al. [8] have immobilized
AuNPs onto ground monolithic powder (previously modified with ammonia) to isolate
proteins from complex samples. This ground monolithic powder has been also used in
ultrasensitive SERS detection [9] as an “entrapment support” to immobilize
biomacromolecules [10].

On the other hand, AgNPs have demonstrated to possess distinctive properties
compared to other metallic NPs such as their antimicrobial [11] and optical properties
[12]. For instance, Banerjee et al. [13] investigated changes in their surface plasmon
resonance band in presence of different protein concentrations to study the type of
interaction (hydrophobic and/or electrostatic) in the binding of proteins to AgNP
surface. However, few applications [14] describing its use as preconcentrating supports
to retain proteins have been reported. Thus, Shrivas et al. [14] have used modified
AgNPs to preconcentrate hydrophobic peptides and proteins from biological samples
previous MALDI analysis.

This work focuses on the study of different SPE sorbents especially designed for
protein isolation from complex samples. For this purpose, polymeric sorbents were
prepared from a ground poly(glycidyl-co-ethylene dimethacrylate) based polymer and
then treated with different ligands (ammonia or cysteamine). The resulting materials
(containing amine or thiol groups, respectively) were functionalized with AuNPs or
AgNPs. These SPE sorbents were evaluated in terms of extraction parameters to retain

proteins (using bovine serum albumin (BSA) as probe) and other performance features
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(loading capacity, reusability and limit of detection) were established. In addition, the
ability of these materials to specifically retain small basic and cysteine-rich proteins

(thionins) in European mistletoe extract was demonstrated.

Experimental

Chemicals and reagents

Glycidyl methacrylate (GMA), ethylene dimethacrylate (EDMA), acetonitrile (ACN)
and methanol (MeOH) were purchased from Scharlab (Barcelona, Spain,
http://www.scharlab.com). Azobisisobutyronitrile (AIBN) was purchased from Fluka
(Buchs, Switzerland, http://www.sigmaaldrich.com). AuNP and AgNP suspensions
(both with a particle size of 20 nm and stabilized with sodium citrate) and Coomassie
Blue were from Alfa Aesar (Landcashire, United Kingdom, http://www.alfa.com).
Monosodium and disodium phosphate (NaH,POs4 and NaxHPOs, respectively) and
orthophosphoric  (H3PO4) acid were from Merck (Darmstadt, Germany,
http://www.merckgroup.com/en/index.html). BSA, a-cyano-4-hydroxycinnamic acid
(HCCA), gold (III) chloride trihydrate, hydrochloric acid (HCl), 2-mercaptoethanol,
nitric acid (HNO3), potassium bromide, tris(hydroxymethyl)-aminomethane (Tris) and
trisodium citrate were obtained from Sigma-Aldrich (St. Louis, MO, USA,
http://www.sigmaaldrich.com). A molecular-weight-size protein standard (6.5 to 200
kDa) was also provided by Sigma-Aldrich. Deionized water (Barnstead deionizer,
Sybron, Boston, Mass., USA, http://www.barnstead-water.com) was used in all
procedures.

A stock solution of BSA (1 mg mL™) was prepared with deionized water, and

working standard solutions were obtained by dilution of the stock solution. Phosphate
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buffer solutions of 20 mM at several pH values were prepared by dissolving appropriate

amounts of Na,HPO4, NaH>PO4 and H3PO4 according to the required pH.

Instrumentation

Scanning electron microscopy /backscattered electron (SEM/BSE) micrographs were
obtained with a Hitachi S4800 (Ibaraki, Japan, www.hitachi.com) provided with a field
emission gun, and an EMIP 3.0 image acquisition system. Previous to the SEM
measurements, the polymeric sorbents were coated with a very thin-layer of conductive
carbon.

An EA 1110 CHNS elemental analyzer (CE Instruments, Milan, Italy,
http://www.ceinstruments.co.uk) was used for elemental analysis of synthesized
materials. An 8453 diode-array UV-vis spectrophotometer (Agilent Technologies,
Waldbronn, Germany, http://www.agilent.com/) was used for Bradford assay and for
gold determination. An ICP-MS (Agilent model 7900) was employed to determine
silver content in the sorbents. Raman spectra of materials were recorded with an
XploRA One Raman microscope (Horiba Scientific, Villeneuve d’Ascq, France,
http://www.horiba.com/) from 150 to 3500 cm ™' using 532 nm as excitation wavelength
with a laser power of 90 pW. A 5800 MALDI-TOF/TOF-MS (AB SCIEX, Foster City,

CA, https://sciex.com/) was used to determine viscotoxin masses.

