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Bio-inspiration for novel adhesive development has drawn increasing interest

in recent years with the discovery of the nanoscale morphology of the gecko

footpad and mussel adhesive proteins. Similar to these animal systems, it was

discovered that English ivy (Hedera helix L.) secretes a high strength adhesive

containing uniform nanoparticles. Recent studies have demonstrated that the

ivy nanoparticles not only contribute to the high strength of this adhesive,

but also have ultraviolet (UV) protective abilities, making them ideal for

sunscreen and cosmetic fillers, and may be used as nanocarriers for drug

delivery. To make these applications a reality, the chemical nature of the

ivy nanoparticles must be elucidated. In the current work, a method was

developed to harvest bulk ivy nanoparticles from an adventitious root culture

system, and the chemical composition of the nanoparticles was analysed. UV/

visible spectroscopy, inductively coupled plasma mass spectrometry, Fourier

transform infrared spectroscopy and electrophoresis were used in this study to

identify the chemical nature of the ivy nanoparticles. Based on this analysis,

we conclude that the ivy nanoparticles are proteinaceous.
1. Introduction
Recent studies showed that the root hairs from the adventitious roots of English

ivy (Hedera helix L.) secrete a nanocomposite adhesive composed of nanoparti-

cles and a liquid polymer matrix [1,2]. The naturally secreted nanoparticles are

highly uniform with a diameter of 50–80 nm, as measured by atomic force

microscopy (AFM), and were hypothesized to contribute to the high adhesive

strength of English ivy [2–4]. Force spectroscopy conducted on the freshly

secreted adhesive found that the strength of the ivy adhesive was much greater

than similar bioadhesives [4]. In order to determine the potential contribution of

the ivy nanoparticles to the generation of the measured adhesive force, a contact

fracture mechanics model was developed to predict the attachment strength of

the nanoparticles [3]. Based on the model, it was discovered that van der

Waals forces between the nanoparticles alone were not strong enough to gener-

ate the attachment strength observed experimentally. The data led to the

hypothesis that the interaction between the nanoparticles and the polymer

matrix generates cross-linking reactions that lead to an increased strength of

adhesion. This hypothesis is consistent with the mechanism of other

bioadhesives, such as those of marine mussels and barnacles, where adhesive

proteins interact with divalent cations and polysaccharides to generate a stable

water-resistant adhesive [5].

In addition to the role of ivy nanoparticles in the formation of strong adhe-

sive forces, the nanoparticles have also demonstrated unique optical properties.
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A recent study demonstrated, through ultraviolet/visible

(UV/vis) spectroscopy, that the ivy nanoparticles exhibit a

strong UV absorbance from 200 to 400 nm [6,7]. Comparison

of the ivy nanoparticles with similar concentrations of ZnO

and TiO2 nanoparticles demonstrated an increased ability to

block UV light, indicating a potential role for the ivy nanopar-

ticles as sunscreen protective agents [3]. In the same study, the

ivy nanoparticles were shown to be less toxic to mammalian

cells, when compared with similar concentrations of TiO2

nanoparticles [7]. The reduced toxicity was speculated to be

attributed to the organic nature of the nanoparticles, compared

with the metallic nature of the TiO2 nanoparticles; however,

the chemical nature of the ivy nanoparticles was not known

at the time of that study.

There are a number of potential applications for which the

ivy nanoparticles are ideally suited [3,7,8]; however, several

issues must be addressed before they can be used for large-

scale applications. First, a method must be developed for

isolating ivy nanoparticles from the root hairs of adventitious

roots. Second, enough ivy nanoparticles should be collected

for chemical analysis, to determine the chemical nature of the

ivy nanoparticles, and the chemical components that make

up the nanoparticles. In this work, we have achieved both of

these goals, first by developing a procedure for the production

of ivy nanoparticles, and second by using this method to collect

gram quantities of nanoparticles for chemical analysis.
2. Results and discussion
2.1. Production of ivy nanoparticles
A significant challenge to the collection of ivy nanoparticles

