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Abstract

English ivy naturally produces organic nanopartidkem its adventitious root hairs, and
possesses characteristics that may allow thenptaae metal-based nanoparticles in common
applications, such as sunscreen. At the onseeafebearch, it was hypothesized that a physical
mechanism of attachment, similar to the gecko fadtpvas used to generate the adhesive force
for attachment; however, through the results okthinom recent work, it is clear that a
biochemical mechanism is involved in the generatibthe strength of adhesion. Therefore, the
goal of this research was to provide a better stdrding of the genetic basis of nanoparticle
biosynthesis and identify the putative gene(s)@mzbded proteins that are involved in the

formation or biosynthesis of the nanoparticle.

It was first necessary to develop a biofabricaigstem that produced large quantities of
adventitious roots. This enhanced system was agthiey modifying GA7 Magenta boxes and
identifying the optimal concentration of the aumdole-3 butyric acid (IBA) for adventitious
root growth. Maximum adventitious root productiwas achieved by a 4 h application of 1
mg/ml IBA to juvenile English ivy shoot segmentdtated in custom vessels. This method
produced 90 mg of dry weight nanoparticles, condidnby atomic force microscopy, from 12 g

adventitious roots after 2 wk.

Following bulk production, | utilized a proteomiand transcriptomic-based approach to identify
and analyze the specific proteins involved in trenation of the nanoparticle adhesive complex
from adventitious root samples. A 10 mM dithiottole(DTT)-based extraction buffer allowed

the separation of a single high molecular weigimdo@ 460 kDa) from nanoparticles into 9



bands ranging in molecular weight from 25-130 kthwo effects on the size or stability of the
nanoparticles. The results of the omics analysstiied 11 protein candidates from the English
ivy adventitious root transcriptome, and 9 candiddtom the UniProt (all plant) database for a
combined total of 20 individual putative proteihattcomprise ivy nanoparticles. These studies
provide a reasonable starting point in the iderdtfon of those proteins involved in nanopatrticle

formation and function.



Table of Contents

Chapter 1. 1o o [8]ox 1 o] o TR UUUPPPPPPRPPPRPPRTN 1
] (=] (=T o = USSP PUPPRRUPPRTRR 7
Chapter 2. Morphological and biochemical adaptatioinclimbing plants.......................... 10
2.1 ADSHIACT ... ettt —————————— e aaaaaaas 11
2.2 a1 goTo (3 ox 1 o] o BT UURPPPPPFTTTPPPRT 11
2.3 Evolution and taxonomic distribution of climiplants............ccccccoiiiiiinin 12
24 Ecological adaptations by climbing type ..ccccooooveviiiiiiii e 14
2.4.1 TWINING CIMDEIS .t e e e e e e e e e e e e e e e e eeeeeeeees 14
2.4.2 Hook and leaf-angle ClIMDEIS ......... .o eeeeeiiiiiiiiee e 16
2. 4.3 Tendril CIMDEIS ... e 18
2.4.4 Adventitious root ClIMDErS....... ..o 22
2.5  APPHCALIONS ... ———————————— e 25
2.6 Future research and PersSPECLIVES ...t ee e eeeeeeees 26
F ol (Lol [=To (o T=T 0 g [T o | PP 28
RETEIENCES ...ttt oottt seeeee s e e e e e e e e e e e e eeeeeeeeanrrrnnnnns 29
Y o] o 1= T [ PSR SRPPPPPR 43
Chapter 3. Nanoparticle biofabrication using Erglisy (Hedera helix) ............ccovvviiinnnnnes 48
0t Y o 111 - od SRR 49
3.2 1o To (¥ ox 1 o] o H PR UURPPPPPFTTPRPRT 51
3.3 RESUIES ANd AISCUSSION ...ceeviiiiiii ittt e e e e e e e e e e e e e e e e eeeeeeeeees 52
3.4 L] gV T PP 54
AULNOIS’ CONIDULIONS ... et e s e e e e e e e e e e e eeeeennes 56
F o LoV [=To (o T=T 0 g [T o | PP 56
RETEIENCES ... .ttt ettt ettt seaee e s e e e e e e e e e e e eeeeeeeeennrnennnnns 57
Y o] o 1= T [ TSRS 60
Chapter 4. Isolation and chemical analysis of narapges from English ivyHedera helix
L.) 65
o R N o] 1 = (o TR U TRURPPPRRR 66
4.2 a1 goTo [¥]ox 1 o] o H PR UURPP PP RTTTURPRT 67
4.3 ReSUItS and AISCUSSION .....coeeiiiiiiiiimmmmmme et e e e e e e e e e e e e e e eeeeeeees 69
43.1 Production of ivy NanopartiCleS ... 69
4.3.2 Chemical analysis of the ivy nanoparticles...........cccuuvviiiiiiiiinieeeeeeeeee 72
4.4 CONCIUSION ... ettt e e e e e e e e e e e e e e aeeeeeeeeeaeeeeeennnnee 77
4.5 EXPEIMENTAL ... et e e e 78

Vi



4.5.1 Isolation and physical analysis of the ivp@@articles...............ccoeeeiiiiiiiiiiii e 78

4.5.2 ChemiCal ANAIYSIS ......cooiiiiiiii ettt e e e e et e e e e e e ae e 79
F ol LoV [=To [oT=T 0 g 1= o | PP 80
RETEIENCES ... .t oottt s e e s s e e e e e e e e e e eeeeeeeeeanerrannnns 81
Y o] o 1= T [P RSRPPPPPPR 86
SUPPIEMENTAL ... e et et e e e e e e e e e e e e e e eeeeeeeeee 93
Chapter 5. Identification of the proteins involvad the formation of English ivy
nanoparticles through an -omics based Strategy .. ..cooovviiiiiiiiiiiiii e 115
5.1 ADSIIACT ... et aaaaaeaees 116
5.2 a1 goTo [¥ o3 1 o] o RSSO 117
5.3 Materials and MEthOAS .......cooii i 119
5.3.1 Adventitious root ProAUCTION ............ouwmmeerrrrrnnnniaaaaeeeeeeeeeeeeeeeeeeeenneennnneeees 119
5.3.2 Nanoparticle extraction and analySiS ....cceeueeeeveireiiiiiiinieeee e 120
5.3.3 Sample preparation for LC/MS/MS and protdentification .......................... 121
5.34 Sequencing of the reference English ivy t@iscriptome..........ccccceeveeeeeeeennn. 123
5.3.5 De novo assembly and assessment of transcriptome quality...................... 124
5.3.6 RNA extraction and reverse transcriptase mehase chain reaction (RT-PCR)
124
5.4 RESUIES aNd AISCUSSION ....evviiiiiiie ittt e e e e e e e e e e e e e eeeeeeeeeeesenee 125
54.1 Isolation of proteins from ivy nanopartiCles...........cccoeeeeeiiiiiiiiieeiiiiiiiiiees 125
5.4.2 Identification of proteins involved in nanodjpae formation............................ 129
5.4.2.1 Comparison of the sequence data to UNIProL..........ccccooeeiiiiiiiiiiiiiiiiiieeeiiiies 129
5.4.2.2 English ivy adventitious root and grouadtrtranscriptome.............cccceevvvvvvnnnne 129
5.4.2.3 Comparison between results from UniProtiapdranscriptome...........ccceeeeeeeeeeee. 131
5.4.2.4 Comparative expression of nanoparticlegmetbetween ground and adventitious roots
........................................................................................................................................... 132
5.4.3 Hypothetical role of proteins in the formatiaf ivy nanopatrticles................... 133
R 0o [od (151 o] 1 1= TR 135
ACKNOWIBUAGMENTS. ...ttt e e e e e e e e e e e et e e b e bbb e e e e e e e e e e e eeaeas 136
RETEIEINCES ...t et e e ettt et ettt it s e e e e e e e e e e e e e e eeeeeanrare 137
Y o] o 1= T [P SOUPPPPPPTRPPPPPRN 145
Chapter 6. CONCIUSIONS ..ottt s oottt a s e e e e e e e e aaaaaaeaeeeaaeeeeeeennnees 156
RV H TP UPPPTUPPPN 160

vii



List of Tables

Table 2-1. Examples of climbing plants in each of therf@ategories (tendrils, twining,
adventitious roots, and hooks or thorns) and thssociated attachment strengths (the
maximum force at failure and average values of manm forces (x+ standard deviation)). 43

Table4-1. Proteins present in ivy nanopatrticles as ifledtusing ivy transcriptome. Fractions
B11, B12 and E5 under the peak obtained from FPiz€ sxclusion were sent to MS
Bioworks for LC-MS/MS analysis. E5 was included assample to eliminate random
proteins. No protein bands were observed when thdr&ction using SDS-PAGE. No
single protein appeared as the only protein reddadar the formation of the nanoparticle.

................................................................................................................................... 114
Table 5-1. Primer sequences used for RT-PCR confirmatibrthe expression of proteins
identified from LC/MS/MS analysis in adventitiousots of English ivy. ..., 152
Table5-2. Proteins present in ivy nanopatrticles as ifledtusing ivy transcriptome or UniProt
JALADASE. ... e e 153
Table 5-3. Summary of RNAseq, assembly and annotationlteesn adventitious and ground
root samples iN ENGISN VY. .....u. s 154
Table 5-4. Comparison of fold expression changes of gedestified from our analysis in
adventitious versus ground roots in English ivp&@iptome. ..........oooovviiiiiiciiiinenne 155

viii



List of Figures

Figure 2-1. Example of each climbing strategy identifiegd Darwin. A) twining Humulus
lupulus), B) tendril bearersQucumis sativus), C) hook-climbers ncaria ovalifolia), D)
leaf-angle climbersGalium aparine), and E) adventitious root climberblddera helix).
Figure compiled from [1, 11, 42, 53, 91, 92]. ceeeeriiiiiiiiiiiie e 44

Figure2-2. Structure and morphology of the attachmentesyf Parthenocissus triscuspidata
(Boston ivy). A) Swollen tip of a developing attacént pad, B) Freshly attached pad to a
sponge, and C) Lignified attachment pad on to aaadh D) Stage I- I, undifferentiated
attachment pad through initial development. Stdgelifferentiation of attachment pad to
cap-like structure with eventual flattening. Stalyg lignification of attachment pad
surrounded by a border. Modified from [18]. .. coieiiiiiii s 45

Figure2-3. Development of adhesive tendrildassiflora discophora (passion flower). A) Fully
developed tendril with adhesive pads and coileds defore senescence and B) following
senescence. Scale bar: 10 mm. Arrows indicate fa ghhandedness in coils. Modified
1100 0 0 T 14722 PSRRI 46

Figure2-4. Participation of root hair in attachment st of English ivy. A) SEM of root hair
demonstrating point of contact between the secratib@sive and the substrate. B) SEM of
root hair demonstrating the helical from createdrupgnification and dehydration. C&D)
Schematic of the process of dehydration and hookdton of a root hair, further drawing
the shoot into close contact with the substratealeSbar on overview 10 um; scale bar on
inset 5 um. Modified from [39]. ......e e ———————————— 47

Figure 3-1. H. helix adventitious root production after 2 wk. A. Iait50 cm stems were cut
into 12.5 cm pieces and treated with either B. levels of IBA overnight or C. high levels
of IBA for 4 h. Necrosis was observed in leaves islstems were treated with >0.4 mg/ml
OF IBA OVEIMIGNT. ..ottt e e e e e e e e e e e e e aeeeeeaaeeeeeeesennnnnnns 60

Figure3-2. H. helix adventitious root production by weight (g) treatath either A. high levels
of IBA ([0-6 mg/ml]) for 4 h or B. low levels of IB ([0-0.6 mg/ml]) for 16 h. Error bars

represent 95% confidence intervals using leasifssgnt differences (P<0.05). ............... 61
Figure3-3. Adventitious roots produced frarh helix A. after 2 wk treated with 100 mg IBA for
4 h, B. adventitious roots releasing adhesive,@naot primordial after 1 wk................. 62

Figure 3-4. Two root types produced Iy helix. A. adventitious and Bsubterranean roots as
viewed under a light microscope. C. High leveldBA shoots and D. subterranean roots.

Figure 3-5. AFM and DLS of isolated ivy nanoparticles. . AFM micrograph of ivy
nanoparticles. B. DLS of ivy nanoparticles, witmaan diameter of 109.8 £+ 5.6 nm........ 64



Figure4-1. AFM and SEM images of ivy nanoparticles. a)MAEcan of dense ivy nanoparticles
secreted directly from an adventitious root. b)MABcan of dense ivy nanoparticles
isolated using the procedure developed in thisystafd Small cluster of ivy nanoparticles
imaged by AFM after dilution from the concentratainple collected from the column. The
inset of ¢) shows an SEM image of a single ivy membcle prepared the same as the
diluted AFM sample. Note that the size of an indinal nanopatrticle is slightly smaller by
AFM, however, artifacts related to tip-particle @rdactions can greatly affect size
MeasuremMents USING AFM. ... e eenaar s 86

Figure 4-2. DLS and Zeta Potential analysis of the isolatey nanoparticles. a) DLS of the
nanoparticles collected from three separate isolatshowed a similar distribution, with a
mean diameter of 95.69 £5.56 nm. b) The Zeta piatlest the ivy nanoparticles was found
to be -35.3 mV, indicating that the ivy nanopadsldid not form stable solution in
UIFAPUIE WEALET. ...ttt ettt e e e e e e e e e e e e et e e eeeeeeeeeeeeeeabbssnn e e es 87

Figure4-3. Peaks observed from UV detector of the ivyaott A prominent peak was observed
in both wavelengths (highlighted in red) during @11 minute fraction. This fraction
corresponded to the presence of nanoparticlespdisated by AFM. Peaks with lower
intensity were imaged, but were found not to cangaily nanoparticles. ...........cccceeeeeeeeene. 88

Figure 4-4. UV/vis spectra of the ivy nanoparticle fraatioollected directly from the HPLC
column. A) Note the wide absorbance from 200-350 before dropping off in the visible
spectra. B) A plot of absorbance versus conceotratt 283 nm clearly shows the direct
effect of the nanoparticle concentration on theodtence. ............ccoooeevvvviiiiiiiiiiinnnnnn. 89

Figure4-5. Diagrammatic representation of the resutimmfthe ICP-MS and elemental analysis.
As indicated, the C:N ratio was ~10:1, indicatihgttthe nanoparticles were composed of
biomolecules. Additionally, ICP-MS revealed thdtraktals in the ivy nanopatrticle fraction
were < 37 ppm, confirming that the ivy nanoparS8c@e organic. ...........c.eevvvvvnnniinnn! 90..