Preparation and modification of GMA-based polymer

The GMA-co-EDMA monolithic material was obtained as described in previous works
[8, 15]. Briefly, the polymerization mixture composed by GMA (20 wt%), EDMA (5

wt%), cyclohexanol (70 wt%), 1-dodecanol (5 wt%) and AIBN (1 wt% with respect to
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the monomers) was sonicated for 10 min to obtain a clear solution and, and then, purged
with nitrogen for 10 min. The polymerization was carried out in an oven at 60°C for 24
h. A rinse with methanol was employed to remove the unreacted monomers and the
pore-forming solvents a wash with methanol was carried out. The bulk material was
ground with a mortar and sieved with a steel sieve (with sizes < 100 um). The resultant
GMA powder was chemically modified with ammonia (procedure A) and with
cysteamine (procedure B). The procedure A was carried out according to Vergara-
Barberan et al. [8]. Briefly, the material was treated with aqueous 4.5 M ammonia at
60°C for 2 h. The functionalized GMA-based material with amino groups (“GMA-
NH>”’) was washed with water until neutral pH and kept at room temperature for further
use. Regarding to procedure B, the parent polymer was allowed to react with 2.5 M
cysteamine aqueous solution during 2 h at room temperature and finally a washing step
was conducted with water until neutral pH [5,6]. The resulting modified thiol-GMA
material was referred to as “GMA-SH”. Fig. 1 shows the reaction of GMA-based

material with both ligands.

Functionalization of amino- or thiol-modified GMA material with AuNPs or

AgNPs

To obtain the four types of sorbents used in this work, 400 mg of GMA-NH> or GMA-
SH were treated with AuNP or AgNP dispersion. In order to detect the saturation of the
monolithic material with metallic NPs, the UV-vis spectra of the supernatants were
recorded before and after the addition of AuNPs or AgNPs at several times until the NP
surface plasmon resonance band appeared in the UV-vis spectrum. In the case of GMA-
NH> material, a total volume of 20 mL of metallic NPs was enough to saturate the

material, while GMA-SH was saturated after adding a total of 100 mL of metallic NP
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suspension. In both cases, the color of the GMA-co-EDMA powders indicated that
metallic NPs are attached (pink for AuNPs and yellowish for AgNPs). After attachment
of NPs, the materials were washed with 38.8 mM sodium citrate at pH 6.6 in order to
remove the non-immobilized AuNPs and AgNPs.

These four materials (designated as GMA-NHz-Au, GMA-SH-Au, GMA-NH;-
Ag and GMA-SH-Ag) were characterized by SEM. Moreover, the Au and Ag contents
were evaluated using UV-vis and ICP-MS, respectively. For these measurements, all
materials were previously calcined at 550 °C for 1 h. In the case of sorbents containing
AuNPs, the remaining product (which contained Au) was dissolved in aqua regia,
properly diluted with HCI 1 M and then subjected to UV-vis analysis [16]. On the other
hand, the materials with AgNPs were dissolved in concentrated HNOs3, adequately

diluted with water and analyzed by ICP-MS.

SPE protocols

SPE cartridges were prepared according to the literature [8]. For this purpose, 50 mg of
AuNP- or AgNP-modified polymer sorbents was placed into 1 mL empty propylene
disposable SPE cartridge (Analisis Vinicos, Tomelloso, Spain) using two frits (1/16°, 20
um, Analisis Vinicos). In all cases, the SPE sorbents were activated with 200 pL ACN
and equilibrated with 500 uL H>O. Then, 200 uL BSA (200 mg L' in phosphate buffer,
adjusted to a proper pH) was loaded on the SPE material at a flow of 0.1 mL min'. The
washing step was carried out with phosphate buffer (under the same pH conditions as
the loading step) at 0.7 mL min!. The elution step was done with 200 pL of 30 mM
phosphate buffer (pH 12.0) at 0.1 mL min™'. In all steps, the fractions were collected and
subjected to Bradford assay [17] in order to evaluate the retention efficiency of proteins

on these AuNP- and AgNP-modified materials. The regeneration of sorbents was



195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

accomplished with water at 80 °C during 2h [6]. The same procedure was applied to

prepare a blank sorbent (GMA-based polymer) (50 mg).