was the small size of the root hairs (approx. 10 mm in

diameter). In the natural system, when the root cap of an

adventitious root contacts a surface, the root hairs begin to

elongate and secrete adhesive [1,9]. As mentioned earlier, it

has been proven in previous studies that this secreted adhesive

contains nanoparticles [1]. Since the root hairs are the only

known structures involved in the generation of the nanocom-

posite adhesive [1], the first step in the development of a

procedure for nanoparticle production was to maximize the

production of root hairs, while preventing any external

contamination. As a result, a tissue culture method was devel-

oped for growing the adventitious roots from cut shoots in

sterile Magenta GA-7 (MAG) plant culture boxes. Ivy shoots

used for tissue culture were donated by Swan Valley Farms

(Bow, Washington) on a weekly basis. Briefly, shoots were

cut approximately to 6 inches with one leaf remaining on the

top of the shoot. The external surfaces of the shoots were

then sterilized and the shoots placed upright into MAG

boxes containing nutrient media. The boxes were then sealed

and placed into a plant growth chamber with controlled light

and temperature. By sealing the MAG boxes, it was possible

to achieve 100% humidity in the boxes, which was crucial for

maintaining the hydration of the adventitious roots. Using

this culture method, it was possible to generate harvestable

adventitious roots every two weeks. In addition, adventitious

roots grew much denser in the culture system when compared

with uncultured plants. Furthermore, the adventitious roots

had a much higher concentration of root hairs, owing to the

high humidity and the increased availability of nutrients.

Development of this culture system greatly increased the abil-

ity to generate the tissue for nanoparticle secretion, leading to
further advances in the design of a robust method for ivy

nanoparticle isolation.

With the stable, scalable tissue culture system described

above, the next step was to harvest the tissue for isolation

of the nanoparticles. Considering the small diameter of the

root hairs and the rapid dehydration of the tissue when sep-

arated from the adventitious roots, the entire adventitious

root was collected for harvesting the nanoparticles. To pre-

serve the integrity of the tissue during the time required for

harvesting, the adventitious roots were excised directly into

a liquid nitrogen cooled container resulting in an immediate

snap freezing of the tissue. After collection of bulk adventi-

tious roots, the roots were stored at 2808C. Once an

appropriate amount of tissue (more than 1 g) was collected

for nanoparticle isolation, the tissue was homogenized at

48C using a mortar and pestle. Manual homogenization

was conducted with only a minimum amount of ultrapure

water to allow the solution to be easily pipetted out of the

mortar. After homogenization, the solution containing a

large amount of cell debris, proteins, the polymer adhesive

and nanoparticles was obtained. To remove the large

debris, the solution was filtered through a 0.2 mm syringe

filter and then centrifuged at 1000g to remove any remaining

debris. Finally, the sample was dialysed through a 300 kDa

Spectra/Por cellulose ester dialysis membrane overnight at

48C with constant stirring. This high molecular weight

(MW) dialysis membrane was effective for removing most

proteins, and also salts present in the sample. Smaller MW

dialysis membranes were tested; however, the nanoparticles

isolated using the 300 kDa membrane represented the

purest fraction, and thus this membrane was used for further

purification. After dialysis, samples were run on an SEC-

HPLC column for separation of the ivy nanoparticles from

the other components.

Previous studies using freshly secreted ivy nanoparticles

indicated that the nanoparticles absorbed UV light over the

range of 200–400 nm [6,7]. Since the UV absorbance and

morphology of the ivy nanoparticles were known, samples

eluted from the SEC-HPLC column were collected every

minute and scanned using AFM. In addition, a UV detector

was used to constantly measure the UV absorbance at both

280 and 320 nm during the entire elution. Based on the

AFM images, it was determined that the ivy nanoparticles

were contained in the fraction collected from 10 to 11 min.

The nanoparticles collected in this fraction had the same

morphology as those secreted directly from the plant

(figure 1a,b). Further analysis of the morphology of individual

nanoparticles was carried out by examining diluted samples

using both AFM and scanning electron microscopy (SEM)