Figure4-6. FTIR spectra of the ivy nanoparticles. ThdRE§pectra for the ivy nanoparticles
was compared with reference spectra for chitosarefeesentative polysaccharide), and
BSA (representative proteins). All three samples laaband at 1653 ch indicating
vibration around the CO-NH bond, and around 292822 indicating C-H vibration. In
addition, the ivy sample shared a peak at 1071-16W8 with the chitosan sample,
indicating vibration of a CO-C bond, typical of sug. This band was not present in the
BSA sample. Similarly, the BSA sample had a strpegk at 1518 cih representing the
amide 1l band, while the ivy nanoparticles had akveand at 1539 cm indicating a weak
amide Il band, and the chitosan sample had no petks region. The FTIR spectra from
top to bottom are: raw ivy nanoparticles, chitosang BSA (indicated by color in the
ONIINE VEISION). ittt eeeeeme e e s e e e e e e e e e e e e et teeeteae b e b s e e e e e e eeeaeeeees 91



Figure 4-7. Results from SDS-PAGE of ivy nanoparticlesftleesults of the silver stain
demonstrating the staining of the protein ladded all ivy nanoparticle samples. Right,
results from glycoprotein stain showing positivairsing for the high molecular weight
nanoparticle band. Samples 1, 2, and 3 represeapasicles isolated from three separate
trials. Note the lack of staining of the non-glyglased proteins from the standard ladder. 92

Figure4-8. Silver stained SDS-PAGE of total protein ested from leaf/stem, ground roots, and
AUVENTITIOUS FOOTS. ...t ettt e e e e e e e e e e e e e e eeeeeeeeeeeeeeeeesbbnnnnn s 97

Figure4-9. Fast Performance Liquid Chromatography (FP&i@pmatogram from ion exchange
column. 10 ml of sample was loaded onto a HiTrapl® Sepharose™ anion-exchange
column (GE Healthcare, Piscataway, NJ) that wasiqusly equilibrated with 20 mM
buffer (pH 10) and was connected to an FPLC (GHtHeare, Piscataway, NJ). Fractions
Al1-B12 were collected under the peak. Solid blue liepresents the proteins eluting from
the column. Solid green line represents the saltlignt. (A) Sample was initially ran on
anion exchange column, but most of the proteinseutite last peak were discarded in the
waste collector. Therefore, an identical sample vaas on anion exchange column and
fractions A1-B12 were collected under the peak).R€sults of the silver stain demonstrate
the staining of the protein ladder and all ivy ngaxdicle samples. Lanes show samples Al
LT (0T = 3 SRR 98

Figure 4-10. Fast Performance Liquid Chromatography chtogram and physiochemical
properties of nanoparticles extracted from Engighadventitious roots fractionated using
an anion-exchange column. (A) 10 ml of sample waesdéd onto a HiTrap Q HP
Sepharose™ anion-exchange column (GE Healthcaseatdivay, NJ) that was previously
equilibrated with 20mM Tris buffer (pH 10) and wa®nnected to an FPLC (GE
Healthcare, Piscataway, NJ). Solid blue line regmes the proteins eluting from the
column. Solid green line represents the salt gradieom 62-70% and 70-100%. (B)
Fractions Al-A4, A5-All, A12-B4, and B5-B10 werendained individually and subjected
1O UV/VIS SPECITOSCOPY . tevuuunniteeeeeeeeeet oo e e e e e e e e eeeeeetttbatnsa s s e s e eeeaaaaaaaaaaeeaaeeeeeaeennes 100

Figure 4-11. Fast Performance Liquid Chromatography chtogram and physiochemical
properties of nanoparticles extracted from Engighadventitious roots fractionated using
an anion-exchange column. (A) 10 ml of sample waesdéd onto a HiTrap Q HP
Sepharose™ anion-exchange column (GE Healthcaseatdivay, NJ) that was previously
equilibrated with 20mM Tris buffer (pH 10) and wa®nnected to an FPLC (GE
Healthcare, Piscataway, NJ). Solid blue line regmes the proteins eluting from the
column. Solid green line represents the salt gradieom 68-74% and 74-100%. (B)
Fractions Al-A4, A5-All, A12-B4, and B5-B10 werendained individually and subjected
100 T AN A TSRS 101

Xi



Figure 4-12. Fast Performance Liquid Chromatography chtogram and physiochemical
properties of nanoparticles extracted from Engighadventitious roots fractionated using
an anion-exchange column. Fractions A7 to B7 fr@¥62% gradient were combined and
loaded onto a HiTrap Q HP Sepharose™ anion-exchamujemn (GE Healthcare,
Piscataway, NJ) that was previously equilibrateth\20mM Tris buffer (pH 10) and was
connected to an FPLC (GE Healthcare, Piscataway, Sdlid blue line represents the
proteins eluting from the column. Solid green liepresents the salt gradient from 48-55%
and 55-100%. (B) Fractions Al1-A4, A5-Al1l1, Al12-B5nda B6-B9 were combined
individually and subjected to UV/VIiS SPECIIOSCORY......cccutiririiiriiiiiiiiinaaae e e e e e e eeeeeens 102

Figure 4-13. Fast Performance Liquid Chromatography chtogram and physiochemical
properties of nanoparticles extracted from Engighadventitious roots fractionated using
an anion-exchange column. Fractions C7 to D6 frGr1B0% gradient were combined and
loaded onto a HiTrap Q HP Sepharose™ anion-exchamujemn (GE Healthcare,
Piscataway, NJ) that was previously equilibratethv0mM Tris buffer (pH 10) and was
connected to an FPLC (GE Healthcare, Piscataway, Sdlid blue line represents the
proteins eluting from the column. Solid green lirepresents the salt gradient from 75-85%
and 85-100%. (B) Fractions Al-A6, A7-Al2, B1-C2,darC3-D3 were combined
individually and subjected to UV/VIiS SPECIIOSCORY......ccutiiirriiriiiiiiiiiiinaeaeeeeeeeeaeeeens 103

Figure 4-14. Fast Performance Liquid Chromatography chtogram and physiochemical
properties of nanoparticles extracted from Engighadventitious roots fractionated using
an anion-exchange column. Fractions D7 to E11 B06r100% gradient were loaded onto a
HiTrap Q HP Sepharose™ anion-exchange column (Galtlitare, Piscataway, NJ) that
was previously equilibrated with 20mM Tris buff@H 10) and was connected to an FPLC
(GE Healthcare, Piscataway, NJ). Fractions Al-D8veellected and subjected to UV/Vis
spectroscopy. Solid blue line represents the prsteluting from the column. Solid green
line represents the salt gradient from 85-95% amd®%. (B) Fractions A1-A6, A7-B2,
B3-B12, and C1-D4 were combined individually antjsated to UV/Vis spectroscopy.104

Figure 4-15. Fast Performance Liquid Chromatography (FPloBjomatogram from size
exclusion column. Fractions under peak All throighfrom anion exchange column
(Figure 2) were combined and further fractionatacacsize exclusion column. (A) 2 ml of
sample was loaded onto the size exclusion colundnfraictions A1-C7 were collected and
(B, C, D) fractions under the peak A7-B12 were satgd to SDS-PAGE. Solid blue line
represents the proteins eluting from the columrsuRe of the silver stain demonstrate the
staining of the protein ladder and all ivy nanopést samples using (B) beta-
mercaptoethanol (B1) or 86 mM dithiothreitol (DT(B2), (C) beta-mercaptoethanol for all
samples, and (D) using beta-mercaptoethanol isaatiples plus either 6 M urea or 2 M

Xii



thiourea plus 3% SDS Laemmli DUFfer. ... 105
Figure 4-16. Fast Performance Liquid Chromatography (FPLE)romatogram and
physiochemical properties of nanoparticles extcdtem English ivy adventitious roots
fractionated using size exclusion column. (A) FPtli@omatogram when 2 ml of sample
was loaded onto the size exclusion column. Soligt bine represents the proteins eluting
from the column. (B) UV/Vis spectroscopy of nandjzdes extracted in 20 mM Tris-HCI at
pH from English ivy adventitious roots and fracabed using size exclusion
FPLC.Fractions B8-C6 under the peak were colleceeti subjected to UV/Vis
SPECIIOSCOPY . v eeeetieeeetie e ettt e ettt ammmm s e e et e e e eaa e e ees e e ee b e e eeb e e e e rma e e e e een e e e eanneeennaaaes 107
Figure 4-17. Fast Performance Liquid Chromatography (FPLE)romatogram and
physiochemical properties of nanoparticles extcdtem English ivy adventitious roots
fractionated from a HiTrap Q HP Sepharose™ aniaiharge column (GE Healthcare,
Piscataway, NJ) that was previously equilibrateth\20mM Tris buffer (pH 10). (A) 10 ml
of sample extracted in water was loaded onto a&iT) HP Sepharose™ anion-exchange
column (GE Healthcare, Piscataway, NJ) that wasiqusly equilibrated with 20mM Tris
buffer (pH 10) and was connected to an FPLC (GHtHeare, Piscataway, NJ). Solid blue
line represents the proteins eluting from the calu®olid green line represents the salt
gradient. (B) Fractions Al-A5, A6-A10, A11-B3, B4/Band B8-D10 were combined
individually and subjected to UV/Vis spectroscopy.an effort to isolate the nanoparticle
into its components, multiple runs of FPLC weref@ened and the UV/Vis was used to
determining if the spectra matched those of th@particle...............cccccccoee e, 109
Figure 4-18. Fast Performance Liquid Chromatography (FPloBjomatogram from ion
exchange column and physiochemical properties abparticles extracted from English
ivy adventitious roots fractionated from a HiTrap P Sepharose™ anion-exchange
column (GE Healthcare, Piscataway, NJ) that wasiqusly equilibrated with 20mM Tris
buffer (pH 10). (A) 10 ml of sample extracted inn®@ Tris buffer was loaded onto a
HiTrap Q HP Sepharose™ anion-exchange column (Galtlitare, Piscataway, NJ) that
was previously equilibrated with 20 mM Tris buffgH 10) and was connected to an FPLC
(GE Healthcare, Piscataway, NJ). Solid blue lingresents the proteins eluting from the
column. Solid green line represents the salt grad(8) Fractions X1, A1-A6, A7-B3, B4-
B9, B10-C5 and C6-D9 were combined individually subjected to UV/Vis spectroscopy.

Figure 4-19. Fast Performance Liquid Chromatography (FPLE)romatogram and
physiochemical properties of nanoparticles extcdtem English ivy adventitious roots
fractionated from a HiTrap Q HP Sepharose™ aniaiharge column (GE Healthcare,
Piscataway, NJ) that was previously equilibrateth\20mM Tris buffer (pH 10). (A) 10 ml

Xiii



of sample extracted in 20mM Tris buffer plus 10mhthidthreitol was loaded onto a
HiTrap Q HP Sepharose™ anion-exchange column (Galtitsare, Piscataway, NJ) that
was previously equilibrated with 20mM trisbuffeHp0) and was connected to an FPLC
(GE Healthcare, Piscataway, NJ). Solid blue lineresents the proteins eluting from the
column. Solid green line represents the salt gradi®) ractions X1, A1-A3, A4-A8, A9-
B4, B5-B7, B8-D3 and D4-D8 were combined individyaand subjected to UV/Vis
5] 0 ST o1 {01 6] 0 P 111
Figure4-20. Physiochemical properties of nanoparticlésaeted from English ivy adventitious
roots. Samples were either extracted in water, RDTms buffer or 20 mM Tris buffer and
20 mM Tris buffer plus 10mM dithiothreitol (DTT).\WVis spectroscopy was performed
before and after dialySIS. .........oooiiiiiiiiiiiee e 112
Figure4-21. Physiochemical properties of nanoparticlgsaeted from English ivy adventitious
roots were compared to a known plant phenolic camgpchlorogenic acid, to observe any
similar properties to the ivy NANOPAITICIE....ccccc.ooi i 113
Figure5-1. Results from SDS-PAGE of ivy nanoparticles@sted with 20 mM Tris-HCI pH 7
containing 10 mM dithiothreiol (DTT). 9 distinct vds were excised using a razor and sent
off to MC Bioworks for sequencing. The artificialelgshows the bands and their
corresponding identification from the mass spea.dat...........ccccceevveeiiiiiiiiiiiiiees 145
Figure5-2. Physicochemical properties of nanoparticlasaeied from English ivy adventitious
roots. (A) Dynamic light scattering (DLS) analysilsivy nanoparticles extracted in 20 mM
Tris-HCI containing 10 mM dithiothreiol (DTT) at pH, pH 7 and pH 10. (B) Zeta
Potential analysis of ivy nanoparticles extracted2d0 mM Tris-HCI containing 10 mM
dithiothreiol (DTT) at pH 4, pH 7 and pH 10. (C) UNs spectra of ivy nanoparticles
extracted in water or 20 mM Tris-HCI containingrh® dithiothreiol (DTT) at pH 7.... 146
Figure 5-3. Average quality scores of the RNAseq raw reafdadventitious (A, B; average
guality score 35.5) and ground root (C, D; averqugality score 35.6) samples from English

1Y PP 147
Figure5-4. De novo transcriptome consensus assembly of English ivggttedistributions otle
novo-assembled contigs. The majority of assembledigemtere >600 bp..................... 148

Figure 5-5. Expression profiles of genes in adventitioosts (A. roots) and ground roots (G.
roots). (A) Box plot shown the expression of geimeadventitious and ground roots. (B)
Scatter plot shows the expression profiles of imtlial genes in both adventitious and
[0 (001 o I 0 Yo ] £ APPSO UUPUPPPPUPPPRPRPR 149

Figure 5-6. Pictograph representing the variation in gergression (exclusively expressed in
adventitious roots (genes found to be only expresseadventitious roots; red), higher
expression in adventitious roots (orange), equitaéxpression in adventitious and ground

Xiv



roots (grey), higher expression in ground rooted€g) and exclusively expressed in ground
roots (genes found to be only expressed in groaatsy blue) in adventitious (A. roots) and
ground roots (G. roots) of ENGlISN VY. ... 150
Figure 5-7. RT-PCR analysis on total RNAs extracted frodweatitious roots and leaves of
English ivy. Expression of tripeptidyl-peptidadangs 1 and 2), glycine dehydrogenase
(lanes 3 and 4), aconitate hydratase (lanes Banghospholipase D alpha (lanes 7 and 8),
phenylalanine ammonia-lyase (lanes 9 and 10), cbape (lanes 11 and 12),
adenosylhnomocysteinase (lanes 13 and 14), betagilase (lanes 15 and 16),
glyceraldehyde-3-phosphate dehydrogenase (lanean#l718), and proteasome subunit
alpha type (lanes 19 and 20) in adventitious rdotkl lanes) and leaves (even lanes) of
English ivy. M: high molecular weight marker (Hi-woDNA ladder, Minnesota Molecular,
MINNEAPOLIS, MINNESOLA). ......coiiiiiiiiiiiitcmmmmm e e e e e e e ettt e e e eeea e e e e e e e e e aeeeeeeas 151

XV



Chapter 1.  Introduction



Nanobiotechnology is one of the fastest growingaesh fields, and concerns over the safety of
semiconductor-based nanomaterials has led to cenagild effort to develop “green” chemistry
approaches for their production. Many of thesegm@pproaches use the reducing capabilities of
plants or their extracts to reduce metallic satis€r nitrate AQNQ, chloroauric acid HAuG|

etc.) into metal nanopatrticles with distinct fuocial properties. Sundews, which are carnivorous
perennial herbaceous plants having adhesive prepen their leaves that function to capture
insects, also produce natural nanoparticles (Zleaiady 2010). In 2008, it was first discovered
that English ivy has the ability to secrete an adreematrix composed of highly uniform
nanoparticles (Zhang et al. 2008). While sevdralling vines are known to release adhesive
materials (Endress and Thomson, 1976; Groot e2@0D3), English and Boston ivy are the only

ones recognized to release nanoparticles natuvaliyput the addition of metallic salts.

English ivy Hedera helix L.; Araliaceae family), is an evergreen floweriige native to most

of Europe and western Asia, and is considered tanbavasive species in North America.
English ivy is well recognized for its climbing &by, which enables it to reach over 30 m from
ground level (Metcalfe 2005). It also can grow fallg in shade to produce a thick ground cover.
Its uncanny capacity to adhere to a variety of r@and artificial surfaces (wood, rocks, brick,
mortar) with high tensile strength and indepenaénteather makes English ivy a natural source
of inspiration for the development of bio-basedexives (Melzer et al. 2010, 2011; Zhang et al.

2008).

Recently, the attachment process of English ivydras/n significant interest leading to several

studies focused on characterization of this proQéedzer et al. 2010; Melzer et al. 2011;



Lenaghan and Zhang 2012). The attachment of Engfysto natural and artificial substrates
has been hypothesized to occur in a four-step psodeitial physical contact with the substrate,
closure formation of the root with the substratesrnical adhesion, and changes to root hair
shape to form closure with the substrate (Melzal.€2010). Ultimately, it was determined that
structural changes at the subcellular level werdypeesponsible for adherence of English ivy
adventitious roots to various substrates (Melzed.€2010). A follow-up study further
characterized the attachment of English ivy toaasisubstrates, including semi-artificial cork,
tree bark and mortar, and determined that attachatehe interface did not fail on any of the
substrates tested (Melzer et al. 2011). Furtheras concluded that English ivy was
successfully adaptive to a variety of substrateslgBt et al. 2011). However, English ivy has a
limited ability to effectively attach to smooth §ages, such as glass and aluminum (Melzer et al.
2009). Using real-time video microscopy, it was@tved that prior to attachment the roots
elongate with the tips orienting in multiple dinects (Lenaghan and Zhang 2012). It was
concluded that the root tip of English igyovides the primary signal for attachment, actiag

the “pressure sensor” for root attachment and adiaars root production (Lenaghan and Zhang
2012). The attachment strength of several climipliagts, including the attachment of roots
from English ivy to bark, was quantified with itsasamum force at failure determined to be 7.07
N and the mean value of maximum force at failurbe@®.812.41 N, with decreases in force at

each root field failure (Steinbrecher et al. 2011).

In 2008, it was first discovered that English igstthe ability to secrete an adhesive matrix
composed of highly uniform nanoparticles (ZhangleR008). While several climbing vines are

known to release adhesive materials (Endress aath3tn, 1976; Groot et al., 2003), English



and Boston ivy are the only plants recognized tanadly secrete nanoparticles. Sundews
(Drosera spp.), which are carnivorous perennial herbacetargs, produce adhesives containing

nanoparticles on their leaves that function to wapinsects (Zhang et al. 2010).

The nanoparticles produced by English ivy are 5eu80spheres, and were found to be produced
by root hairs present on adventitious roots (Leaagind Zhang 2012; Xia et al. 2010a,b).
Compared to algal adhesives, the nanocompositesaghieom English ivy was found to have
much greater adhesion strength (Xia et al. 20Ia&}her, using a contact fracture mechanics
model, it was demonstrated that van der Waals $dbeéween the nanoparticles alone were not
strong enough to produce the attachment strengtbreéd experimentally (Wu et al. 2010).
This observation led to the hypothesis that bioadbhahinteractions between the nanoparticles
and the polymer matrix generate the strength oésid, not a physical interaction between the
nanoparticles and the surface. These types ofictiens have been observed for other
bioadhesives, such as those from marine musselbandcles, where an interaction of divalent
cations with the adhesive proteins and polysacdbaroccurs, generating a stable underwater

adhesive (Coombs and Keller 1981).