To establish the capability of our SPE protocol to preconcentrate proteins, the limit of
detection (LOD) of BSA was evaluated. For this purpose, BSA solutions of several
concentrations (0.1-100 nM) were prepared in deionized water and subjected to the
extraction process. The resulting eluates were then mixed with the matrix solution (0.5
g/l HCCA in 70% aqueous acetonitrile and 0.1% TFA), and were deposited onto an
ABSCiex MALDI plate and analyzed in a 5800 MALDI TOF/TOF instrument
(ABSciex) in the positive ion mode (3000 shots every position). The MS and MS/MS
information was sent to be identified by the MASCOT software (v 2.3.02; Matrix
Science) via the Protein Pilot (ABSciex).

Extraction of mistletoe viscotoxins and MALDI-TOF analysis

European mistletoe (Viscum Album L.) grown on Pinus halepensis was collected and the
green parts were separated. To eliminate bacterial and surface contamination these parts
were rinsed with water, and subsequently sliced, transferred to a mortar and ground into
powder using liquid nitrogen. Then, the viscotoxin extraction protocol was adapted
from Hussain ef al. [18]. Briefly, 5 g of this powder was treated with 20 mL of 10 mM
phosphate buffer at pH 7.4, mildly shaken at 4°C overnight and centrifuged at 10000 x g
for 10 min. For viscotoxin isolation, 500 pL of the supernatant were directly subjected
to the SPE procedure. As mentioned before, the protein elution was made with 30 mM
phosphate buffer at pH 12. In this case of mistletoe extract these fractions were
subjected to both, Bradford assay and MALDI-TOF measurements.

MALDI samples were prepared by mixing equal volumes of the extract and the
matrix solution before spotting on the MALDI plate followed by MALDI-TOF

analysis.
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Results and discussion

Choice of materials

As already mentioned in Introduction, organic polymer monoliths exhibit several
benefits such as their simple in situ preparation and large permeability due to their large
through pores. In particular, GMA-based polymers are chemically and mechanically
stable materials containing reactive functionalities (epoxy groups) susceptible of
undergoing functionalization, thus allowing the attachment of organic material or even
metallic NPs such as gold [5, 6, 8]. Taking into account these good features, and the
strong affinity of both gold and silver surfaces for thiol-containing compounds, the
development of novel SPE sorbents in sample treatment for selective extraction and
preconcentration of proteins is highly desirable to translate the benefits of this fruitful

combination.

Studies with GMA-based materials modified with AuNPs

The use of SPE sorbents based on AuNPs immobilized onto amino-modified GMA
materials has been previously implemented in our research group [8]. In fact, this
sorbent provided advantageous features in terms of extraction efficiency (easy
preparation, satisfactory loading capacity (16.6 mg/g sorbent) and reusability); however,
its gold content was low (0.5 wt%). In order to increase this content, and consequently
the loading capacity of material, another ligand (cysteamine) was considered. This
ligand has been previously used by Svec and co-workers [6] to enrich the surface of
GMA-based monoliths with thiol groups for posterior attachment of AuNPs. Thus, the
ground GMA modified with cysteamine (GMA-SH) was obtained and then subjected to

elemental analysis, giving 1.31 wt% sulfur (0.4 mmol thiol groups /g monolith). This
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value was lower than those found by Svec’s group (1.05 mmol/g) [5, 6]. These
differences can be attributed to the format employed in the synthesis of monoliths. In
our case, bulk monoliths (prepared in glass vials) were carried out, while the reported
data of the functionalized monoliths were made in capillaries. Evidence on the different
properties (e.g. number of accessible reactive and unfunctionalized groups) of monoliths
prepared in rather different formats has been previously reported [19]; where the
accessible number of epoxy groups was lower for the bulk polymers than for the
corresponding capillary monolith.