(figure1c,d). In addition to these techniques, dynamic light scat-

tering (DLS) and zeta potential analysis were performed to

determine the size distribution and stability of the hydrated

nanoparticles (figure 2a,b). DLS conducted on nanoparticles

obtained from three separate batches of adventitious roots con-

firmed the presence of the ivy nanoparticles in the solution

collected from the 10–11 min fraction with a mean diameter

of 95.69+5.56 nm (figure 2a). As expected, the nanoparticle

diameter measured by DLS was larger than that using AFM

and SEM, owing to the hydrodynamic radii present in solution

[10]. In addition, zeta potential analysis indicated that the ivy

nanoparticles did not form a stable solution in ultrapure

water (figure 2b). This was expected, since the ivy nanoparticles

have been observed to slowly precipitate in neutral solutions.
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Figure 1. AFM and SEM images of ivy nanoparticles. (a) AFM scan of dense ivy nanoparticles secreted directly from an adventitious root. (b) AFM scan of dense ivy
nanoparticles isolated using the procedure developed in this study. (c) Small cluster of ivy nanoparticles imaged by AFM after dilution from the concentrated sample
collected from the column. The inset of (c) shows an SEM image of a single ivy nanoparticle prepared the same as the diluted AFM sample. Note that the size of an
individual nanoparticle is slightly smaller by AFM; however, artefacts related to tip – particle interactions can greatly affect size measurements using AFM.
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Figure 2. DLS and zeta potential analysis of the isolated ivy nanoparticles. (a) DLS of the nanoparticles collected from three separate isolations showed a similar
distribution, with a mean diameter of 95.69+ 5.56 nm. (b) The zeta potential of the ivy nanoparticles was found to be 235.3 mV, indicating that the ivy
nanoparticles did not form a stable solution in ultrapure water. (Online version in colour.)
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In addition to the physical structure of the isolated ivy

nanoparticles, the data from the UV detector showed a high

intensity peak at approximately 10.5 min at both 280 and

320 nm (figure 3a,b). These peaks were positively correlated

with the AFM and DLS data, and confirmed the presence of

the ivy nanoparticles. In previous studies, determination

of the concentration of ivy nanoparticles in solution could

only be estimated, owing to the limited quantity of nanoparti-

cles [6]. Using the method developed above, after collecting

the concentrated ivy nanoparticles, the samples were pooled

and lyophilized to get an accurate measure of the dry weight

of the ivy nanoparticles. To confirm that the previously

observed UV/vis absorbance spectra [6,7] were due to the

ivy nanoparticles alone, it was necessary to analyse the con-

centration-dependent effect of the ivy nanoparticles using

UV/vis spectroscopy. As shown in figure 4a, when the concen-

tration of the ivy nanoparticles decreased, the resulting

absorbance decreased. A plot of the UV absorbance at

283 nm showed a linear increase between the concentration

of the ivy nanoparticles and the absorbance value measured

by the UV/vis spectrometer. This linear increase in

absorbance demonstrated that the UV absorbance spectra

obtained were from the ivy nanoparticles. After thorough vali-

dation of the method described above for the generation of ivy
nanoparticles, the above procedure was repeated to collect

enough nanoparticles for subsequent chemical analysis.
2.2. Chemical analysis of the ivy nanoparticles
The first step in chemical analysis of the ivy nanoparticles was to

confirm that the nanoparticles were organic and did not contain

any metals. This is especially important when consid-

ering the large number of metallic nanoparticles that can be

formed naturally from heavy metal substrates. Numerous

studies have demonstrated the potential for plants, including

English ivy, to generate nanoparticles from tetrachloroaurate

(HAuCl4), silver nitrate (AgNO3), chloroplatinic acid hexahy-

drate (H2PtCl6 . 6H2O) and iron(III) chloride hexahydrate

(FeCl3 . 6H2O) [11–14]. Since the ivy shoots were grown in a

cultured environment and were not exposed to variable

soil conditions, it was also expected that this would reduce the

availability of heavy metal substrates. To rule out the possibility

of the ivy nanoparticles containing metallic components,

48.78 mg of ivy nanoparticles were analysed using inductively

coupled plasma mass spectrometry (ICP-MS). This technique

can be used to detect trace levels of metals in a sample and has

recently been expanded to the analysis of metallo-biomolecules,

including metalloproteins [15,16]. To ensure impartiality, the
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Figure 3. (a,b) Peaks observed from UV detector of the ivy extract. A prominent peak was observed in both wavelengths (highlighted) during the 10 – 11 min
fraction. This fraction corresponded to the presence of nanoparticles, as indicated by AFM. Peaks with lower intensity were imaged but were found not to contain
any nanoparticles. (Online version in colour.)
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ivy nanoparticles were analysed independently by Galbraith

Laboratories, Inc. The results indicated that 47 out of 57

elements tested were below the limit of detection of the test at

less than 2 parts per million (ppm). These included the most

common metals used for the synthesis of nanoparticles from

plant extracts, gold, silver, platinum and iron. In addition to

the metals that were below the detection limit, only manganese

and zinc were found above 30 ppm, and both were still at below

trace concentrations (figure 5). Since no metals were detected

above trace levels, it can be concluded that the ivy nanoparticles

are, in fact, organic nanoparticles.