While studies have extensively examined the physotcal properties of nanoparticles from
English ivy, limited data exist on the potentiaphpations of these naturally produced
nanocomposite adhesives. Naturally occurring partles from English ivy have been
examined for their use as an alternative to medakt nanoparticles for ultraviolet (UV)
protection (Xia et al. 2010b). It was observed tia nanoparticles were more efficient at

blocking UV light, less toxic to mammalian cellasdy degradable, and had limited permeation



through skin when compared to titanium dioxide (Xial. 2010b). At a concentration of 4.92
png/ml the nanoparticles had much greater UV extinatompared to titanium dioxide (Tt

the same concentration. Additionally, ivy nanopdes had no toxic effect when examined using
HeLa cells while TiQ had apoptosis rates that were significantly highan controls. In order to
determine the feasibility of utilizing ivy nanopiatés in cosmetic applications, such as
sunscreens, their stability at extremes of tempegand pH was analyzed (Huang et al. 2013).
It was found that the ivy nanoparticles were higitgble at temperatures between -20 to 40 °C;
however, at 100 °C disruption of the nanopartitteciure was observed (Huang et al. 2013).
Similarly, ivy nanoparticles were found to be metable in neutral and alkaline conditions (pH

7.4, pH 8, pH 9 and pH 10) than acidic conditigqnd @, pH 5 and pH 6) (Huang et al. 2013).

My PhD research goals were two-fold. First, | dutug develop a system to produce large
guantities of adventitious roots from English iwy harvesting of bulk nanoparticles, Second, |
wished to identify the ivy gene(s) and encodedeginstthat compose the nanoparticles using
biochemical and molecular approaches. These ouangerequired to develop a system in ivy

or a heterologous system for bulk production ofimapoparticles for commercial application.

This dissertation is organized into 6 chaptersis Titroduction provides a short background on
the properties and sources of nanoparticles frogli€nivy and their potential in biomedical

and cosmetic applications. Chapter 2 is a liteeataview on the morphological and biochemical
adaptations of climbing plants. Chapters 3-6 en@ssjhe breadth of the research and also exist
as either published articles or submitted manutcfqr the peer-reviewed literature.

Specifically, chapters are separated as followgial studies of English ivy nanoparticle



biofabrication (Chapter 3); isolation and chemiadlysis of nanoparticles from English ivy
(Hedera helix L.) (Chapter 4); and isolation and identificatidrttoe compounds contributing to
nanoparticle formation in English ivy (Chapter Bnally, conclusions and future research

directions are discussed in Chapter 6.
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Adapted from:
Jason N. Burris, Scott C. Lenaghan, and C. Neal&teJr. Morphological and Biochemical

Adaptations of Climbing Plants. Submitted to Jounfdhe Royal Society B.

| partially conceived the idea for the review topitd wrote the manuscript.

2.1 Abstract

Although plants are generally considered sessgarisms, movement and vertical growth are
an essential means by which plants gain a comypetitilvantage over surrounding species. The
stems of climbing plants have little to no abilitybear weight, but they possess high tensile
strength and flexibility, which allows them to & natural and manmade structures for support
and growth. The climbing strategies of plants hategued scientists for centuries, yet practical
translation of these strategies for engineering@ses has not been realized. In this review, the
ecological approaches to various climbing strategfgolants will be discussed in light of their
mechanisms. In addition, translation of these egiat into applications will be discussed, along

with future perspectives regarding the continuesgaech into climbing plants.

2.2 Introduction

For centuries, the specialized adaptations antegiess employed by climbing plants that enable
them to compete for sunlight has fascinated rekessc Charles Darwin first categorized

climbing plants into five distinct classes basedlwgir modes of attachment: twining [1-4], hook,
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leaf-angle [5, 6], tendril-bearer [1, 7-11], andtralimbers [5, 10, 12-16Fgure 2-1).
Measurements of the adhesive strength of sevechldimbers, includinddedera helix (English
ivy) [5, 12, 13, 17, 18]Ficus pumila (climbing fig) [15],Parthenocisustricuspidata (Boston

ivy) [10, 18], andParthenocissus quinquefolia (Virginia creeper) [7] have been reportd@dlyle
2-1). Despite the prolonged fascination with climbpignts, we know surprisingly little about
the biology, ecology and biochemistry of attachneerd climbing in plants. By way of contrast,
we know much more about the mechanisms certainasiose to adhere to surfaces. While the
permanent attachment of marine invertebrates [8420] and the reversible attachment of
insects, geckos, tree frogs and spiders [21-2%k haceived significant attention in recent years,
especially with the advent of nanotechnology, fessis has been placed on analyzing
attachment systems in plants. Considering the sutrend in bioinspired engineering, and
recent successes in the translation of fundamentatiples gained from the study of animal
attachment and climbing to robotics and adhesiér3[F], it makes sense to explore the various
strategies and adaptations used by climbing pl&stsuch, in this review we will describe each
of the five modes of attachment identified by Daryhighlight their structural and mechanical
differences, and provide specific examples addnggéie ecological and evolutionary
significance of their support-finding behavior. Sibe attention will be focused on adhesives
secreted by plants that enable climbing and hovineegng might be inspired by the biology of

these fascinating plants.

2.3 Evolution and taxonomic distribution of climbing plants

The ability to climb represents a competitive adage of many plants pertaining to acquire

space, light, and nutrients [18-20, 23]. One ex&r@xample i€onvolvulus chilensis
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(correhuela), which has evolved an elegant strateglant defense by climbing onto cacti and
thorny shrubs to deter mammalian grazers [21,82pther, more common examplel moea
purpurea (common morning glory), which induces twining agsponse to snail herbivory and
drought conditions [22]. More generally, outstamgd@volutionary success, as measured by the
proliferation of species, often requires a key watmn, which allows a clade to exploit a
previously under-utilized resource [20]. In theea$ vines, a literature survey of 45 families of
flowering plants found that 38 taxa with climbersrey more diverse than their non-climbing
sister groups, which suggests that climbing wasyaitknovation to success [33]. Additionally,
171 families were found to contain at least oneloing plant species. These families were
distributed among ferns (9), gymnosperms (2), basglosperms (3), magnoliids (8), monocots
(22) and eudicots (127) [34]. Greater than onedtbirall seed plant families and three-quarters
of all dicots contain climbing plant species [3#[icating that the climbing habit has evolved
many more times than originally hypothesized [8nsidering the fithess benefits imparted by
climbing, it is not surprising that climbing hasoéxed independently in numerous taxa with
physiological constraints dictating the biomechahmode of attachment and climbing [35].
Genetic differentiation is greater in climbing pisuand is unlikely due to phylogenetic bias [34].
For example, climbers such as the li@esberidopsis carallina and the non-climber tree
Aextoxicon punctatum belong to sister families Berberidopsidaceae aext@icaceae within
Berberidopsidales [36] and climber liabazuriaga radicans and the perennial non-climber
Alstroemeria aurea belong to sister families Luzuriagaceae and Alstreigaceae within Liliales

[36].
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2.4 Ecological adaptations by climbing type

2.4.1 Twining climbers

Twining plants utilize helical stems to grab sugpdructures and generate a “squeezing” force
that prevents slippage down the support structigute 2-A) [37]. The change in stem
geometry can be predicted based upon the diamietiee supporting structure, with instability
occurring as the radius of the support approadieesatdius of curvature of the helix [38, 39].
When searching for a substrate, the stem of twiplagts increases in length and generates a
helical form dictated by the flexible apical regidrhis apical region can undergo broad bending
movements, turning either clockwise or counterclask, with early hypotheses suggesting that
external stimuli (humidity, light and heat) afféhe symmetry of helices [38]. However, recent
research has found that the vast majority of tvgrptants (92%) form right-handed helices,
regardless of the hemisphere, latitude, and thigspbic responses [40]. After initial contact, the
stem continues to expand from the apex, and amumif@lix is formed [38, 39]. In order to
strongly adhere to the surface, the helix is tigatearound the substrate by twisting, bending, or
stretching, with the dominant mechanism remaininknewn. Despite the similarity in overall
strategy, twining plants have developed numeraagegties and structures for placing the stem

under tension and generating the squeezing foroessary to climb substrates.

These varying approaches to climbing behavior initwg plants can be based upon a variety of
ecological factors including, climate, host tretilatites (the size (diameter) of the support),
support features (tree bark roughness or smoothaadsther environmental conditions [23]. It
was recently found that a greater proportion ohtmg plants occurred in subtropical regions

with warmer climates than temperate climates [#il global analysis of trait variation and
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evolutionary study in climbing plants, twining widentified as the most common climbing
mechanism and represented 42-75% of all specigsTh2re is evidence of genetic variation
with regards to differences in winding and morplgotal adaptability between vines of related
origins Convolvulus spp.,Ipomoea spp., [21] and.onicera spp. [43] tested in a common

environment.

Mechanistically, one example of a twining climb&the air potato and its relatives, which
generate the squeezing force necessary for climyrtge expansion of rigid, flange-like
stipules that extend from the base of petioles.[P&Epite a relatively sparse distribution along
the stem, the expansion of these structures ptheasgid basal portion of the stem under
tension, and serves as the points-of-contact betteeestem and substrate [44]. While the
discovery of the contribution of stipules to climbiin the air potato was novel, a survey of
twining plants revealed that monocot and dicot eégnhave similar structures (e.g., stipules in
Humulus lupulus, a curved petiole base Rhasolus vulgaris, and the pulvinate petiole in twining
Menispermaceae) indicating that this is a consemechanism [45]. Despite the commonality
of these structures, in the early stages of twining dominant force is frictional contact between
the flexible apical region and substrate, not tieegzing force that provides stability later in
climbing. Generation of a frictional contact fofzg the flexible apical region has been
implicated in the generation of the initial climfiforce in many twining plants, such as the
common morning glory [33]. In this example, thetiional forces generated were related to the
diameter of the substrate, with thicker substreggsiring a larger twining force than slender
substrates, owing to its ability to form more gypes unit length in the slender substrate

compared to the thicker one [33]. A similar trenalsvobserved for the invasive vikkkania
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micrantha (bitter vine), where increasing of the substratereter reduced climbing efficiency
due to the requirement of a higher squeezing f¥6g Unlike the air potato, however, when the
morning glory was removed from its support, itsdaIstem formed a coil of smaller radius,
smaller wavelength, and larger torsion [47], intiag lignification of the basal stem structure

for the morning glory. The difference in rigiditgtiveen the stem helices, may be a result of the
secondary squeezing force provided by the stipalése air potato that is not generated in the

morning glory.

2.4.2 Hook and leaf-angle climbers

While the stem plays a key role in twining, hookl &@af-angle climbers employ a strategy in
which specialized structures are used as the pbaitachment. In the case of hook climbers,
recurved spines, hooks, or thorns, are used tovehgassist the plant in climbing. These hooks
are present on the plant during all stages of drpand allow the plants to lean on surrounding
vegetation without firmly attaching to a suppo®]3In opposition to this strategy are leaf-angle
climbers, which utilize touch-responsive attachnstnictures (irritable organs) that undergo
morphological changes after contacting a substoas¢rongly adhere [35]. Additionally, both
hook and leaf-angle climbers are less prone temérmechanical stress and cannot be
dislodged from a support by movement or mecharf&hlre, as can be observed in twining
plants [48]. The best studied example of hook-ckrslare the climbing palms (Calamoideae and
Desmoncus), which utilize modified leaf apices (cirri) orflarescences (flagella) that have
recurved spines or hooks to grab surrounding Hastgand supporting structurdsgure 2-

1C) [45, 46]. The size of the spines and hooks iddpnt on the body size of the plant, with

smaller understory climbers developing small shrerpks and larger canopy climbers
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developing large hooks capable of grabbing twigslanranches [48, 49]. Hooks and spines are
typically oriented in the direction of least rearste and are capable of disengagement and
reengagement as the climber becomes dislodgedifsdmst [48]. In this way, the climbing
palms have developed a reversible form of attachiuaeh climbing that is suitable for upward
growth and fixed hook position. While this mechamisf attachment provides superior
mechanical strength [49], long-term attachmenhasé species is limited by the senescence of
leaves and flagella, which leaves few points oftachwith surrounding substrates [50]. This
causes these hook-climbers to constantly slip doam the canopy as old growth senesces,
forcing newer leaves at the apices to “catch” tla@tp This strategy results in an endless cycle of
stem growth, cirrus/flagellum production, attachimeenescence, and slippage [50]. The
proportion of species utilizing the spine and hobibing mechanism was found to be greatest

around the 5°-10° latitudinal bands, tropical regi¢42].

Unlike hook-climbers, leaf-angle climbers utilizedified leaves to cling to surrounding support
structures. One example of such a modificationtmfound inGalium aparine (cleavers or
catchweed bedstraw), where small hooks, modifieidmes, are present on both the abaxial
and adaxial surfaces of the leavEg(re 2-1D) [51, 52]. On the abaxial surface, the hooks are
curved towards the leaf base, are situated alamgiitrib and leaf margins, and are a
continuously lignified hollow structure [52, 53]n@he adaxial surface, the hooks are smaller,
oriented towards the leaf tip, and evenly distdouacross the leaf surface [52, 53]. The
difference in orientation of the hooks betweenahaxial and adaxial surface allows the abaxial
surface to “grab” surrounding leaves and substtatesigh frictional forces, while the reverse

orientation on the adaxial surface reduces fricietween surrounding leaves. This results in the
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ability of the leaves to orient the adaxial surfatéhe leaves towards the sky to maximize
photosynthesis, while grabbing onto suitable sabssrwith the abaxial surface [27, 52]. In this
way, the arrangement of hooks has evolved to acamata both photosynthesis, as well as
climbing. Another more complex example of a leafdifioation for climbing can be found in
Amphilophium crugigerum (monkey’s comb). In this species, after the ihgi@wth of several
nodes all with trifoliate leaves, complex leavegibdo form that are composed of a basal pair of
foliate leaflets and bifurcated tendril-like ledfi¢54]. When the soft hooks on the apical surface
of the tendril-like leaflets contact a substratd #rey begin to differentiate into callus-like
adhesive pads and form intimate contact with thessate [54]. This intimate contact serves as a
signal for the coiling of the tendril-like leaflethich further brings the stem closer to the
substrate, at which point the tissue lignifies [34#hlike the adhesive pads that will be discussed
for tendril and root climbers, the adhesive padnfed in the monkey’s comb does not secrete a

liquid adhesive.

2.4.3 Tendril climbers

Tendrils are long, slender filamentous organs @erivom stems, leaves or flower peduncles and
demonstrate movement and growth through contanuét[10, 18]. In most cases, tendrils
develop into a spring-like support, going from #-lkeanded helix to a right-handed one,
separated by a small internal segmé&mngre 2-1B). This spring-like support is flexible, and
resistant to high winds and weight bearing loadg.[5endril climbing was identified as the

main mechanism of climbing in two latitudinal bar{85% in 0°-5°, 41% in 20°-25°) and the
Americas, and second highest in all other latitabdbands (19-29%) [42]. The prevalence of

tendril climbing in the Americas may be attributedspecies relatedness and the highly
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conserved traits of climbing plant taxa [42]. Ferthmore tendril climbing plants have been
shown to exist in early successional environmdatsst edges, and in locations containing

thinner host stem diameters, thus indicating argi@klimitation of this strategy [56, 57].

In general, the tendril coiling strategy involvee elongation of the tendril to “search” for a
substrate. After contacting a substrate the tenajpidly coils around the substrate, termed “tip
coiling”, forming a strong point-of-contact. In serapecies, this initial coiling is followed by a
secondary coiling termed “free coiling”, during whithe tendrils contract spirally dragging the
plant closer to the substrate [57]. One exampke teihdril coiling plant i uffa cylindrica (towel
gourd). In the towel gourd, free tendrils most nfterm left-handed helices; however, when
contact is made, the tendril gradually reversesctiion to form right-handed helices and wrap
around a substrate [58]. Interestingly, the thigiyt response driving coiling can be inhibited
by the use of atropine, an inhibitor of acetylcheliindicating that the towel gourd uses a similar
electrical response mechanism seen in the nervetenpathway of mammals [30].
Mechanistically, the reversal in direction of tleadril coil is controlled by alternate shrinking
and swelling of cells in inner and outer layershef tendril [58]. In this way deformation of the
helical tendril can be derived from both the geaimeind mechanical properties of the cells with
hydraulic forces providing control over attachmf&g@]. Secondary to the initial tendril coiling,
the towel gourd also undergoes free coiling, whidgs the shoot upward and towards the
substrate [59]. As a fail-safe to conserve watensidering the high energy cost of generating
these hydraulic forces, it is not surprising tlne tendrils will only undergo coiling upon contact

with a surface [10].
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While tendril coiling represents one elegant strptiesed by tendril climbers to scale the canopy,
another dominant strategy employs the secreti@ibésive from tendrils to form permanent
attachment to substrates. The best studied exampéthesive-secreting tendril climbers are
Parthenocissus tricuspidata (Boston ivy) andParthenocissus quinquefolia (Virginia creeper).