After functionalization with AuNPs, the GMA-SH-Au material led to a 2.90
wt% Au, which is higher than that previously obtained for GMA-NH;-Au sorbent. It
can be explained by the high amount of thiol groups present in the sorbent surface,
which bind strongly to AuNPs. Moreover, SEM micrographs of the GMA-SH-Au
materials, taken with a BSE detector, show the presence of large number of AuNPs
compared with the GMA-NH2-Au (Fig. S1). Raman spectroscopy was also employed to
verify the binding of AuNPs onto the surface of the modified GMA-based polymers
(Fig. S2). Thus, the characteristic stretching modes of primary amine groups (appeared
at 3100-3300 and ~1560 cm™) and thiol groups (appeared at 2510 cm™) were evidenced
for GMA-NH> and GMA-SH, respectively. After attachment of AuNPs onto the surface
of these polymers, the characteristic stretching modes of amine and thiol groups
diminished or even disappeared. It indicates that the AuNPs were assembled to GMA-
based materials.

Then, the loading capacity of the GMA-SH-Au sorbent was evaluated. For this purpose,
different amounts of BSA (200-5000 pug mL™") were passed through this SPE device by
keeping constant the working conditions of SPE procedure detailed in our previous

work [8]. The maximum loading capacity obtained for GMA-SH-Au material was 29.3
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mg/g sorbent, which was higher than that found previously for GMA-NH2-Au material.
The reusability of this sorbent was also evaluated. For this purpose, the regeneration
protocol described in SPE protocol Section was applied. Thus, the BSA adsorption

capacity decreased only 5.3% after 20 cycles.

Studies with GMA-based materials modified with AgNPs

In order to extend the application of SPE supports for protein analysis, sorbents based
on the immobilization of AgNPs were also prepared using the parent materials
described in the previous section (GMA-NH, and GMA-SH). After attachment of
AgNPs, the silver content in both materials (GMA-NH>-Ag and GMA-SH-Ag) was
measured by ICP-MS giving 0.29 and 2.7 wt% Ag, respectively. These results were in
agreement with SEM micrographs of both sorbents (Fig. S1). Also, Raman spectra of
parent and AgNP-modified polymers were done (data not shown), giving similar results
to those found for AuNP-based materials (see Fig. S2), thus confirming the binding of
AgNPs onto the surface of amino- or thiol-modified polymers. As mentioned above,
these differences in silver content can be explained by the higher affinity of these NPs
or other metallic nanostructures (such as AuNPs) towards to thiol groups than the amino
functionalities. In fact, several authors have suggested that the amino-Ag bond
(resulting from a mixed mechanism of electrostatic and donor-acceptor interactions) is
weaker than the thiol-Ag bond, which has a strongly covalent behavior [20, 22].

In any case, the retention of proteins onto these Ag modified sorbents was next
considered. Both, loading sample and elution pHs were next optimized (see
supplementary material text and Figs. S3 and S4). The best results were obtained at pH
values of 7 and 12 for loading sample and elution steps, respectively. Once the

working SPE conditions were optimized, the breakthrough volume was evaluated for
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both Ag modified sorbents using BSA as probe. For this purpose, different sample
volumes (25-2000 pL) of the standard protein solutions were passed through to the SPE
material by keeping constant the amount of protein (0.1 mg). Experimental results
showed that for both AgNP-based sorbents excellent recovery values (> 95%) were
achieved up to 200 uL of sample volume. Then, the loading capacities of GMA-NH>-
Ag and GMA-SH-Ag were established, giving values of 9.7 and 17.6 mg of BSA per g
sorbent, respectively. These values were in strong correlation with the content of Ag
found for each sorbent (see values above). The reusability of both sorbents was also
tested using the protocol previously described [8]. Thus, the GMA-NH>-Ag and GMA-
SH-Ag materials can be reused until 9 and 12 times, respectively, without significant
efficiency losses (satisfactory recovery comprised between 80.2-92.4%). During these
cycle experiments, the Ag content (measured by ICP-MS) was evaluated, and no
significant changes in Ag concentration were found (data not shown), which
demonstrated the viability of the regeneration protocol.

A comparison in terms of extraction performance using the sorbents was next
considered. Under their respective SPE optimum conditions, the recoveries values of
BSA were higher than 98.2% for all sorbents investigated, whereas for the loading
capacity, the GMA-SH-Au sorbent shows the highest value (29.3 mg/g). This fact can
be explained taking into account the large Au content present in this material and the
large affinity of this metallic NP towards to thiol functionalities present in GMA
support, as we discussed above.