After confirmation of the organic nature of the ivy nanopar-

ticles, the next step was to analyse what type of molecules may

be responsible for the formation of the nanoparticles. In pre-

vious studies of Boston ivy (Parthenocissus tricuspidata) and

Virginia creeper (Parthenocissus quinquefolia), it was found,

through immunocytochemical analysis, that the majority of

the components in the secreted adhesives were mucilaginous

pectins, callose, tanniferous substances and acid mucopolysac-

charides [17–19]. However, nanoparticles were not observed in
either of these studies, potentially because of the techniques

used at the time of these studies. In other biological systems,

such as the marine mussel (Mytilus edulis) and polychaete

(Phragmatopoma californica), proteins are considered as the

main building blocks that lead to the generation of strong

adhesive forces [20–22]. In these two systems, unlike Partheno-
cissus sp., the adhesives secreted from these organisms have

shown the presence of nanoparticles, mainly thought to form

from the interactions of negatively charged proteins with diva-

lent cations, forming three-dimensional nanoparticles [22].

Based on this information, we established a series of exper-

iments to determine the organic components involved in the

formation of the ivy nanoparticles.

The first experiment conducted was elemental analysis to

determine the amount of carbon, nitrogen and sulfur present

in the ivy nanoparticles. It was found that the nanoparticles

were composed of 51.77% carbon and 4.72% nitrogen

(figure 5). This was a relatively high carbon-to-nitrogen

ratio of approximately 10 : 1 and was indicative of a bio-

molecule such as DNA, RNA or protein. In addition, the
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nanoparticles contained 0.32% sulfur, which again would be

expected for a biomolecule, such as a protein, where disulfide

bonds play an important role in folding and stability, especially

in secreted proteins [23]. While this evidence strongly pointed

to the presence of proteins in the nanoparticles, it could not

rule out that other biomolecules, such as polysaccharides,

may still contribute to the overall structure. In addition, since

nanoparticles were isolated, and not an individual chemical

component, it was possible that the C : N ratio could have

been skewed by the presence of multiple components. As a

result, Fourier transform infrared (FTIR) spectroscopy was

conducted on lyophilized nanoparticles to obtain further

information on the chemical structures of the nanoparticles.

As demonstrated in figure 6, the FTIR spectrum of the ivy

nanoparticles was compared with the spectra generated from

a typical protein sample, bovine serum albumin (BSA), and

also a popular polysaccharide used in the fabrication of nano-

materials, chitosan. All three samples showed a peak at

1653 cm21 indicating vibration around C¼O and C–N,

along with peaks at 1384–1385 cm21, indicating C–H bend-

ing in aliphatic side groups [24,25]. Additionally, shared
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peaks at 2928 cm21 for both ivy nanoparticles and chitosan,

and 2932 cm21 for BSA, indicate the vibration of C–H pre-

sent in all samples. When compared with the BSA

spectrum, the ivy nanoparticles also shared a peak around

1518 cm21 for BSA and 1539 cm21 for ivy. This peak rep-

resents the amide II band and is a standard protein peak,

indicating the presence of in-plane N–H bending, and the

stretching vibrations of C–N and C–C [25]. In standard

protein samples, this amide II band often shows similar

intensity to the amide I band, as shown for BSA, but the com-

plexity of this band leads to variable intensity and shifts of

this peak. In addition to the peak shared by the BSA and

ivy nanoparticle sample, the chitosan and ivy nanoparticles

shared a peak at 1071 cm21 for chitosan and 1076 cm21 for

the ivy nanoparticles. This peak was associated with

vibration of the CO–C bond typically found in carbohydrates

[24,25], and thus was not present in the BSA sample. The

broad peak present at 3329 cm21 in the BSA sample indicates

the vibration of N–H, and is similar to the broad peaks for

chitosan (3433 cm21) and the ivy nanoparticles (3407 cm21),

where the shift is due to the addition of vibration from

O–H [24]. Based on the FTIR data, in combination with the

elemental analysis, we believed that the most likely com-

ponent of the nanoparticles was glycoprotein, owing to the

shared amide II band with the BSA spectrum, and the

shared CO–C band with the chitosan spectrum. In addition,

the shift in the broad peak at 3407 cm21 indicated that O–H

bonds were present, further suggesting the presence of carbo-

hydrate. Based on these data, individual proteins and

glycoproteins were believed to form the ivy nanoparticles,
and thus we conducted gel electrophoresis to identify

individual proteins.