Both of these species are characterized by terttiatsoriginate from shoots at the base of foliate
leaves [60, 61]. The morphology of the tendril lntaes are markedly different, however, with
bulbous, oval tendril tips in Boston ivy, and elatef, forked, cylindrical tapered tips in

Virginia creeper [62]. Further study has demonsettdhat the tendrils represent terminal
extensions of the shoot, with their own lateralotees that increase the surface area of the
tendril [62]. In the event that a tendril contaatsurface, the tendril proceeds through four
developmental stages [7, 63]. Upon shoot-surfacéact, hooks are initiated for weak
interaction with the surface, which, in turn, signfor differentiation of the swollen tendril tips
with subsequent development of attachment pad6[]8)n stage I, the tip of the tendril swells
to form the round/conical precursor to the diffeéiaed attachment pad. During stage I, the pad
changes morphology from centrisymmetric to bisymiogivhere the attachment pad begins to
flatten at the point of contact with the substi@igure 2-2) [63]. Following stage Il, the
attachment pad continues to differentiate into@glda structure with bulging edges resembling
a suction cup (stage lll}-{gure 2-2). During stage lll, epidermal cells in the periphef the
attachment pad differentiate into a papillate f@ama grow toward the substrate [63]. Closer
examination of these cells shows an accumulatioruoferous vacuoles of various sizes that
contain electron-dense aggregates of tanniferdostanices and insoluble carbohydrates that
form the adhesive [7, 11]. As the attachment pach$éomore intimate contact with the surface,

the adhesive continues to accumulate within the@eom region between the pad and surface and
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eventually covers the entire contact area [63]th&sadhesive dries, the point at which the
attachment pad ends and the surface begins bedondistinguishable, demonstrating the strong
bond formed between the tissue and surface bydhesave. After all of the adhesive has been
secreted, and most likely driven by the changédape from this fluid loss, the adaxial surface
of the attachment pad shrinks, pushing the attanhped further toward the substrate [18, 63].
During the final stage of the attachment procesgieslV (lignification), the tissue in the
attachment pad and tendril lignify, along with agriof the adhesive, leading to permanent

contact between the tendril and substrate [18, 63].

Despite the reliance on a liquid adhesive for attaent inParthenocissus, this attachment
strategy is comparable to the other systems disduys®viously Table 2-1). The strong
interfacial bond between the tissue and substextergted by the secreted adhesive has led
researchers to begin to examine the adhesive’sichestructure. Thus far, it has been found
that the adhesive is primarily composed of mucogexdgharides, including rhamnogalacturonan
| (RGI), callose, and other mucilaginous pectinsg,711, 64, 65]. Further analysis of the
metallic components of the adhesive revealed thsgnce of K Na', Mg®, Fe, Mn, which are

all essential nutrients for growth, photosynthesig] chlorophyll production [64]. Surprisingly,
however, the most abundant metal present in thesiagtwas C&, which is known to bind,

with high affinity, to RGI [7, 66]. In other eukastic and prokaryotic adhesives,Caas been
demonstrated as an important cross-linking molettufgomote specific and non-specific
binding to proteins and polysaccharides [67]. s thay, the presence of €an the
polysaccharide rich adhesive may indicate a corskstrategy for bioadhesives between plants

and animals.
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Another example of an adhesive secreting tendniletrs are the passion flowePs,discophora,
P. arbeliazii, andP. tryphostematoides, which utilize attachment pads on branched tesdil
climb [68-70]. Whereas the majority of passion fera/climb using coiled tendrilB,

discophora climbs using multi-branched tendrils that emerganfithe shoot and have adhesive
pads on the terminus of each tendril [68, 71, 3#hilar toParthenocissus, attachment oP.
discophora is a multistep process, utilizing intermittent tamt prior to the formation of
permanent attachment. While immature tendrils l@keok-shape, similar to other tendril
climbers, the tip adheres to the surface usingupidar wax crystalsHigure 2-3) [70]. This
initial contact serves as a trigger for differetitia of epidermal cells at the apex into papillate
cells, devoid of epicuticular wax [70]. These celtmtinue to grow and form a callus-like tissue
(adhesive pad) that gradually fills the gaps betwibe pad and substrate, similar to the
monkey’s comb [70]. Unlike the monkey’s comb, hoegwan extracellular adhesive is secreted
as the pad presses against the surface. Surpyisthgladhesive was found to be composed of
cutin and lipids, with no mucopolysaccharides,as#dl| polysaccharides, or proteins, in stark
contrast to the adhesivesPdrthenocissus [70]. After deposition of the adhesive, the pad
collapses, followed by lignification, which drawsettendril closer to the surface [70]. From this
example, it can be seen that while the overall raegm may be similar in adhesive tendril
climbers, the adhesive is highly varied, which rmaye important evolutionary and structural

implications.

2.4.4 Adventitious root climbers

The final category of climbing plants use clust@radventitious roots that emerge from

internodes to climb a variety of supports of neary diameter or textur&igure 2-1E) [35].
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Whereas tendril climbers use both adhesive andadbesive secreting climbing strategies, all
adventitious root climbers secrete an adhesivattachment [1, 12, 15, 17]. In a global analysis,
adventitious root climbers were found to be inldéaest proportion of species across all latitudes,
including the continents of Africa, the Americasidand Australia [42]. However, root
climbers were found to be in greater population®rasts with higher precipitation and reduced
seasonality [73]. Additionally, a reduction of radimbers occurred when temperatures

increased in tropical locations [73].

By far the most studied example of a root climiseEmnglish ivy [5, 12, 17]. The attachment of
English ivy to natural and artificial substrates h@en hypothesized to occur in a four-step
process: initial physical contact with the substrattimate contact of the root with the substrate,
chemical adhesion, and lignification with subsedummok formation Figure 2-4) [12]. Using
real-time video microscopy, it was observed thardo attachment, adventitious roots elongate
with the tips oriented in multiple directions [1After contact, root hairs begin to rapidly grow
posteriorly to the root cap, and begin to secrdtesaive onto the attaching surface [17]. While
this is occurring, the adventitious root orienseit parallel to the substrate, bringing the root
hairs into closer contact with the substrate atahahg the root hairs to penetrate into and bind
to the substrate. Considering that each root kardingle cell, elongation, vesicle formation,
and secretion of the adhesive bears similaritigbagapillate cells described for adhesive
secreting tendril climbers. It is believed that thet hairs use the secreted adhesive to form a
strong initial bond with the surface, which is hat strengthened when the root hair lignifies.
Upon lignification, the root hair undergoes a drashange in morphology, where the previously

flexible linear structure becomes a rigid hoblg(re 2-4). When the root hairs undergo this
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change, root hairs inserted into small crevicegpan the surface will pull the adventitious root
into even closer contact. The combination of thisrical and physical attachment process is
believed to contribute to the high strength of adi®us root climbers to rough/porous
substrates (cork, tree bark, et@.able 2-1) [5, 10]. This physicochemical mechanism may also
explain why English ivy has a limited ability tofettively attach to smooth surfaces, such as
glass and aluminum, while Boston ivy has no sudfircdlty [13]. The similarities in the
attachment strategies of English ivy and Bostonawayrants closer investigation into their

comparative adhesive’s chemical structures.

Recent studies have shown that the adhesive seédrgtenglish ivy is a nanocomposite that is
composed of nanoparticles and a liquid polymer imatvmposed of polysaccharides [17, 74-76].
The nanoparticles have been characterized as higifigrm 50-80 nm spheres, and have been
directly correlated with the adhesive secretedheyroot hairs [17, 74, 75]. Similar to the results
from analysis of the Boston ivy adhesive, the nantigdles were shown to be composed of C, N,
S, and O, indicating that the nanoparticles wemagmily composed of biological
macromolecules [76]. Unlike the Boston ivy adhesh@vever, no metals appear to be
associated with the ivy nanoparticles indicatirigeg difference in the composite adhesives.
Further research into the structure of the ivy mamticles revealed that the ivy nanoparticles
were primarily composed of a glycoprotein complé&][ In order to determine if the
nanoparticles alone could contribute to the adleesikength of the ivy adhesive, a contact
fracture mechanics model was tested, which detednan der Waals forces between the
nanoparticles alone were not strong enough to methe attachment strength observed

experimentally [77]. Based on this evidence, clogsng between the nanoparticles and the
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polymer adhesive was hypothesized to be necessafgrining the strong bond between the
root hairs and the contact surface. In this wayotrerall mechanism of the Boston ivy and
English ivy adhesives appears to be similar, wigh' €atalyzing cross-linking the
polysaccharides in the Boston ivy adhesive, andvhaanoparticles cross-linking the English
ivy adhesive. The prevalence of this bioadhesikaegy and implications to future applications

and studies will be illustrated in the discussion.

2.5 Applications

While numerous examples exist for the translatioanamal-inspired climbing and attachment
mechanisms to develop engineered products, few geanaxist for the translation of plant-
based climbing and attachment into other fieldpritne example of the translational success of
an animal-inspired attachment process can be aigevith the development of the synthetic
mussel adhesive Cell-Tak™ [78-80]. Cell-Tak™ u@bzecombinant mussel adhesive proteins
combined with synthetic polymers to fabricate ahemive that can be used in medicine to ‘glue’
tissue together. Relative to mussel adhesive,dhesaves secreted from Boston ivy, English ivy,
and Virginia creeper appear to have product dewvedoy potential. The adhesive secreted by
mussels is a composite composed of adhesive psoteiolysaccharide matrix (collagen), and
an enzyme (catechol oxidase) for cross-linkingtiiee components. In the marine polychaete
Phragmatopa californica, a similar adhesive is used to glue grains of $agdther to form

tubular dwellings; however, in this case’Cia used to cross-link adhesive proteins with the
polysaccharide matrix [81-84]. Clearly these twbeslves bear startling resemblance to the
adhesives of Boston and English ivy, making botthese prime candidates for translation into

other fields, including biomedicine, paints, syrib@adhesives, etc. Further, a plant-based
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production system for adhesives and adhesive poteds numerous advantages to animal-based
systems. One of the greatest advantages is thiyabiscale up production of adhesive by

adapting climbers as crops.

Although liquid plant adhesives have been slow &kenthe transition to applications, there are a
few examples of plant-inspired dry adhesive prosloct the market. The most successful
example includes hook and loop enclosures, susfelaso®, which was developed to mimic the
thorns present on the seeds of the gémasum (burdock plants) [85]. Recently research has
been conducted into developing hook and loop encéssbased on the hooked trichomes of
cleavers with some success [53]. In addition tokrenod loop enclosures, the robotics
community has started to take note of the mechaiiatachment in climbing plants as a source
of inspiration for grasping and climbing. One sestample can be seen from the development of
a kinematic model based on the tendril®agsiflora [86]. Further studies into the application of
tendril climbers have shown the feasibility of gstBhape Memory Alloys to replicate the

coiling behavior of tendrils [86]. Although thedaidies illustrate the feasibility of translatingeth
mechanics of climbing and attachment in plante&d-world applications, there still exists a

substantial deficit in research geared towardsnspired engineering from climbing plants.

2.6  Future research and perspectives

Plants have evolved numerous adaptive strategiedifiobing, yet the translation of these plant
innovations to human innovations has been minimadrder to make the leap from fundamental

understanding to engineered products, it is necgssdollow the path set forward by the
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translation of animal climbing to numerous fielaluding robotics, biomedical engineering,
and even medicine. In the case of tendril coilind awining plants, future research should focus
on understanding how the tissue architecture, widréorces, and frictional forces drive the
process of attachment. While studies have focuseskweral of these aspects, for the
engineering of a similar system, the tissue archite and hydraulic flow must be better
understood in order to mimic the system. Cleartydbvelopment of shape-changing alloys has
opened the door for development of bio-inspireditéand twining systems; however, a better
fundamental understanding of the mechanics of mewtin these systems must be the impetus
for bio-inspiration. Perhaps the systems with tlesipotential for bio-inspiration are the
adhesive secreting systems of adhesive tendrit@tcclimbers. In these systems, the adhesive
itself holds the most potential for translatioroither fields. While some preliminary research
has focused on understanding the chemical compewoétitese adhesives, little progress has
been made on developing synthetic adhesives mingadkieir structures. Further research into
understanding the chemical components and struofuhese adhesives will surely speed the
path to engineered systems. Also of interest ipthtential to genetically engineer climbing
plants or even heterologous “crops” to produce stidal quantities of bioadhesives. Any plant
genetic engineering of this sort requires betteleustanding of the pathways and signaling
involved in generating and secreting the adhe&iviehas enormous potential in development of
a system for harvesting large quantities of adleesdonsidering the depth of research into
synthetic adhesives for bonding of wood componentstural alternative that has evolved over
centuries to specifically achieve this task woutdabsignificant achievement. The numerous
plant species and mechanisms distributed acrosdeavariety of plant taxa offer many potential

research and economic opportunities.
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Appendix

Table and Figure
Table 2-1. Examples of climbing plants in each of the foategories (tendrils, twining, adventitious rootsd &ooks or thorns) and

their associated attachment strengths (the maxifotee at failure and average values of maximume®i& standard deviation)).

Structural category Species Common name Attachmemgtrength (Force (F)) Reference
Tendrils

Parthenocissus tricuspidata Boston ivy 7.59 +2.53 N, Fmax=14.03 N [11]

Campsisradicans Trumpet vine 18.26 +6.00 N, Fmax=25.18 N [11]
Twining

Dioscorea bulbifera Air potato 100-300 mN (squeezing force) [43]

| pomoea purpurea Morning glory 167 +46 mN (slender pole) [44]
Adventitious roots

Hedera helix English ivy 3.81 £2.41 N, Fmax=7.07 N [11]
Hooks or thorns

Galium aparine Cleaver 21.9 +13.4 mN foam plastic (adaxial leaf surface) 53]

33.3 £15.1 mN foam plastic (abaxial leaf surface) 53][
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Figure 2-1. Example of each climbing strategy identified by Wia. A) twining (Humulus
lupulus), B) tendril bearersQucumis sativus), C) hook-climbersncaria ovalifolia), D) leaf-
angle climbers Galium aparine), and E) adventitious root climbersiddera helix). Figure

compiled from [1, 11, 42, 53, 91, 92].
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Figure 2-2. Structure and morphology of the attachment systeRarthenocissus triscuspidata
(Boston ivy). A) Swollen tip of a developing attacént pad, B) Freshly attached pad to a
sponge, and C) Lignified attachment pad on to aaacth D) Stage I- I, undifferentiated
attachment pad through initial development. Stéigelifferentiation of attachment pad to cap-
like structure with eventual flattening. Stage lignification of attachment pad surrounded by a

border. Modified from [18].
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Figure 2-3. Development of adhesive tendrilsRassiflora discophora (passion flower). A)
Fully developed tendril with adhesive pads andezbdxes before senescence and B) following
senescence. Scale bar: 10 mm. Arrows indicatefiacfliiandedness in coils. Modified from

[72].
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Figure 2-4. Participation of root hair in attachment stratefjfznglish ivy. A) SEM of root hair
demonstrating point of contact between the secradbésive and the substrate. B) SEM of root
hair demonstrating the helical from created upgnification and dehydration. C&D) Schematic
of the process of dehydration and hook formatioa odot hair, further drawing the shoot into
close contact with the substrate. Scale bar onvaexe 10 um; scale bar on inset 5 um.

Modified from [39].
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Chapter 3.

Nanoparticle biofabrication using English ivy

(Hedera helix)
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Adapted from:
Jason N. Burris, Scott C. Lenaghan, Mingjun Zhamgl C. Neal Stewart, Jr. Nanoparticle
biofabrication using English ivyHedera helix). Journal of Nanobiotechnology 10:41.

doi:10.1186/1477-3155-10-41

| designed, executed and analyzed the experimadts/eote the manuscript.

3.1 Abstract

Background

English ivy Hedera helix) is well known for its adhesive properties andnding ability.

Essential to its ability to adhere to vertical swds is the secretion of a nanocomposite adhesive
containing spherical nanopatrticles, 60-85 nm imiger, produced exclusively by root hairs
present on adventitious roots. These organic natiolea have shown promise in biomedical
and cosmetic applications, and represent a sa@native to metal oxide nanopatrticles currently
available.