Prior to evaluate the applicability of the current approach to real samples,
experiments were conducted to establish the limit of detection (LOD) of standard BSA
spiked in water using the GMA-SH-Au sorbent, achieving a LOD value for BSA in

water of 0.1 nM.

13



320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

Then, the SPE sorbent described here was compared with reports related to the
use of other nanomaterials for protein/peptide preconcentration prior MALDI-MS
analysis. Thus, the LOD assayed in this study was similar [12, 29, 30] or even better
[14, 24-28, 31] than those described in studies given in Table 2. Besides, our SPE
support method offers an increased surface area-to-volume ratio, without losses of
material and analyte compared to some of these microextraction techniques (such as
NP-LLME or dSPE) [14, 23-26], where analyte loss or desorption from the surface of
NPs occurred during washing or centrifugation steps. Moreover, our SPE protocol
simplifies the handling of more samples simultaneously and speeds the preconcentration
process of proteins. In particular, this method allowed a sample throughput of 10
samples h™!, whereas a rate of 1-2 samples h!' could be achieved with other NP-based
protocols. Other strength of the proposed sorbents is its satisfactory reusability (see data
above). In this regard, in the related studies of NP-based materials (see Table 2), this
important parameter was not evaluated or this information was missing. This suitable
reusability combined with the possibility of manufacturing several SPE cartridges (ca.
7) from the bulk NPs-modified material (see Experimental section) undoubtedly makes

this protocol economically attractive.

Application to the isolation of viscotoxins from European mistletoe

The designed sorbent materials were employed to selective isolate and preconcentrate
viscotoxins from European mistletoe samples. These small basic and cysteine-rich
polypeptides (with molecular weights ca. 5 kDa), belonging to the thionin family,
consist of a 45-50 amino acids residues with 3-4 internal disulfide bonds. They display
cytotoxic activity against different types of tumor cells [32]. Their biological activity

can be related to plant defense since its high expression gives enhanced resistance to
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pathogens [33]. According to the amino acid sequence, disulphide bridge arrangement
and distribution in plant tissues, seven isoforms of viscotoxins, namely Al, A2, A3, B,
B2, 1-PS and C1 have been reported [18, 34]. From these thionins, viscotoxin A3 is the
most cytotoxic whereas viscotoxin B is the less potent [35]. The pl of the viscotoxins is
comprised in a range from 8.9 to 9.3.

The extraction and isolation of the viscotoxins is generally a tedious task that
implies several purification steps (cation-exchange columns, fractionation by
preparative HPLC, etc) [36]. To avoid these time-consuming processes, the sorbents
previously developed to isolate mistletoe viscotoxins were used. The experimental
procedure is detailed in Extraction of mistletoe viscotoxins Section, and subsequently
the collected fractions were subjected to MALDI-TOF analysis. Fig. 2 shows the
MALDI-TOF MS spectra of mistletoe extract before SPE (A), the wash fraction (B) and
the eluted viscotoxins using the GMA-SH-Au sorbent (C). The trace A represents the
entire range of peptides (up to m/z 6000) found in Mistletoe extract, whereas in the
washing fraction (trace B), any signal around 4800 (molecular masses of viscotoxins) is
observed. Trace C shows the eluted fraction (including an expanded mass region around
4800 m/z), being the identified viscotoxins listed in Table 1. Protein information
resource software (MASCOT) was used for the determination of the exact mass of
peptides. These peptides were also detected in the eluates obtained from the other
sorbents of this study (data not shown).

As shown in Fig 4C, the most abundant viscotoxin found was B in contrast to
that reported by Hussain ef al. [18, 37], where the isoforms predominant were A2 and
A3. These differences in isoform contents can be explained by taking into account
several factors such as the V. album subspecies considered and seasonal changes. In our

case, the Mistletoe leaves were from the subspecie Viscum album austriacum, which
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were found over Pinus nigra, where the viscotoxin B showed a large content [38].
Besides, the content of this viscotoxin remained unchanged during the seasonal course

of leaves of V. album, whereas viscotoxins Al, A2, and A3 showed degradation [38].