Several different gel electrophoresis techniques were evalu-

ated in this study to determine whether the proteins and

glycoproteins could be separated from the ivy nanoparticles.

It was determined that sodium dodecylsulfate polyacrylamide

gel electrophoresis (SDS-PAGE) with a 5% stacking gel and

10% resolving gel yielded the best results for the ivy nanopar-

ticles. In addition, the samples were pre-treated with 2 M

thiourea, 8 M urea and 3% SDS, to completely solubilize the

nanoparticles, which reduced the background staining. After

electrophoresis for 4 h at 180 V, duplicate gels were stained

with either the Pro-Q Emerald 300 Glycoprotein Stain Kit

(Molecular Probes, Inc., Eugene, OR) or the PlusOne Silver

Staining Kit (APBiotech). For reproducibility, ivy nanoparticles

isolated from three different isolation procedures by two

different researchers were tested. Surprisingly, only one high

MW band (greater than 460 kDa) was observed in all of the

ivy nanoparticle samples, despite the harsh denaturing con-

ditions used (figure 7). This high MW band stained positive

for protein, using the silver stain, and glycoprotein, using

the Pro-Q glycoprotein stain (figure 7). When comparing the

two stains, it was observed that the glycoprotein stain did

not cross-react with the non-glycosylated proteins present in

the protein ladder (figure 7). To ensure that the presence of

the glycoprotein band was always associated with the ivy

nanoparticles, three separate isolations were conducted using

different batches of adventitious roots. As shown in figure 7,

the band was consistent across all three samples. This con-

firmed that the ivy nanoparticles were composed of at least
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one, if not several glycoproteins. Owing to the high MW of the

band, and the potential for the ivy nanoparticles to have sur-

vived the denaturing conditions, the possibility still exists

that the ivy nanoparticles are composed of multiple proteins

and glycoproteins. Further studies are necessary to determine

the three-dimensional crystal structure of the ivy nanoparticles

and to identify whether multiple copies of a single protein

or multiple proteins combine to form the ivy nanoparticles.

In either case, the discovery that ivy nanoparticles are non-

metallic and proteinaceous represents a significant finding

and opens the door for further analysis of the structure of

these novel nanoparticles.
3. Conclusion
In this study, we have developed a method for the production

of ivy nanoparticles and demonstrated the scalability of this

process. Briefly, bulk ivy nanoparticles were harvested from

cultured adventitious roots through homogenization, filtration

and separation through an SEC column. The development of

this method was crucial for demonstrating the ability to collect

bulk nanoparticles for use in biomedical applications, and also

to obtain enough nanoparticles for subsequent chemical analy-

sis. Through experiments conducted using ICP-MS, we were

able to prove that the ivy nanoparticles did not contain any

metallic components, confirming the earlier hypothesis that

the ivy nanoparticles were organic. Elemental analysis revealed

a high, approximately 10 : 1, C : N ratio, and further analysis by

FTIR spectroscopy confirmed the presence of peaks related to

C–N bonding. Comparison of the ivy nanoparticle FTIR spec-

tra with a polysaccharide standard, chitosan, and protein

standard, BSA, demonstrated that the ivy nanoparticles

shared similar structure to both samples, indicating that the

nanoparticles were most probably composed of glycoproteins.

Using gel electrophoresis, the ivy nanoparticles formed a single

high MW band, which stained positive for both proteins and
glycoproteins through silver and glycoprotein-specific stains.

At this stage, it is not possible to identify the exact interactions

between proteins that lead to the structural formation of the

three-dimensional nanoparticles; however, further studies

based on identification of the sequence of these proteins will pro-

vide information on how they may be arranged. It is expected

that continued research into these proteins will aid in the devel-

opment of new high strength adhesives. Furthermore, it will also

be possible to scale-up the procedure developed in this work to

collect enough ivy nanoparticles for future applications in drug

delivery and cosmetics.
4. Experimental set-up
4.1. Isolation and physical analysis of the ivy