Results

It was discovered that the maximum adventitioug production was achieved by a 4 h
application of 1 mg/ml indole-3 butyric acid (IBAQ juvenile English ivy shoot segments
cultured in custom vessels. After incubation ofsheots under continuous light at |@®ol/n’ s

at 20 °C for 2 wk, the adventitious roots were lrated from the culture system and it was
possible to isolate 90 mg of dry weight nanopatigber 12 g of roots. The nanoparticle
morphology was characterized by atomic force mwopy, and found to be similar to previous

studies.
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Conclusions

An enhanced system for the production of Englighai@lventitious roots and their nanopatrticles
by modifying GA7 Magenta boxes and identifying timal concentration of IBA for
adventitious root growth was developed. This systethe first such platform for growing and
harvesting organic nanoparticles from plants, apiasents an important step in the
development of plant-based nanomanufacturing.dtggynificant improvement on the
exploitation of plant systems for the formatiomaétallic nanopatrticles, and represents a

pathway for the generation of bulk ivy nanoparsder translation into biomedical applications.

Keywords

English ivy, nanopatrticles, biofabrication, advéatis root production
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3.2 Introduction

A wide variety of plants across several taxa hagntshown to produce metal nanoparticles
with interesting properties when combined with ailnitrate or gold (Ill) chloride. Nanoparticle
production, without the need for silver or goldshmeen demonstrated in sundew [1] and English
ivy (Hedera helix L.; family, Araliaceae) [2-5], a climbing plant wénown for its ability to
adhere to vertical surfaces [6]. Recent reseaashdemonstrated that the adventitious roots of
English ivy are responsible for the production wfa@hesive compound composed of
polysaccharide and spherical nanoparticles 60-8trarameter [4-5]. These organic
nanoparticles have an optical absorption and Bghttering properties that make them attractive
candidates for sunscreen fillers, especially ihtligf the toxicity concerns over currently
available TiQ and ZnO nanoparticles [7-8]. In addition to suasa applications, the strong
adhesive properties of the nanocomposite adhesimeed from the English ivy nanopatrticles
and surrounding polysaccharide matrix have beeiigatpd in both biomedical and traditional
adhesive applications. In both cases, natural peamicles produced in plants might be attractive

alternatives to currently-used metal nanopartigie3).

Prior to this study it has been laborious to obgaifficient homogeneous nanopatrticles for
research purposes. Therefore, our goal was tdaeae effective system for nanoparticle
production using English ivy as a bioproductiontdag. In this work, special attention has been
paid to the effect of exogenous auxin applicatiorhis case as a stem soak of indole-3 butyric
acid (IBA), to optimize adventitious root and naadjzle production. Further, a growth-culture
system for nanoparticle production using modifiedgdnta GA7 tissue culture vessels was

developed
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3.3 Results and discussion

Figure 1 demonstraté$edera helix adventitious root production after an incubatior2 afk

from shoots cut into 12.5 cm segments and treatddeither low concentrations of IBA 0.0, 0.1,
0.2,0.3,0.4, 0.5, 0.6 mg/ml for 16 h or high cemications of IBA 0, 10, 20, 30, 40, 50, 60,
mg/ml after 4 h. Delaying the processing of sté@gond the day received was shown to affect
the production of adventitious roots, likely dueatmotic stress (data not shown). Maximum
adventitious root production (frozen weight) wakiaged by soaking juvenile stems in IBA at a
concentration of 1 mg/ml for 4 h, producing appmaiely 8 g adventitious roots per 5 GA7
vesselsigures 3-1, 3-2 or approximately 100 roots per stem (data notsho Adventitious
root production was optimal under a relatively hig concentration of 1 mg/ml for 4 h

periods Figure 3-2). However, toxic effects of IBA were observed (ruests or yellowing of the
leaf tissue) when stems were treated with highacenotrations of IBA overnighHgure 3-1B)
leading to a decrease in adventitious root prodadgigure 3-2). Adventitious roots produced
using the 1 mg/ml soak over 4 h led to normal aidieevaterial release with adhesion to the GA
7 wall (Figure 3-3). Similar to observations by previous researcfigtsno root hairs were

observed to be produced at the tips of robigures 3-3B, 3-4A.

Two types of roots are produced fréinhelix—adventitious and subterranedigure 3-4).
Subterranean roots show a lack of root hairs aodyme a branching pattern not shown in
adventitious rootsHigure 3-4). Previous research, employing a real-time olzem system,
demonstrated nanoparticles are released speagificath adventitious root hairs [5]. Therefore,
we created a system designed for the enhancedgirmawf adventitious roots and associated

root hairs. Researchers have hypothesized thdisBngy attachment to vertical surfaces occurs
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in four stages [9], and a recent researchers [ katermined the secretion process took
approximately 4 to 6 h, and observed that adhesieplets from multiple root hairs in close
proximity fused to form larger adhesive drople®milarly, we observed the formation of
adhesive droplets on the adventitious roots. Thehwogy of English ivy nanoparticles was
analyzed by atomic force microscopy and dynamiatlggatteringKigure 3-5) and showed
similar results to what has been previously shawmfboth natural and tissue culture produced

roots [1-5].

In natural conditions in the absence of root-tdere contact, adventitious roots can grow
unbranched to lengths 1-15 mm [9]. We have obsemetgrowth of greater than 30 mm
without the release of nanoparticles in the GA7dsoxlue to the artificial conditions placed on
the stems and excess humidity provided by ourmgathambers. Adventitious rooting cuttings
are normally placed under intermittent misting eyss that spray water for 2 %2 sec every 5 min
to ensure humidity is kept high [10]. By omittingetneed for misting and soil/media substrate
we have created ideal conditions where cultivatedsr produce intact nanoparticles until harvest
or until application of mechanical stimulus for mat release. In our observations of roots
produced on potted plants, roots that do not canm®mntact with an attachable surface will
dehydrate and abort. Therefore, a high humidityesyds required for optimal adventitious root

and nanoparticle production. Under high humidibgts grow unabated for at least one month.

While the composition of the nanoparticle and patgharide components in English ivy are

unknown, Virginia creepeiP@arthenocissus quinquefolia L.; family, Vitaceae) exudes a

debranched rhamnogalacturonan (RG) I, which alldsvattachment to vertical surfaces [11-12].
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In order to characterize the chemical compositibBralish ivy nanoparticles and secreted
polysaccharides, it is necessary to produce seafftguantities of secreted materials for chemical
and physical analysis. As such, it was necessaglgvelop a production and purification system
as a means of producing large quantities of adtiensi roots and nanopatrticles. Here we
designed and manufactured a simple rooting chafob&mnglish ivy adventitious root

production. In the past. helix has been examined for its adventitious rootingertes for the
production of cuttings for the ornamental hortiaudt industry [13-14], whereby adventitious
roots were produced at very low concentrationgol12? roots per stem, based upon the
treatment applied [10, 14]. Prior research exaththe cuttings for production in a horticultural
setting through the use of a potting media with eitdout a misting system [10]. In this study,
the addition of IBA and the development of ivy iegtchambers was a significant advancement

allowing for the production of large quantitiesaafventitious roots, and thus ivy nanopatrticles.

3.4 Methods

Initial English ivy propagules were provided by thGilmore (Swan Valley Farms, Mount.
Vernon, Washington, USA). Stems were segmente@.to dm linear sections and leaves were
removed except for one leaf at each stem’s apekx p@&assium salt (Sigma, St. Louis, Missouri,
USA) stock solutions were prepared at 50 mg/ml. Types of IBA soak procedures were
performed: an overnight 16 h soak at a low conegiotn and a 4 h soak with a high
concentration. For each concentration, the apprtgemount of a stock solution of 50 mg/ml
IBA was added to deionized water for a final voluofid 00 ml. For the low concentration soak,
concentrations of 0, 0.1, 0.2, 0.3, 0.4, 0.5 aedg/ml of IBA were used. For the high

concentration soak, concentrations of 0, 1, 2, 3, 4nd 6 mg/ml of IBA were used. Stems were

54



placed in 150 ml beakers so that the solution a/&6% of the stems (apex was dry) and were
incubated in a darkened room overnight. Post-treatpfour stem segments were placed per
Magenta GA7 box (Fisher, Waltham, Massachusett#)Wan incubator for continuous light

at 83umol/n? s at 20 °C for 2 wk. Magenta boxes were convexedy rooting chambers by
drilling lids with four 13 mm holes. Each hole wantered 1.5 mm from respective corners and
a foam plug that has been cut to the center waeglato each hole. Stems were placed into the
foam plugs and the bottom of stems rested on ttterbmf the Magenta box. Fifty milliliters of

water were placed in each box to provide humidilg enoisture.

Following 2 wk growth, roots were harvested fromnss, flash frozen in liquid nitrogen and

fresh weights were recorded. Nanoparticles weteted from 12 g of frozen adventitious
rootlets and macerated as described in [8]. Maeeitzssue was squeezed using a glass dounce
tissue grinder, only the liquid from the tissue walected (approximately 10 ml), centrifuged at
5000 x g for 10 min and filtered through a O 28 filter. Nanopatrticles were then dialyzed in
Spectra cellulose ester dialysis membranes MWCQ0B0Gagainst DI water overnight with 3

DI water changes. Solutions were frozen at -8Q/Qphilized (FreeZone 12 L, Labconco) and
dry weights were recorded. The presence and mtoghof ivy nanoparticles produced using
the system described above were analyzed by afongie microscopy and dynamic light

scattering, as defined in [7-8].

Data were analyzed as a completely randomized nl@sty two replicates by analysis of

variance (ANOVA) using the general linear model §&3, SAS Institute, Cary, NC). Least

significant differences (LSD) were used to compgegatment mean values when significant
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differences (p<0.05) were found.
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Appendix

Figures
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Figure 3-1.H. helix adventitious root production after 2 wk. A. IaltbO cm stems were cut
into 12.5 cm pieces and treated with either B. levels of IBA overnight or C. high levels of
IBA for 4 h. Necrosis was observed in leaves wisteens were treated with >0.4 mg/ml of IBA

overnight.
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Figure 3-2.H. helix adventitious root production by weight (g) treavath either A. high levels
of IBA ([0-6 mg/ml]) for 4 h or B. low levels of IB ([0-0.6 mg/ml]) for 16 h. Error bars

represent 95% confidence intervals using leasifszgnt differences (P<0.05).
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Figure 3-3. Adventitious roots produced from. helix A. after 2 wk treated with 100 mg IBA

for 4 h, B. adventitious roots releasing adhesaww C. root primordial after 1 wk.
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Figure 3-4. Two root types produced By. helix. A. adventitious and Bubterranean roots as

viewed under a light microscope. C. High level$BA shoots and D. subterranean roots.
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Figure 3-5. AFM and DLS of isolated ivy nanoparticles. A.MFnicrograph of ivy

nanoparticles. B. DLS of ivy nanoparticles, witmaan diameter of 109.8 + 5.6 nm.



Chapter 4.

Isolation and chemical analysis of nanoparticles
from English ivy (Hedera helix L.)
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Adapted from:
Scott C. Lenaghan, Jason N. Burris, Karuna Choufajan Huang, Lijin Xia, Belinda Lady,
Rittin Sharma, Chongle Pan, Zorabel LeJeune, SRarster, Robert L. Hettich, C. Neal Stewart,

Jr., and Mingjun Zhang. 2013. Journal of Royal fiatee. 10(87), 20130392.

| designed, executed and analyzed the experimelatsng to the protein isolation and helped to
write and edit the manuscript. Specifically, | rd stained the protein gel found in the
manuscript, but also performed many experimentsnotided in the manuscript to determine

the protein composition of the nanoparticle (seppBamental)

4.1 Abstract

Bio-inspiration for novel adhesive development tiesvn increasing interest in recent years
with the discovery of the nano-scale morphologyhef gecko footpad, and mussel adhesive
proteins. Similar to these animal systems, it wasavered that English ivyHedera helix L.)
secretes a high strength adhesive containing umif@noparticles. Recent studies have
demonstrated that the ivy nanopatrticles not onhtrdoute to the high strength of this adhesive,
but also have UV protective abilities, making thieleal for sunscreen and cosmetic fillers, and
may be used as nanocarriers for drug delivery. akenthese applications a reality, the chemical
nature of the ivy nanoparticles must be elucidatethe current work, a method was developed
to harvest bulk ivy nanoparticles from an adveniis root culture system, and the chemical
composition of the nanopatrticles was analyzed aitdet/visible (UV/Vis) spectroscopy,

inductively coupled plasma mass spectrometry (IC®;Nburier transform infrared
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spectroscopy (FTIR), and electrophoresis were us#ds study to identify the chemical nature
of the ivy nanopatrticles. Based on this analyses canclude that the ivy nanoparticles are

proteinaceous.

4.2 Introduction

Recent studies showed that the root hairs fronativentitious roots of English ivyHedera

helix L.) secrete a nanocomposite adhesive composeahoiparticles and a liquid polymer
matrix [1-2]. The naturally secreted nanoparti@es highly uniform with a diameter of 50-80
nm, as measured by atomic force microscopy (AFMJ, \&ere hypothesized to contribute to the
high adhesive strength of English ivy [2-4]. Fospectroscopy conducted on the freshly
secreted adhesive found that the strength of thadhesive was much greater than similar
bioadhesives [4]. In order to determine the po&tmibntribution of the ivy nanoparticles to the
generation of the measured adhesive force, a dadndé&ture mechanics model was developed to
predict the attachment strength of the nanopastide Based on the model, it was discovered
that van der Waals forces between the nanoparadde® were not strong enough to generate
the attachment strength observed experimentallg.d&ta led to the hypothesis that the
interaction between the nanopatrticles and the petymatrix generates cross-linking reactions
that lead to an increased strength of adhesiors. Aypothesis is consistent with the mechanism
of other bioadhesives, such as the marine mussedlbanacles, where adhesive proteins

interact with divalent cations and polysacchariiegenerate a stable water resistant adhesive

[5].

In addition to the role of ivy nanoparticles in fleemation of strong adhesive forces, the
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nanoparticles have also demonstrated unique ogrogkrties. A recent study demonstrated,
through UV/Vis spectroscopy, that the ivy nanoudet exhibit a strong UV absorbance from
200-400 nm [6-7]. Comparison of the ivy nanopagsalvith similar concentrations of ZnO and
TiO, nanoparticles demonstrated an increased abiliyack UV light, indicating a potential
role for the ivy nanoparticles as sunscreen prisieetgents [3]. In the same study, the ivy
nanoparticles were shown to be less toxic to mamamaklls, when compared to similar
concentrations of Ti@nanoparticles [7]. The reduced toxicity was spaied to be attributed to
the organic nature of the nanoparticles, comparede metallic nature of the T3O
nanoparticles; however, the chemical nature ofviip@anoparticles was not known at the time

of this study.

There are a number of potential applications foiclvithe ivy nanoparticles are ideally suited [3,
7-8]; however, several issues exist before theybegansed for large scale applications. First, a
method must be developed for isolating ivy nanaogas from the root hairs of adventitious
roots. Second, enough ivy nanoparticles shoulbbeated for chemical analysis, to determine
the chemical nature of the ivy nanoparticles, d@dchemical components that makeup the
nanoparticles. In this work, we have achieved lodtihese goals, first by developing a
procedure for the production of ivy nanoparticksg second, by using this method to collect

gram quantities of nanoparticles for chemical asialy
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4.3 Results and discussion

4.3.1 Production of ivy nanoparticles

A significant challenge to the collection of ivyrm@gparticles was the small size of the root hairs
(~10 um in diameter). In the natural system, whenroot cap of an adventitious root contacts a
surface, the root hairs begin to elongate and seadhesive [1, 9]. As mentioned earlier, it has
been proven in previous studies that this secradbesive contains nanoparticles [1]. Since the
root hairs are the only known structures involvethie generation of the nanocomposite
adhesive [1], the first step in the developmerd pfocedure for nanoparticle production was to
maximize the production of root hairs, while pretiieg any external contamination. As a result,
a tissue culture method was developed for growmegatdventitious roots from cut shoots in
sterile Magenta® GA-7 (MAG) plant culture boxesy Bhoots used for tissue culture were
donated by Swan Valley Farms (Bow, Washington) areekly basis. Briefly, shoots were cut
to approximately 6 inches with one leaf remainimgloe top of the shoot. The external surfaces
of the shoots were then sterilized and the shdatsefd upright into MAG boxes containing
nutrient media. The boxes were then sealed an@gladto a plant growth chamber with
controlled light and temperature. By sealing the®Boxes, it was possible to achieve 100%
humidity in the boxes, which was crucial for maintag the hydration of the adventitious roots.
Using this culture method, it was possible to gateeharvestable adventitious roots every two
weeks. In addition, adventitious roots grew muchsee in the culture system when compared to
uncultured plants. Further, the adventitious réwats a much higher concentration of root hairs,
owing to the high humidity and the increased awlity of nutrients. Development of this
culture system greatly increased the ability toegate the tissue for nanoparticle secretion,

leading to further advances in the design of asbmethod for ivy nanoparticle isolation.
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With the stable, scalable tissue culture systerorde=] above, the next step was to harvest the
tissue for isolation of the nanoparticles. Consiagthe small diameter of the root hairs and the
rapid dehydration of the tissue when separated tfraadventitious roots, the entire
adventitious root was collected for harvestingrihaoparticles. To preserve the integrity of the
tissue during the time required for harvesting,atleentitious roots were excised directly into a
liquid nitrogen cooled container resulting in amediate snap freezing of the tissue. After
collection of bulk adventitious roots, the rootsravstored at -80°C. Once an appropriate amount
of tissue (> 1 g) was collected for nanopartictdaton, the tissue was homogenized at 4°C
using a mortar and pestle. Manual homogenizatiamagaducted with only a minimum amount
of ultrapure water to allow the solution to be Bagipetted out of the mortar. After
homogenization, the solution containing a large amof cell debris, proteins, the polymer
adhesive, and nanoparticles was obtained. To reth@iarge debris, the solution was filtered
through a 0.2 um syringe filter and then centribgé 1,000 x g to remove any remaining debris.
Finally, the sample was dialyzed through a 300 kiec&a/Por cellulose ester (CE) dialysis
membrane overnight at 4°C with constant stirrinigisThigh molecular weight (MW) dialysis
membrane was effective for removing most proteansl, also salts present in the sample.
Smaller MW dialysis membranes were tested; howekiernanoparticles isolated using the 300
kD membrane represented the purest fraction threlighnation of extraneous lower MW
compounds, thus this membrane was used for fuptingfication. After dialysis, samples were

run on an SEC-HPLC column for separation of thenagoparticles from the other components.