Conclusions

In this work, several SPE sorbents based on a methacrylate polymer modified with both
AuNPs and AgNPs have been used for protein isolation. The ability of two ligands
(ammonia and cysteamine) to prepare parent supports to be subsequently functionalized
with these NPs was evaluated. The results show that the materials containing thiol
functionalities afford a large coverage of AuNPs or AgNPs onto the polymer surface
due to the large affinity of thiol moieties and these NPs. After SPE protocol
optimization, the sorbents show large recovery efficiencies, loading capacities (up to
29.3 mg/g sorbent) and satisfactory reusabilities. Compared to the existing NP-based
methods for sample preparation in MALDI-TOF analysis, our SPE protocol is simpler,
more cost-effective, and shorter in terms of processing time; however, it requires more
sorbent amount (50 mg) than these (micro)extraction techniques. To demonstrate the
practical applicability of these materials, the GMA-SH-Au sorbent, which provided the
highest loading capacity and excellent LOD, was chosen and successfully applied to
selectively isolate viscotoxins from European mistletoe extracts. The sorbents used in
this work open an alternative avenue to facilitate satisfactory separation of

peptides/proteins from complex samples using very simple extraction methodologies.

16



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

References

1.

Zhou M, Veenstra TD (2007) Proteomic analysis of protein complexes.
Proteomics 7:2688-2697.

Du Z, Yu YL, Chen XW, Wang JH (2007) The isolation of basic proteins by
solid-phase extraction with multiwalled carbon nanotubes. Chem Eur J 13:9679-
9685.

Yang X, Xia Y (2016) Urea-modified metal-organic framework of type MIL-
101(Cr) for the preconcentration of phosphorylated peptides. Microchim Acta
183:2235-2240.

Namera A, Saito T (2013) Advances in monolithic materials for sample
preparation in drug and pharmaceutical analysis. Trends Anal Chem 45:182-196.
Cao Q, Xu Y, Liu F, Svec F, Fréchet JMJ (2010) Polymer monoliths with
exchangeable chemistries: use of gold nanoparticles as intermediate ligands for
capillary columns with varying surface functionalities. Anal Chem 82:7416-

7421.

Xu Y, Cao Q, Svec F, Fréchet JMJ (2010) Porous polymer monolithic column
with surface-bound gold nanoparticles for the capture and separation of cysteine-
containing peptides. Anal Chem 82:3352-3358.7. Alwael H, Connolly D,
Clarke P, Thompson R, Twamley B, O’Connor B, Paull B (2011) Pipette-tip
selective extraction of glycoproteins with lectin modified gold nano-particles on
a polymer monolithic phase. Analyst 136:2619-2628.

Vergara-Barberan M, Lerma-Garcia MJ, Simé-Alfonso EF, Herrero-Martinez
JM (2016) Solid-phase extraction based on ground methacrylate monolith
modified with gold nanoparticles for isolation of proteins. Anal Chim Acta

917:37-43.

17



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

10.

11.

12.

13.

14.

15.

16.

LiQ, DuY, Tang H, Wang X, Chen G, Igbal J, Wang W, Zhang W (2012) Ultra
sensitive surface-enhanced Raman scattering detection based on monolithic
column as a new type substrate. ] Raman Spectrosc 43:1392-1396.

Bencinaa K, Bencinab M, Podgornika A, Strancara A (2007) Influence of the
methacrylate monolith structure on genomic DNA mechanical degradation,
enzymes activity and clogging. J] Chromatogr A 1160:176-183.

Sharm VK, Yngard RA, Lin Y (2009) Silver nanoparticles: Green synthesis and
their antimicrobial activities. Adv Colloid Interface Sci 145:83-96.

Gonzalez L, Noguez C (2007) Optical properties of silver nanoparticles. Phys
Stat Sol 11:4118-4126.

Banerjee V, Das KP (2013) Interaction of silver nanoparticles with proteins: A
characteristic protein concentration dependent profile of SPR signal. Colloids
Surf B 111:71-79.

Shrivas K, Wu HF (2008) Modified silver nanoparticle as a hydrophobic affinity
probe for analysis of peptides and proteins in biological samples by using liquid-
liquid microextraction coupled to AP-MALDI-Ion trap and MALDI-TOF mass
spectrometry. Anal Chem 80:2583-25809.