nanoparticles
Previously, a method was developed for generating bulk

adventitious roots from the shoots of English ivy, specifically

for the production of viable nanoparticle-containing tissue

[26]. This method was employed to grow harvestable amounts

of adventitious roots for use in this study. Since the adventi-

tious roots and root hairs that branch off of the rootlet are

the only structures involved in secretion of the adhesive,

these structures were removed from fresh shoots using a

razor blade. Adventitious roots were harvested directly into

liquid nitrogen before attaching. Homogenization of the

cleaned rootlets was accomplished with the use of a pellet

pestle (Kimble Chase Kontes) designed for use in 1.5 ml

microfuge tubes. The supernatant was removed from the

homogenate and centrifuged at 1000g for 10 min to remove

large debris. The supernatant from this treatment was then

filter-sterilized through a 0.2 mm syringe filter to remove

debris larger than 200 nm, and also to remove bacteria that

may have been present in the sample. The filtrate was then dia-

lysed overnight at 48C with distilled water using a Spectra/

Por Biotech cellulose ester dialysis membrane that allowed

removal of small chemicals and proteins with an MW of less

than 300 kDa.

After removing most of the components from the rootlet

extract it was possible to run the extract on a Phenomenex

Biosep-SEC-S 4000 silica gel filtration column. The column

was equipped with a SecurityGuard Cartridge to prevent

any remaining debris from entering the column. Similar

SEC-HPLC set-ups have been used to separate and isolate a

wide range of nanoparticles [27–29]. Two hundred micro-

litres of the cleaned extract was run on the column using a

flow rate of 0.5 ml min21. The eluate was constantly moni-

tored with a dual wavelength UV detector measuring at

280 and 320 nm. Ivy nanoparticle fractions were known to

absorb UV at these wavelengths based on previous studies

[6,7]. Fractions were also collected every minute over the

course of 60 min for analysis by AFM. For AFM analysis,

20 ml of each fraction was drop deposited on freshly cleaved

mica or a cleaned glass coverslip and allowed to dry over-

night. AFM imaging was conducted using an Agilent 6000

ILM/AFM equipped with Nanosensors PPP-NCHR-20 sili-

con cantilevers with spring constants of 4–20 N m21. All

imaging was conducted in AC mode to prevent contami-

nation on the tip, and also to prevent the tip from

dislodging the nanoparticles from the surface. To determine

the presence of the nanoparticles in solution, DLS was
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performed on the nanoparticle fractions using a Malvern

ZetaSizer Nano ZS (Malvern Instruments Ltd). This instru-

ment was also used to determine the zeta potential of the

ivy nanoparticle solution. After identifying the fraction that

contained the nanoparticles, the fraction was frozen in a

2808C freezer and lyophilized overnight to remove the

liquid components and concentrate the nanoparticles. The

lyophilized powder was then resuspended in ultrapure

water and drop deposited on silica wafer before examination

using SEM. SEM was used to determine the size and shape of

the nanoparticles, and also to scan a larger area to determine

the relative purity of the sample.

4.2. Chemical analysis
UV/vis spectroscopy was conducted on the liquid fraction

collected from the column and also on the lyophilized

powder resuspended in ultrapure water, using a Thermo

Scientific Evolution 600 spectrophotometer. The samples

were analysed over wavelengths from 200 to 500 nm, and

the absorbance was measured. The absorbance versus con-

centration was plotted by conducting a serial dilution of the

resuspended nanoparticle powder. FTIR spectroscopy was

conducted on the lyophilized powder to determine the func-

tional groups found in the nanoparticles using a Bio-RAD
FTS6000 FTIR spectrometer. Both ICP-MS and the elemental

analysis of the ivy nanoparticles were conducted at Galbraith

Laboratories Inc., which allowed for an unbiased examination

of the specimen. Finally, 5 mg of lyophilized nanoparticles

were rehydrated in 1 ml of 0.5 M Tris–HCl (pH 6.8).

Seventy-five microlitres of nanoparticle solution was then

mixed with 25 ml of 4� LDS sample buffer (Life Technolo-

gies, Grand Island, NY, USA). Eight microlitres of the

sample was then mixed with 10 ml of reducing buffer (2 M

thiourea, 8 M urea and 3% SDS) and boiled for 10 min.

After denaturation, samples were run on 5%/10% SDS-

PAGE at 180 V for 4 h at 48C in SDS–Tris–glycine running

buffer. Gels were subsequently stained using Pro-Q Emerald

300 Glycoprotein Stain Kit (Molecular Probes, Inc., Eugene,

OR) or the PlusOne Silver Staining Kit (APBiotech).
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