Previous studies using freshly secreted ivy narimbes indicated that the nanoparticles

absorbed UV light over the range of 200-400 nm][6Sihce the UV absorbance and
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morphology of the ivy nanoparticles were known, plas eluted from the SEC-HPLC column
were collected every minute and scanned using av.Af-addition, a UV detector was used to
constantly measure the UV absorbance at both 28320 nm during the entire elution. Based
on the AFM images, it was determined that the iagaparticles were contained in the fraction
collected from 10-11 minutes. The nanoparticletected in this fraction had the same
morphology as those secreted directly from thetglaigure 4-1A, 4-1B. Further analysis of
the morphology of individual nanoparticles was ieahout by examining diluted samples using
both AFM and SEMFKigure 4-1C). In addition to these techniques, DLS and Zetamal
analysis were performed to determine the sizeibligton and stability of the hydrated
nanoparticlesKigure 4-2A, 4-2B. DLS conducted on nanoparticles obtained froraehr
separate batches of adventitious roots confirmegthasence of the ivy nanoparticles in the
solution collected from the 10-11 min fraction wighmean diameter of 95.69 +5.56 niaiglre
4-2A). As expected, the nanoparticle diameter meadwyddl S was larger than that using the
AFM and SEM, due to the hydrodynamic radii presersolution [10]. In addition, Zeta
Potential analysis indicated that the ivy nanopkesi did not form a stable solution in ultrapure
water Figure 4-2B). This was expected, since the ivy nanopartickesetbeen observed to

slowly precipitate in neutral solutions.

In addition to the physical structure of the isethtvy nanoparticles, the data from the UV
detector showed a high intensity peak at ~10.5ahlvoth 280 and 320 nriigQure 4-3A, 4-3B.
These peaks were positively correlated with the Adfdd DLS data, and confirmed the presence
of the ivy nanoparticles. In previous studies, dateation of the concentration of ivy

nanoparticles in solution could only be estimathe to the limited quantity of nanoparticles [6].
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Using the method developed above, after colledtiegconcentrated ivy nanoparticles, the
samples were pooled and lyophilized to get an ateuneasure of the dry weight of the ivy
nanoparticles. To confirm that the previously olsedrUV/Vis absorbance spectra [6-7] was due
to the ivy nanoparticles alone, it was necessagntdyze the concentration dependent effect of
the ivy nanoparticles using UV/Vis spectroscopy.shswn inFigure 4-4A, when the
concentration of the ivy nanoparticles decreadezlrésulting absorbance decreased. A plot of
the UV absorbance at 283 nm showed a linear inereasveen the concentration of the ivy
nanoparticles and the absorbance value measur WV/Vis spectrometer. This linear
increase in absorbance demonstrated that the UMIadosce spectra obtained was from the ivy
nanoparticles. After thorough validation of the heet described above for the generation of ivy
nanoparticles, the above procedure was repeatamllézt enough nanoparticles for subsequent

chemical analysis.

4.3.2 Chemical analysis of the ivy nanoparticles

The first step in chemical analysis of the ivy nagawticles was to confirm that the nanopatrticles
are organic and did not contain any metals. Thesgecially important when considering the
large number of metallic nanoparticles that cafobeed naturally from heavy metal substrates.
Numerous studies have demonstrated the potentigldats, including English ivy, to generate
nanoparticles from tetrachloroaurate (HAgCsilver nitrate (AGNG), chloroplatinic acid
hexahydrate (FPtCk*6H,0), and iron (lll) chloride hexahydrate (Fg®H,0O) [11-14]. Since

the ivy shoots were grown in a cultured environmant were not exposed to variable soil
conditions, it was also expected that this woultlce the availability of heavy metal substrates.
To rule out the possibility of the ivy nanopartgleontaining metallic components, 48.78 mg of

ivy nanoparticles were analyzed using inductivelymed plasma mass spectrometry (ICP-MS).
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This technigue can be used to detect trace leVaeigetals in a sample, and has recently been
expanded to the analysis of metallo-biomoleculeduding metalloproteins [15-16]. The ivy
nanoparticles were analyzed independently by Gidtbkaboratories, Inc. The results indicated
that 47 out of 57 elements tested were below thi¢ 6f detection of the test at less than 2 parts
per million (ppm). These included the most commatais used for the synthesis of
nanoparticles from plant extracts, gold, silveatiplum, and iron. In addition to the metals that
were below the detection limit, only manganese and were found above 30 ppm, and both
were still at below trace concentratiofsgure 4-5). Since no metals were detected above trace

levels, it can be concluded that the ivy nanopladiare, in fact, organic nanopatrticles.

After confirmation of the organic nature of the ingnoparticles, the next step was to analyze
what type of molecules may be responsible for tmmétion of the nanopatrticles. In previous
studies of Boston ivyRarthenocissus tricuspidata) and Virginia creeperRarthenocissus
quinquefolia), it was found, through immunocytochemical anaytiat the majority of the
components in the secreted adhesives were mumkagjipectins, callose, tanniferous substances,
and acid mucopolysaccharides [17-19]. However, pariicles were not observed in either of
these studies, potentially due to the techniqugd®rad at the time of the studies. In other
biological systems, such as the marine muslsgillus edulis and polychaet@hragmatopa
californica, proteins are considered as the main buildingksidlcat lead to the generation of
strong adhesive forces [20-22]. In these two systemlikeParthenocissus sp., the adhesives
secreted from these organisms have shown the meesémanoparticles, mainly thought to form
from the interactions of negatively charged prateiith divalent cations, forming three

dimensional nanoparticles [22]. Based on this mi@iion, we established a series of
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experiments to determine the organic componentdved in the formation of the ivy

nanoparticles.

The first experiment conducted was elemental arsatgsdetermine the amount of carbon,
nitrogen, and sulfur present in the ivy nanopagticlt was found that the nanoparticles were
composed of 51.77% carbon and 4.72% nitrogeégufe 4-5). This was a relatively high carbon
to nitrogen ratio ~10:1, and was indicative of anbolecule such as DNA, RNA, or protein. In
addition, the nanoparticles contained 0.32% sulfimich again would be expected for a
biomolecule, such as a protein, where disulfidedsgriay an important role in folding and
stability, especially in secreted proteins [23].iWlhis evidence strongly pointed to the
presence of proteins in the nanoparticles, it cooldrule out that other biomolecules, such as
polysaccharides, may still contribute to the ouvestlicture. In addition, since nanoparticles
were isolated, and not an individual chemical congm, it was possible that the C:N ratio could
have been skewed by the presence of multiple coemisnAs a result, FTIR was conducted on
lyophilized nanopatrticles to obtain further infoima on the chemical structures of the

nanoparticles.

As demonstrated iRigure 4-6, the FTIR spectra of the ivy nanoparticles was garad with the
spectra generated from a typical protein sampheiniecserum albumin (BSA), and also a
popular polysaccharide used in the fabricationasfamaterials, chitosan. All three samples
showed a peak at 1,653 ¢rimdicating vibration around C=0 and C-N, alonghnpeaks at
1,384-1,385 c, indicating C-H bending in aliphatic side grougd{25]. Additionally, shared

peaks at 2928 ciifor both ivy nanoparticles and chitosan, and 2982 for BSA, indicate the

74



vibration of C-H present in all samples. When coraddo the BSA spectra, the ivy
nanoparticles also shared a peak around 15I@nBSA, and 1539 cihfor ivy. This peak
represents the amide Il band, and is a standatdiprpeak, indicating the presence of in-plane
N-H bending, and the stretching vibrations of Cidl £-C [25]. In standard protein samples,
this amide Il band often shows similar intensitytie amide | band, as shown for BSA, but the
complexity of this band leads to variable intensityl shifts of this peak. In addition to the peak
shared by the BSA and ivy nanoparticle samplechitwsan and ivy nanoparticles shared a peak
at 1071 critfor chitosan, and 1076 ¢hfor the ivy nanoparticles, indicating the preseate
glycoconjugates. This peak was associated withatidom of the CO-C bond typically found in
carbohydrates [24-25], and thus was not presetieiBSA sample. The broad peak present at
3329 cnt'in the BSA sample, indicates the vibration of Nad is similar to the broad peaks
for chitosan, 3433 cth and the ivy nanoparticles, 3407 ¢mvhere the shift is due to the
addition of vibration from O-H [24]. Based on th&IR data, in combination with the elemental
analysis, we believed that the most likely compaméthe nanoparticles was glycoprotein, due
to the shared amide Il band with the BSA spectnd,the shared CO-C band with the chitosan
spectra. In addition, the shift in the broad peaB4®7 cnit, indicated that O-H bonds were
present, further suggesting the presence of cadvate; Based on this data, individual proteins
and glycoproteins were believed to form the ivyoparticles, and thus we conducted gel

electrophoresis to identify individual proteins.

Several different gel electrophoresis techniqgue®wealuated in this study to determine if the

proteins and glycoproteins could be separated fhamvy nanopatrticles. It was determined that

SDS-PAGE with a 5% stacking gel and 10% resolvielgygelded the best results for the ivy
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nanoparticles. In addition, the samples were matéd with 2 M thiourea, 8 M urea, and 3%
SDS, to completely solubilize the nanopatrticlesiclwlieduced the background staining. After
electrophoresis for 4 hours at 180 V, duplicate gedre stained with either the Pro-Q Emerald
300 Glycoprotein Stain Kit (Molecular Probes, Irfeugene, OR) or the PlusOne Silver Staining
Kit (AP Biotech). For reproducibility, ivy nanopaites isolated from three different isolation
procedures with two different researchers weretessurprisingly, only one high molecular
weight band (> 460 kD) was observed in all of thenanoparticle samples, despite the harsh
denaturing conditions useligure 4-7. This high molecular weight band stained positore
protein, using the silver stain, and glycoproteising the Pro-Q Glycoprotein staligure 4-7.
When comparing the two stains, it was observedth®aglycoprotein stain did not cross-react
with the non-glycosylated proteins present in thetgin ladderFigure 4-7. To ensure that the
presence of the glycoprotein band was always as®uacwvith the ivy nanoparticles, three
separate isolations were conducted using diffdratithes of adventitious roots. As shown in
Figure 4-7, the band was consistent across all three samiiesconfirmed that the ivy
nanoparticles were composed of at least one, if@atral glycoproteins. Due to the high
molecular weight of the band, and the potentiakiierivy nanoparticles to have survived the
denaturing conditions, the possibility still exigtsat the ivy nanoparticles are composed of
multiple proteins and glycoproteins. Further stadiee necessary to determine the three
dimensional crystal structure of the ivy nanop#&tcand to identify if multiple copies of a
single protein, or multiple proteins combine tonfothe ivy nanopatrticles. In either case, the
discovery that ivy nanoparticles are non-metalfid proteinaceous, represents a significant

finding, and opens the door for further analysishef structure of these novel nanoparticles.
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4.4 Conclusion

In this study, we have developed a method for theyrction of ivy nanopatrticles, and
demonstrated the scalability of this process. Brjdfulk ivy nanoparticles were harvested from
cultured adventitious roots through homogenizatiittnation, and separation through an SEC
column. The development of this method was cruolatiemonstrating the ability to collect bulk
nanoparticles for use in biomedical applicatiom& also to obtain enough nanoparticles for
subsequent chemical analysis. Through experimemducted using ICP-MS, we were able to
prove that the ivy nanoparticles did not contaip aretallic components, confirming the earlier
hypothesis that the ivy nanoparticles were orgdfliemental analysis revealed a high, ~10:1,
C:N ratio, and further analysis by FTIR confirmée presence of peaks related to C-N bonding.
Comparison of the ivy nanoparticle FTIR spectrawaitpolysaccharide standard, chitosan, and
protein standard, BSA, demonstrated that the inoparticles shared similar structure to both
samples, indicating that the nanoparticles weret tilay composed of glycoproteins. Using gel
electrophoresis, the ivy nanopatrticles formed glsihigh molecular weight band, which stained
positive for both proteins and glycoproteins thiosgver and glycoprotein specific stains. At
this stage, it is not possible to identify the éxateractions between proteins that lead to the
structural formation of the three dimensional nartiples; however, further studies based on
identification of the sequence of these proteirsprovide information on how they may be
arranged. It is expected that continued reseatohtiese proteins will aid in the development of
new high strength adhesives. Further, it will ddegpossible to scale-up the procedure developed
in this work to collect enough ivy nanoparticles fiature applications in drug delivery and

cosmetics.
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4.5 Experimental

4.5.1 Isolation and physical analysis of the ivy meparticles

Previously, a method was developed for generatirig ddventitious roots from the shoots of
English ivy, specifically for the production of Wil nanoparticle containing tissue [26]. This
method was employed to grow harvestable amourdg\wdntitious roots for use in this study.
Since the adventitious roots and root hairs thamdin off of the rootlet are the only structures
involved in secretion of the adhesive, these stinestwere removed from fresh shoots using a
razor blade. Adventitious roots were harvestedatliy into liquid nitrogen before attaching.
Homogenization of the cleaned rootlets was accahnet with the use of a pellet pestle (Kimble
Chase Kontes) designed for use in 1.5 ml microfuges. The supernatant was removed from
the homogenate and centrifuged at 1000 x g for ibQites to remove large debris. The
supernatant from this treatment was then filteriisted through a 0.2 um syringe filter to
remove debris larger than 200 nm, and also to rerbacteria that may have been present in the
sample. The filtrate was then dialyzed overnight°& with distilled water using a Spectra/Por®
Biotech Cellulose Ester dialysis membrane thawaldb removal of small chemicals and proteins

with a molecular weight of less than 300,000 daton

After removing most of the components from the lletagxtract it was possible to run the extract
on a Phenomenex® Biosep-SEC-S 4000 silica gedtiittn column attached to an Agilent High-
Performance Liquid Chromatography (HPLC 1100) epeigpwith a diode array detector (DAD)
and an evaporative light scattering detector (ELSTHe column was equipped with a
SecurityGuard™ Cartridge to prevent any remainielgrié from entering the column. Similar

SEC-HPLC setups have been used to separate aatkisolide range of nanopatrticles [27-29].
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200 pl of the cleaned extract was run on the colueing a flow-rate of 0.5 ml/min. The eluate
was constantly monitored with a dual wavelength dié¥ector measuring at 280 and 320 nm.
lvy nanoparticle fractions were known to absorb at\these wavelengths based on previous
studies [6-7]. Fractions were also collected ewveiryute over the course of 60 minutes for
analysis by AFM. For AFM analysis, 20 pl of eaddction was drop deposited on freshly
cleaved mica or a cleaned glass cover slip anavatido dry overnight. AFM imaging was
conducted using an Agilent 6000 ILM/AFM equippedhwiNanosensors™ PPP-NCHR-20
silicon cantilevers with spring constants of 4-2@nN All imaging was conducted in AC mode
to prevent contamination on the tip, and also &vent the tip from dislodging the nanoparticles
from the surface. To determine the presence ohdmeparticles in solution, DLS was
performed on the nanoparticle fractions using aviglal ZetaSizer Nano ZS (Malvern
Instruments Ltd). This instrument was also usedetermine the Zeta Potential of the ivy
nanoparticle solution. After identifying the framti that contained the nanopatrticles, the fraction
was frozen in a -80°C freezer and lyophilized oigithto remove the liquid components and
concentrate the nanopatrticles. The lyophilized paweas then resuspended in ultrapure water
and drop deposited on silica wafer before exanonatsing SEM. SEM was used to determine
the size and shape of the nanoparticles, and @lscan a larger area to determine the relative

purity of the sample.