Carrasco-Correa EJ, Ramis-Ramos G, Herrero-Martinez JM  (2013)
Methacrylate monolithic columns functionalized with epinephrine for capillary
electrochromatography applications. J Chromatogr A 1298:61-67.

Gitis V, Haught RC, Clark RM, Gun J, Lev O (2006) Nanoscale probes for the
evaluation of the integrity of ultrafiltration membranes. J Membr Sci 276:199-

207.

18



441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

17.

18.

19.

20.

21.

22.

24.

Bradford MM (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem 72:248-254.

Hussain S, Gilizel Y, Schonbichler SA, Rainer M, Huck CW, Bonn GK (2013)
Solid-phase extraction method for the isolation of plant thionins from European
mistletoe, wheat and barley using zirconium silicate embedded in poly(styrene-

co-divinylbenzene) hollow-monoliths. Anal Bioanal Chem 405:7509-7521.

Carrasco-Correa EJ, Ramis-Ramos G, Herrero-Martinez JM (2015) Evaluation
of 2,3-epoxypropyl groups and functionalization yield inglycidyl methacrylate
monoliths using gas chromatography. J Chromatogr A 1379:100-105.

Joshi M, Shirude PS, Bansal V, Gaxesh KN, Sostry M (2004) Isothermal
titration calorimetry studies on the binding of amino acids to gold nanoparticles.
J Phy Chem 108:11535-11540.

Jiang X, Yang M, Meng Y, Jiang DW, Zhan J (2013) Cysteamine-modified
silver nanoparticle aggregates for quantitative SERS sensing of
pentachlorophenol with a portable Raman spectrometer. Appl Mater Interfaces
5:6902-6908.

Park SH, Ko YS, Park SJ, Lee JS, Cho J, Back KY, Kim IT, Woo K, Lee JH
(2016) Immobilization of silver nanoparticle-decorated silica particles on
polyamide thin film composite membranes for antibacterial properties. J] Mem
Sci 499:80-91.23. Kong XL, Huang LCL, Hsu CM, Chen WH, Han CC,
Chang HC (2005) High-affinity capture of proteins by diamond nanoparticles for

mass spectrometric analysis. Anal Chem 77:259-265.

Bhat AR, HF Wu (2010) Synthesis, characterization and application of modified
Pd nanoparticles as preconcentration probes for selective enrichment/analysis of

19



466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

25.

26.

27.

28.

29.

proteins via hydrophobic interactions from real-world samples using
nanoparticle liquid-liquid microextraction coupled to matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. Rapid Commun Mass

Spectrom 24:3547-3552.

Kailasa SK, Kiran K, Wu HF (2008) Comparison of ZnS semiconductor
nanoparticles capped with various functional groups as the matrix and affinity
probes for rapid analysis of cyclodextrins and proteins in surface-assisted laser
desorption/ionization time-of-flight mass spectrometry. Anal Chem 80:9681-

9688.

Shrivas K, Wu HF (2010) Multifunctional nanoparticles composite for MALDI-
MS: Cd*“doped carbon nanotubes with CdS nanoparticles as the matrix,
preconcentrating and accelerating probes of microwave enzymatic digestion of
peptides and proteins for direct MALDI-MS analysis. J Mass. Spectrom

45:1452-1460.

Shastri L, Abdelhamid HN, Nawaza M, Wu HF (2015) Synthesis,
characterization and bifunctional applications of bidentate silver nanoparticle
assisted single drop microextraction as a highly sensitive preconcentrating probe

for protein analysis. RSC Adv 5:41595-41603.

Chen CT, Chen YC (2005) Fe304/TiO2 Core/Shell nanoparticles as affinity
probes for the analysis of phosphopeptides using tio, surface-assisted laser

desorption/ionization mass spectrometry. Anal Chem 77:5912-5919.

Chang SY, Zheng NY, Chen CS, Chen CD, Chen YY, Wang CRC (2007)
Analysis of peptides and proteins affinity-bound to iron oxide nanoparticles by

MALDI MS. J Am Soc Mass Spectrom 18:910-918.

20



490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

30.

31.

32.

33.

34.

35.

36.

37.

Chen CT, Chen WY, Tsai PJ, Chien KY, Yu JS, Chen YC (2007) rapid
enrichment of phosphopeptides and phosphoproteins from complex samples
using magnetic particles coated with alumina as the concentrating probes for

MALDI MS analysis. J Prot Res 6:316-325.