4.5.2 Chemical analysis

UV/Vis spectroscopy was conducted on the liquidtfcan collected from the column and also on
the lyophilized powder resuspended in ultrapureewatsing a Thermo Scientific Evolution 600

spectrophotometer. The samples were analyzed aaeglengths from 200-500 nm, and the
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absorbance was measured. The absorbance vers@nhtration was plotted by conducting a
serial dilution of the resuspended nanoparticlegewFTIR was conducted on the lyophilized
powder to determine the functional groups fountheananoparticles using a Bio-RAD FTS6000
FTIR spectrometer. Both ICP-MS and the elementalyais of the ivy nanoparticles were
conducted at Galbraith labs Inc., which alloweddorunbiased examination of the specimen.
Finally, 5 mg of lyophilized nanopatrticles were ydhated in 1 ml of 0.5 M Tris-HCI (pH 6.8).
Seventy-five pl of nanoparticle solution was themed with 25 pl of 4x LDS sample buffer
(Life Technologies, Grand Island, NY). Eight pltbé sample was then mixed with 10 pl
reducing buffer (2M thiourea, 8M urea, and 3% SB&] boiled for 10 min. After denaturation,
samples were run on 5%/10% SDS-PAGE at 180 V foa#4C in SDS-Tris-Glycine running
buffer. Gels were subsequently stained using PEr@rald 300 glycoprotein stain kit

(Molecular Probes, Inc., Eugene, OR) or the PlusSilwer staining kit (AP Biotech).

Acknowledgements

This research is partially sponsored by the Armgdaech Office (W911NF-10-1-0114) and the
National Science Foundation (CMMI: 1029953, CBEJ695877). The authors are grateful for
the support. R. Sharma acknowledges graduate dtggoport from the Genome Science and
Technology Graduate School at UT-Knoxville. Finahsupport to K. Chourey, C. Pan and R.L.
Hettich was provided by the U.S. Department of BpeBiological and Environmental Research
Division, Genome Sciences Program. Oak Ridge Natibaboratory is managed by University

of Tennessee-Battelle LLC for the Department ofrgpe

80



References

1. Lenaghan, S. C. and Zhang, M. 2012 Real-timemvbsion of the secretion of a

nanocomposite adhesive from English itAegera helix). Plant Sci. 183 206-211.

2. Zhang, M., Liu, M., Prest, H., and Fischer, @0 Nanoparticles secreted from ivy

rootlets for surface climbingNano Lett. 8, 1277-1280.

3. Wu, Y., Zhao, X., and Zhang, M. 2010 Adhesiorchanics of ivy nanoparticles.

Colloid Interf. Sci. 344, 533-540.

4, Xia, L., Lenaghan, S., Zhang, M., Wu, Y., Zh&q,Burris, J., and Neal Stewart, C. 2010
Characterization of English iviHgedera helix) adhesion force and imaging using atomic force

microscopy.J. Nanopart. Res. 13, 1029-1037.

5. Coombs, T. L. and Keller, P. J. 1984tilus byssal threads as an environmental marker

for metals Aquat. Toxicol. 1, 291-300.

6. Li, Q., Xia, L., Zhang, Z., and Zhang, M. 2010@rkViolet Extinction and Visible

Transparency by Ivy Nanoparticlé¢anoscale Res. Lett. 5, 1487-1491.

7. Xia, L., Lenaghan, S., Zhang, M., Zhang, Z., Bhd). 2010 Naturally occurring
nanoparticles from English ivy: an alternative tetak-based nanoparticles for UV protectidn.

Nanobiotechnol. 8, 12.

81



8. Zhang, M., Liu, M., Bewick, S., and Suo, Z. 2008nopatrticles to Increase Adhesive
Properties of Biologically Secreted Materials farrface Affixing.J. Biomed. Nanotechnol. 5,

294-299.

9. Melzer, B., Steinbrecher, T., Seidel, R., Kr@ft, Schwaiger, R., and Speck, T. 2010 The
attachment strategy of English ivy: a complex madra acting on several hierarchical levdls.

Roy. Soc. Interface. 7, 1383-1389.

10. Hoo, C., Starostin, N., West, P., and Mecartivy2008 A comparison of atomic force
microscopy (AFM) and dynamic light scattering (DU8gthods to characterize nanoparticle size

distributions.J. Nanopart. Res. 10, 89-96.

11. Chandran, S. P., Chaudhary, M., Pasricha, Rnal, A., and Sastry, M. 2006 Synthesis
of Gold Nanotriangles and Silver Nanoparticles dsiioevera Plant ExtracBiotechnol. Progr.

22, 577-583.

12. Njagi, E. C., Huang, H., Stafford, L., Genuikb, Galindo, H. M., Collins, J. B., Hoag,

G. E., and Suib, S. L. 2010 Biosynthesis of Irod &rfver Nanoparticles at Room Temperature

Using Aqueous Sorghum Bran Extradtangmuir. 27, 264-271.

13. Shankar, S. S., Ahmad, A., Pasricha, R., asthga. 2003 Bioreduction of

chloroaurate ions by geranium leaves and its englmptlungus yields gold nanoparticles of

82



different shapesl. Mater. Chem. 13, 1822-1826.

14. Song, J. Y., Kwon, E. Y., and Kim, B. S. 201i6IBgical synthesis of platinum

nanoparticles usinBiopyros kaki leaf extractBioprocess. Biosyst. Eng. 33, 159-164.

15. Ellis, J., Del Castillo, E., Montes Bayon, [@simm, R., Clark, J. F., Pyne-Geithman, G.,

Wilbur, S., and Caruso, J. A. 2008 A Preliminarydst of Metalloproteins in CSF by CapLC-

ICPMS and NanoLC-CHIP/ITMSI. Proteome Res. 7, 3747-3754.

16. Garcia, J. S., Magalhaes, C. S., and Arruda.\N2006 Trends in metal-binding and

metalloprotein analysiFalanta. 69, 1-15.

17. Bowling, A. J. and Vaughn, K. C. 2008 Structarad immunocytochemical

characterization of the adhesive tendril of VirgicreeperRarthenocissus quinquefolia [L.]

Planch.).Protoplasma. 232 153-163.

18. Endress, A. G. and Thomson, W. W. 1976 Ultuastiral and cytochemical studies on

the developing adhesive disc of Boston Ivy tendristoplasma. 88, 315-331.

19. Endress, A. G. and Thomson, W. W. 1977 Adhesfdhe Boston ivy tendrilCan. J.

Bot. 55, 918-924.

20. Fant, C., Elwing, H., and Hook, F. 2002 Thduehce of cross-linking on protein-protein

83



interactions in a marine adhesive: the case oftygsus plaque proteins from the blue mussel.

Biomacromolecules. 3, 732-741.

21. Ninan, L., Stroshine, R. L., Wilker, J. J., @&, R. 2007 Adhesive strength and curing
rate of marine mussel protein extracts on porcmallsintestinal submucosacta Biomater. 3,

687-694.

22. Stevens, M. J., Steren, R. E., Hlady, V., ameivart, R. J. 2007 Multiscale Structure of
the Underwater Adhesive &hragmatopoma Californica:a Nanostructured Latex with a Steep

Microporosity GradientLangmuir. 23, 5045-5049.

23. Sevier, C. S. and Kaiser, C. A. 2002 Formagiod transfer of disulphide bonds in living

cells.Nat. Rev. Mol. Cell. Biol. 3, 836-847.

24. Bhattarai, S., Kc, R., Kim, S., Sharma, M., IKN., Hwang, P., Chung, G., and Kim, H.
2008 N-hexanoyl chitosan stabilized magnetic nartmbas: Implication for cellular labeling

and magnetic resonance imagidgNanobiotechnol. 6, 1.

25. Wang, T. D., Triadafilopoulos, G., CrawfordMl, Dixon, L. R., Bhandari, T., Sahbaie,
P., Friedland, S., Soetikno, R., and Contag, Q®.7 Detection of endogenous biomolecules in
Barrett's esophagus by Fourier transform infrapetgoscopyProc. Natl. Acad. Sci. U.SA.

104, 15864-15869.

84



26. Burris, J., Lenaghan, S., Zhang, M., and Stewzar2012 Nanoparticle biofabrication

using English ivy Hedera helix). J. Nanobiotechnol. 10, 41.

27. Sivamohan, R., Takahashi, H., Kasuya, A., Téhji Tsunekawa, S., Ito, S., and

Jeyadevan, B. 1999 Liquid chromatography usedze>separate the amphiphilic-molecules

stabilized nano-particles of cds in the 1-10nm eahgnostruct. Mater. 12, 89-94.

28. Wang, S., Mamedova, N., Kotov, N. A., Chen, &g Studer, J. 2002 Antigen/Antibody

Immunocomplex from CdTe Nanoparticle Bioconjugaldemo Lett. 2, 817-822.

29. Wei, G. T. and Liu, F. K. 1999 Separation afioraeter gold particles by size exclusion

chromatographyd. Chromatogr. A. 836, 253-260.

85



Appendix

Figure 4-1. AFM and SEM images of ivy nanoparticles. a) AFMrsof dense ivy nanoparticles
secreted directly from an adventitious root. b)VAscan of dense ivy nanopatrticles isolated
using the procedure developed in this study. c)lSchester of ivy nanoparticles imaged by

AFM after dilution from the concentrated sample@ctied from the column. The inset of c)
shows an SEM image of a single ivy nanoparticlpared the same as the diluted AFM sample.
Note that the size of an individual nanoparticlslightly smaller by AFM, however, artifacts

related to tip-particle interactions can greatligeff size measurements using AFM.
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Figure 4-2.DLS and Zeta Potential analysis of the isolatgdhi@noparticles. a) DLS of the
nanoparticles collected from three separate ismiatshowed a similar distribution, with a mean
diameter of 95.69 £5.56 nm. b) The Zeta potemtidhe ivy nanoparticles was found to be -35.3

mV, indicating that the ivy nanoparticles did notrh stable solution in ultrapure water.
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Figure 4-3. Peaks observed from UV detector of the ivy extracprominent peak was
observed in both wavelengths (highlighted in radjreg the 10-11 minute fraction. This
fraction corresponded to the presence of nanopestias indicated by AFM. Peaks with lower

intensity were imaged, but were found not to cangaiy nanopatrticles.
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Figure 4-4. UV/vis spectra of the ivy nanopatrticle fractiorlleoted directly from the HPLC
column. A) Note the wide absorbance from 200-3%0 Ioefore dropping off in the visible
spectra. B) A plot of absorbance versus conceotrat 283 nm clearly shows the direct effect

of the nanoparticle concentration on the absorhance
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Figure 4-5. Diagrammatic representation of the results fromICP-MS and elemental analysis.
As indicated, the C:N ratio was ~10:1, indicatihgttthe nanoparticles were composed of
biomolecules. Additionally, ICP-MS revealed thdtragtals in the ivy nanopatrticle fraction were

< 37 ppm, confirming that the ivy nanoparticles arganic.
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Figure 4-6.FTIR spectra of the ivy nanoparticles. The FTIRa&m for the ivy nanoparticles
was compared with reference spectra for chitosaapesentative polysaccharide), and BSA
(representative proteins). All three samples hadral at 1653 cih indicating vibration around
the CO-NH bond, and around 2928-2932%nlicating C-H vibration. In addition, the ivy
sample shared a peak at 1071-1076 with the chitosan sample, indicating vibration at@-C
bond, typical of sugars. This band was not presetite BSA sample. Similarly, the BSA
sample had a strong peak at 1518'cnepresenting the amide Il band, while the ivy
nanoparticles had a weak band at 1539 dmdicating a weak amide Il band, and the chitosan
sample had no peak in this region. The FTIR spdaira top to bottom are: raw ivy

nanoparticles, chitosan, and BSA (indicated by rcwldhe online version).
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Figure 4-7.Results from SDS-PAGE of ivy nanopatrticles. Legsults of the silver stain
demonstrating the staining of the protein ladded, all ivy nanoparticle samples. Right, results
from glycoprotein stain showing positive stainitog fhe high molecular weight nanoparticle
band. Samples 1, 2, and 3 represent nanopartsdided from three separate trials. Note the

lack of staining of the non-glycosylated proteirent the standard ladder.
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Supplemental

Isolate and fractionate proteins involved in nanopeicle formation from

adventitious roots of English ivy

In order to narrow down the pool of potential pnegecontributing to nanoparticle formation in
the adventitious roots of English ivy, several fimgation approaches were used. Initially,
adventitious roots, ground roots and leaves/steoms English ivy were collected, extracted,
dialyzed and processed as previously described $6¢e ground roots and leaves/stems of
English ivy did not yield nanoparticles, we aimedtofile the protein banding patterns of
nanoparticle presence and absence. Total protéiactex were subjected to SDS-PAGE to
identify common and/or different protein bandingtpans among the various tissues of English

ivy (Figure 4-8).

In order to fractionate those proteins involvedamoparticle formation from adventitious roots
of English ivy, proteins from processed roots wiest examined for their ability to be separated
based on charge using fast protein liquid chromafgiyy (FPLC; AKTAFPLC™, GE
Healthcare, Piscataway, NJ). For ion exchange categnaphy, protein extracts were adjusted
to pH 10 using 20 mM Tris (pH 10) buffer, were thdtered through a 0.2-pum-pore-size filter
(Corning) and were loaded onto a HiTrap Q HP Segg&™ anion-exchange column (GE
Healthcare, Piscataway, NJ) that was previouslyliegated with 20mM Tris buffer (pH 10),

and samples were collected using a fraction caltesttached to the FPLC system. Under these
conditions compounds with a negative charge boarhe resin with affinity dependent on the
net charge of the compound. Protein fractions wé&reed from the column with varying salt

concentrations in 20mM Tris (pH 1(digure 4-9A-B). Most proteins were observed to be
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eluted from the column at 100% salt, indicatingrarsy anionic charge, and were lost from
collection to waste. Therefore, an identical samyds subjected to the same FPLC conditions
and fractions of A1-B12 were collected as theyeadudtom the column, stored at 4 °C and
subjected to SDS-PAGHEigure 4-9C-D). A single high molecular band, >460 kDa, was
observed beginning in the A11 fractidfidure 4-9C), located at approximately the start of the
FPLC protein peakHigure 4-9B). As a means to further isolate the proteingrdauting to the
nanoparticle formation, we eluted using severara#tive and subsequent salt gradients and
verified the nanopatrticle presence using UV/Viscsmscopy Figures 4-10 to 4-14 Fractions
Al-A4, A5-All, A12-B4 (eluted from 62-70% salt grawt) and B5-B10 (eluted from 100% salt
gradient) Figure 4-10A) were combined and subjected to UV/Vis spectrog¢bmure 4-3B).
Fraction A5-Al1l yielded spectra similar to thoseously observed for the nanoparticle [6, 7].
Fractions A1-A7, A8-Al1l, A12-B5 (eluted from 68-74%4lt gradient) and B6-B9 (eluted from
100% salt gradientHgure 4-11A) were combined and subjected to UV/Vis spectrogcop
(Figure 4-11B). Fractions A8-Al11 and A12-B5 were similar in gatt, but none of the fractions
yielded spectra similar to those previously obseifee the ivy nanoparticle [6, 7]. Fractions Al-
A4, A5-Al1, A12-B5 (eluted from 48-55% salt gradieand B6-B9 (eluted from 100% salt
gradient) Figure 4-12A) were combined and subjected to UV/Vis spectrog¢bmure 4-12B).
Fraction A5-Al1l yielded spectra similar to thoseiously observed for the nanoparticle [6, 7].
Fractions A1-A6, A7-A12, B1-C2 (eluted from 75-8@H#it gradient) and C3-D3 (eluted from
100% salt gradientHgure 4-13A) were combined and subjected to UV/Vis spectrogcop
(Figure 4-13B). Fraction A7-A12 yielded spectra similar to th@seviously observed for the
nanoparticle [6, 7]. Fractions A1-A6, A7-B2, B3-B(&uted from 85-95% salt gradient) and

C1-D4 (eluted from 100% salt gradienBidure 4-14A) were combined and subjected to
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UV/Vis spectroscopyRigure 4-14B). Fraction A7-B2 yielded spectra similar to those

previously observed for the nanoparticle [6, 7].