Yan Y, Zheng Z, Deng C, Zhang X,Yang P (2014) Selective enrichment of
phosphopeptides by titania nanoparticles coated magnetic carbon nanotubes.

Talantal18:14-20.

Biissing A, Schietzel M (1999) Apoptosis-Inducing properties of Viscum album
L. extracts from different host trees, correlate with their content of toxic
mistletoe lectins. Anticancer Res 19:23-28.

Holtorf S, Ludwig-Miiller J, Apel K, Bohlmann H (1998) High level expression
of a viscotoxin in Arabidopsis thaliana gives enhanced resistance against
Plasmodiophora brassicae. Plant Mol Biol 36:673-680.

Pal A, Debreczeni JE, Sevvana M, Gruene T, Kahle B, Zeeck A, Sheldrick GM
(2008) Structures of viscotoxins Al and B2 from European mistletoe solved

using native data alone. Acta Cryst D64:985-992.

Schaller G, Urech K (1996) Cytotoxicity of different viscotoxins and extracts

from the European subspecies of Viscum album L. Phytother Res 10:473-477.

Giudici M, Pascual R, Canal L, Pfiiller K, Pfiiller U, Villalain J (2003)
Interaction of Viscotoxins A3 and B with membrane model systems:

Implications to their mechanism of action. Biophys J 85:971-981.

Hussain S, Giizel Y, Pezzei C, Rainer M, Huck CW, Bonn GK (2014) Solid-
phase extraction of plant thionins employing aluminum silicate based extraction

columns. J Sep Sci 37:2200-2207.

21



514

515 38.  Urech K, Schaller G, Ramm H, Baumgartner S (2011) Organ specific and

516 seasonal accumulation of viscotoxin-isoforms in Viscum album ssp. album.
517 Phytomedicine 18S:S7-S9.
518

22



519  Figures

520

HZN\/\\SH OH OH
B i\)\/ N~ @-i\)\/m{\/\ su—(®)

521

522  Fig. 1 Scheme of functionalization of poly(GMA-co-EDMA) material with ammonia
523  (A) and cysteamine (B), and subsequently immobilization with metallic nanoparticles
524  (AuNPs or AgNPs).
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Fig. 2 MALDI-TOF MS spectra of mistletoe extract. Mass spectra of extract before SPE
procedure (A), wash fraction after SPE procedure (B) and the elution of the retained

viscotoxins (C) using the GMA-SH-Au sorbent.
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532  Table 1 Identified viscotoxins from the SPE elution fractions of mistletoe extracts and
533  their theoretical mass reported in literature.

534
Viscotoxin Observed mass (Da) Theoretical mass (Da) [24, 45]
A2 4835.8 4834.42
A3 4835.8 4835.53
B 4857.7 4857.45
Al 4889.9 4889.53
1-PS 4904.3 4904.02
535
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536  Table 2 An overview on reported nanomaterial-based methods for preconcentration of proteins and peptides using MALDI-TOF analysis.

537
Material Analyte Matrix Extraction = LOD (nM) Ref.
technique
ZipTip Cis Cytochrome ¢, myoglobin and Blood serum SPE 0.5-1 [23]
BSA
AgNPs Myoglobin, ubiquitin Urine and plasma NP-LLME 130-160 [14]
BSA and gramicidin D
PdNPs Insulin, ubiquitin Water and urine NP-LLME 17-37 [24]
Lysozyme and gramidicin D
Diamond NPs Cytochrome c, myoglobin and Blood serum dSPE 0.1 [23]
BSA
ZnSNPs Ubiquitin and insulin Aqueous solution, dSPE 85-91 [25]
Oyster mushroom and
biological samples
MWCNT/CdSNPs Cytochrome ¢ and lysozyme Milk and urine dSPE 1-7 [26]
Bidentate AgNPs Cytochrome ¢ and insulin Milk and human SDME 1-80 [27]
urine
Fe;04 NPs-TiO2 Angiotensin I, insulin, cytochrome ¢ and Aqueous solution MSPE 50 [28]
trypsinogen

Fe3O4 NPs Angiotensin I, insulin, myoglobin and Aqueous solution MSPE 0.1-10 [29]

(coated with cytochrome C digest

carboxylate

groups)
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