In addition to separating proteins from the aduanis roots of English ivy based on charge, we
subsequently separated those proteins by using BRleGxclusion chromatographyigure 4-

15). Fractions under peak A11-BEigure 4-9B-D) were combined and further fractionated on
a size exclusion column (HiLoad 16/60 Superdex @2@p grade, GE Life Sciences, GE Health
Care, Piscataway, NJyigure 4-15A). Fractions under peak A1-C7 from the size exolusi
column were collected as they eluted from the colusiored at 4 °C and subjected to Laemmli
SDS-PAGE containing beta-mercaptoethanol or 86 niMadhreitol (Figure 4-15B) or beta-
mercaptoethanol plus either 6 M urea or 8 M ureis @IM thiourea plus 3% SDS&igure 4-
15C-D). Protein was observed in fractions B10, B11 atéd Bo matter what reducing agent was
used Figure 4-15. However, with the addition of 6 M urea or 2 Maiwrea plus 3% SDS to the
beta-mercaptoethanol Laemmli buffer, an additidvaadd below the >460 kDa band was
observed in the fraction under peak BEig(re 4-15D). An identical sample was subjected to
the same FPLC conditions and fractions of B8-C8euride peak were collected as they eluted
from the column, stored at 4 °C and subjected téMiB/spectroscopyHigure 4-16B-0O.

Spectra of the fractions B11 and B12 under the paaksimilar UV/Vis properties to that of the
nanoparticles and therefore, were sent to MS Bi&s/&or LC-MS/MS analysis. Proteins
identified by LC-MS/MS analysis using the ivy tranptome are shown ifable 4-1 Fraction

E5 under the peak was used as a background castra protein bands were observed when ran
on SDS-PAGE (data not shown). However, those prsteientified by LC-MS/MS vyielded little

information as to the composition of the nanop&t{§upplemental Table 4-}.
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Since anion and size exclusion fractionation dilprovide adequate separation of the proteins,
we examined the differences in anionic fractiongesl from 40%, 70% and 100% salt gradient
between water extracted, 20 mM Tris pH 7 with 10 MMT and 10 mM DTT extracted
nanoparticles from English ivy adventitious rodig(re 4-17A, 4-18A, and 4-19A We then
wanted to determine if changing the buffer hadféeceon the proteins that we could elute from
the column so we did 3 different extractions: {(#§ hormal water extraction, a buffered system
using 20 mM Tris pH 7 and the same buffered systgim10 mM DTT added. The majority of
protein was eluted from water extracted, 20 mM Pkis7 with 10 mM DTT and 10 mM DTT
extracted nanoparticle from 100%idure 4-17A), 70% Eigure 4-18A) or 40% salt gradient
(Figure 4-19A) respectively. Therefore, we concluded that eximaduffer was an important
factor in protein separation and subsequently feduesearch efforts on extraction methods and
reducing agents for further resolution of the pragecontributing to nanoparticle formation.
When examining samples that were extracted in wa@emM Tris buffer pH 7 or 20 mM Tris
buffer pH 7 plus 10 mM DTT before and after diaty@tigure 4-20), it was observed that
spectra were similar for all extraction bufferddaling dialysis Figure 4-20B). When

compared to a known plant phenolic compound, clglenac acid, a peak around 325 nm was not

observed in nanoparticles samples or diluted natiofgasamplesKigure 4-21).
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Figure 4-8. Silver stained SDS-PAGE of total protein extradredn leaf/stem, ground roots,

and adventitious roots.
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Figure 4-9.Fast Performance Liquid Chromatography (FPLC) clatagram from ion exchange column. 10 ml of sams lwaded
onto a HiTrap Q HP Sepharose™ anion-exchange co{@&Healthcare, Piscataway, NJ) that was prewoeglilibrated with 20
mM buffer (pH 10) and was connected to an FPLC Ke&&lthcare, Piscataway, NJ). Fractions A1-B12 wellected under the peak.
Solid blue line represents the proteins elutingnftbe column. Solid green line represents thegsatlient. (A) Sample was initially
ran on anion exchange column, but most of the p®tender the last peak were discarded in the vwadliector. Therefore, an
identical sample was ran on anion exchange columdrfractions A1-B12 were collected under the peX .Results of the silver

stain demonstrate the staining of the protein laddd all ivy nanoparticle samples. Lanes show $asmpl thru B12.
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Figure 4-10.Fast Performance Liquid Chromatography chromatograd physiochemical properties of nanoparticlésaeted from
English ivy adventitious roots fractionated usimgaamion-exchange column. (A) 10 ml of sample waslénl onto a HiTrap Q HP
Sepharose™ anion-exchange column (GE Healthcaeat@ivay, NJ) that was previously equilibrated QMM Tris buffer (pH
10) and was connected to an FPLC (GE Healthcaseafiway, NJ). Solid blue line represents the pretguting from the column.
Solid green line represents the salt gradient 8@r70% and 70-100%. (B) Fractions Al1-A4, A5-A11,2AR4, and B5-B10 were

combined individually and subjected to UV/Vis spestopy.
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Figure 4-11.Fast Performance Liquid Chromatography chromatograd physiochemical properties of nanoparticlésaeted from
English ivy adventitious roots fractionated usimgaamion-exchange column. (A) 10 ml of sample waslénl onto a HiTrap Q HP
Sepharose™ anion-exchange column (GE Healthcaeat@ivay, NJ) that was previously equilibrated ®Q@mM Tris buffer (pH
10) and was connected to an FPLC (GE Healthcaseafiway, NJ). Solid blue line represents the pretguting from the column.
Solid green line represents the salt gradient 88A74% and 74-100%. (B) Fractions Al1-A4, A5-A11,2AR4, and B5-B10 were

combined individually and subjected to UV/Vis
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Figure 4-12.Fast Performance Liquid Chromatography chromatograd physiochemical properties of nanoparticlésaeted from
English ivy adventitious roots fractionated usimgasmion-exchange column. Fractions A7 to B7 fror63@6 gradient were
combined and loaded onto a HiTrap Q HP Sepharosa®-&xchange column (GE Healthcare, Piscatawaythdd was previously
equilibrated with 20mM Tris buffer (pH 10) and wamnected to an FPLC (GE Healthcare, Piscatawdy, $olid blue line
represents the proteins eluting from the columtidSpeen line represents the salt gradient frorb8% and 55-100%. (B) Fractions

Al-A4, A5-All, A12-B5, and B6-B9 were combined mdually and subjected to UV/Vis spectroscopy.
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Figure 4-13.Fast Performance Liquid Chromatography chromatograd physiochemical properties of nanoparticlésaeted from
English ivy adventitious roots fractionated usimgasmion-exchange column. Fractions C7 to D6 frori80% gradient were
combined and loaded onto a HiTrap Q HP Sepharose®-&xchange column (GE Healthcare, Piscatawaythsd was previously
equilibrated with 20mM Tris buffer (pH 10) and wamnected to an FPLC (GE Healthcare, Piscatawagy,3lid blue line
represents the proteins eluting from the columtid®ween line represents the salt gradient fror83% and 85-100%. (B) Fractions

Al-A6, A7-Al12, B1-C2, and C3-D3 were combined indivally and subjected to UV/Vis spectroscopy.
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Figure 4-14.Fast Performance Liquid Chromatography chromatogmadphysiochemical properties of nanoparticlesaeitd from
English ivy adventitious roots fractionated usimgasmion-exchange column. Fractions D7 to E11 fr@riB80% gradient were loaded
onto a HiTrap Q HP Sepharose™ anion-exchange co(@&Healthcare, Piscataway, NJ) that was prewoeglilibrated with
20mM Tris buffer (pH 10) and was connected to ah@RFGE Healthcare, Piscataway, NJ). Fractions Alw@8e collected and
subjected to UV/Vis spectroscopy. Solid blue liapresents the proteins eluting from the columnid3pken line represents the salt
gradient from 85-95% and 95-100%. (B) FractionsA&gl-A7-B2, B3-B12, and C1-D4 were combined indivatly and subjected to

UV/Vis spectroscopy.
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Figure 4-15.Fast Performance Liquid Chromatography (FPLC) mtatmgram from size exclusion column. Fractions upgak A1l
through B1 from anion exchange column (Figure 2)enmmbined and further fractionated on a sizeuskch column. (A) 2 ml of
sample was loaded onto the size exclusion colurdrfractions A1-C7 were collected and (B, C, D) firaies under the peak A7-B12
were subjected to SDS-PAGE. Solid blue line reprissine proteins eluting from the column. Resultthe silver stain demonstrate
the staining of the protein ladder and all ivy naadicle samples using (B) beta-mercaptoethanol @86 mM dithiothreitol (DTT)
(B2), (C) beta-mercaptoethanol for all samples, @jdusing beta-mercaptoethanol in all samples pitieer 6 M urea or 2 M

thiourea plus 3% SDS Laemmli buffer.
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Figure 4-16.Fast Performance Liquid Chromatography (FPLC) mtatmgram and physiochemical properties of nanapesti
extracted from English ivy adventitious roots frantted using size exclusion column. (A) FPLC chatyzgram when 2 ml of sample
was loaded onto the size exclusion column. Solié kihe represents the proteins eluting from tHaroa. (B) UV/Vis spectroscopy
of nanoparticles extracted in 20 mM Tris-HCI at fobin English ivy adventitious roots and fractiorthtesing size exclusion

FPLC.Fractions B8-C6 under the peak were colleatetisubjected to UV/Vis spectroscopy.
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Figure 4-16 Continued.
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H20 e;étr-action H20 Extraction anion exchange

anion exchange run 4 i

Figure 4-17. Fast Performance Liquid Chromatography (FPLCyetatogram and physiochemical properties of nanmbest
extracted from English ivy adventitious roots fraoated from a HiTrap Q HP Sepharose™ anion-exahaniumn (GE Healthcare,
Piscataway, NJ) that was previously equilibrateth\20mM Tris buffer (pH 10). (A) 10 ml of sampletected in water was loaded
onto a HiTrap Q HP Sepharose™ anion-exchange co(@&Healthcare, Piscataway, NJ) that was prewoeglilibrated with
20mM Tris buffer (pH 10) and was connected to abh@FGE Healthcare, Piscataway, NJ). Solid blue teygresents the proteins
eluting from the column. Solid green line represehe salt gradient. (B) Fractions A1-A5, A6-A1Q,1AB3, B4-B7 and B8-D10
were combined individually and subjected to UV/¥sectroscopy. In an effort to isolate the nanogartnto its components,

multiple runs of FPLC were performed and the UV/Was used to determining if the spectra matchesktlob the nanoparticle.
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20mM Tris pH 7 extraction 100% 20mM Tris Extraction anion exchange
anion exchange run

8

Figure 4-18.Fast Performance Liquid Chromatography (FPLC) mtatmgram from ion exchange column and physiochdmica
properties of nanoparticles extracted from Enghstadventitious roots fractionated from a HiTragH® Sepharose™ anion-
exchange column (GE Healthcare, Piscataway, NdWwaa previously equilibrated with 20mM Tris buff@H 10). (A) 10 ml of
sample extracted in 20mM Tris buffer was loaded@HiTrap Q HP Sepharose™ anion-exchange colurenH&althcare,
Piscataway, NJ) that was previously equilibrateth\20 mM Tris buffer (pH 10) and was connectedrtd-RLC (GE Healthcare,
Piscataway, NJ). Solid blue line represents th&eprs eluting from the column. Solid green lineresgents the salt gradient. (B)

Fractions X1, A1-A6, A7-B3, B4-B9, B10-C5 and C6-d@re combined individually and subjected to UV/Spgectroscopy.
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ITT extraction 20mM Tris & 10 mM DTT = anion exchange

change run

Figure 4-19.Fast Performance Liquid Chromatography (FPLC) mtatmgram and physiochemical properties of nanapesti
extracted from English ivy adventitious roots fraoated from a HiTrap Q HP Sepharose™ anion-exanhaniumn (GE Healthcare,
Piscataway, NJ) that was previously equilibrateth\@0mM Tris buffer (pH 10). (A) 10 ml of sampleteacted in 20mM Tris buffer
plus 10mM dithiothreitol was loaded onto a HiTragi® Sepharose™ anion-exchange column (GE Healtheaeataway, NJ) that
was previously equilibrated with 20mM trisbuffeH}p0) and was connected to an FPLC (GE Healthcaeaway, NJ). Solid blue
line represents the proteins eluting from the caluB8olid green line represents the salt gradi@)trgctions X1, A1-A3, A4-A8, A9-

B4, B5-B7, B8-D3 and D4-D8 were combined individyand subjected to UV/Vis spectroscopy.
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Figure 4-20.Physiochemical properties of nanopatrticles exéhétom English ivy adventitious
roots. Samples were either extracted in water, RDTris buffer or 20 mM Tris buffer and 20

mM Tris buffer plus 10mM dithiothreitol (DTT). UV/g spectroscopy was performed before

and after dialysis.
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Figure 4-21.Physiochemical properties of nanopatrticles exéhétom English ivy adventitious
roots were compared to a known plant phenolic camgpchlorogenic acid, to observe any

similar properties to the ivy nanoparticle.
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Table 4-1. Proteins present in ivy nanoparticles as idemtitising ivy transcriptome. Fractions B11, B12 abduBder the peak

obtained from FPLC size exclusion were sent to Nt8Brks for LC-MS/MS analysis. E5 was included asaeple to eliminate

random proteins. No protein bands were observedh e ES5 fraction using SDS-PAGHO single protein appeared as the only

protein reponsable for the formation of the nanbglar

Gene Expression Expression Fold
Proteins Size E5| B1l1 B12| Bang Hit Description
Length (Adventitious) (Ground) Change
73 114,693 23 88 72 31 3128 Uncharacterized protein 30 25 1
11143 65,853 21 43 37 24 1796 Uncharacterized FidkDig protein 335 117 2.8
20608 33,477 29 42 33 3 913 putative acid phospblatrartial [Aralia elata] 57 1 48.9
46181 83,710 10 40 33 18 2283 beta-glucosidasi&g4-| 1756 95 18
116 93,207 7 36 24 9 2542 Arabidopsis thalianastedion initiation factor 3B1 106 71 1
1487 89,320 0 32 36 2436 Probable ATP-citratehss® subunit 1 239 15 15
43813 105,233 5 32 36 2870 Coatomer, alpha subunit 53 25 2
66528 13,017 8 29 18 355 Histone H4 447 28 15
145 103,987 0 29 23 2836 26S proteasome non-ATiega&atory subunit 2 52 33 15
11026 74,873 0 28 26 2042 Phosphofructokinase 97 6 1 5.9
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Chapter 5. Identification of the proteins involved in the
formation of English ivy nanoparticles through an emics based

strategy
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Jason N. Burris, Scott C. Lenaghan, Y. Peng, Mimg@jbang, Eric J. Carpenter, Zhijian Tian,
Gane Ka-Shu Wong, and C. Neal Stewart, Jr. Ideatifin of the proteins involved in the
formation of English ivy nanoparticles through amics based strategy.

To be submitted to Journal of the Royal Interface.

| designed, executed and analyzed the experimadts/eote the manuscript.

5.1 Abstract

English ivy Hedera helix L.) secretes a high strength nanocomposite adhé&simn adventitious
roots, which allows the plant to climb on vertisatfaces. Previous studies have determined that
the ivy nanocomposite adhesive is primarily comgdasfgproteinaceous nanoparticles and a
polysaccharide matrix. Further study of isolatedaparticles has revealed that these
nanoparticles have ultraviolet (UV) protective daipaes and the potential for use as
nanocarriers for delivery of therapeutic compour@@tmsidering the importance of the ivy
nanoparticles in a variety of applications, thelgdahis work was to identify the proteins
involved in the formation of the ivy nanoparticlesing an -omics approach. First, individual
proteins were separated from purified ivy nanopbasi by adjusting the reducing conditions
prior to SDS-PAGE. Using this strategy, it was plolssto separate the ivy nanoparticles into 9
distinct protein bands ranging in molecular weifybim 25 kDa to 130 kDa. After gel extraction,

each band was sequenced using LC/MS/MS, and theeseg was queried against the UniProt
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database to identify candidate proteins that coseghe nanoparticles. In addition to comparison
with UniProt, a transcriptome for the ground andeditious roots of English ivy was created in
order to compare the isolated proteins with theresfce material. The results of the -omics
analysis indicated that the protein bands had haghology with 11 candidate proteins from the
English ivy adventitious root transcriptome andr@t@ins from the UniProt database for a
combined total of 11 unique protein candidatessj@#cial interest was a chaperonin protein,
which has been known to participate in nanoparfmimation in other species. Based on these
results, it was hypothesized that the pool of pnstesolated constitutes the essential building

blocks of ivy nanoparticles, which lays the foundiatfor subsequent bioproduction.

52 Introduction

Previous studies have demonstrated that EnglisHeglera helix) secretes a nanocomposite
adhesive, from the root hairs of the adventitiaas, that allows it to climb and permanently
adhere to vertical surfaces [1-2]. English ivy proes two different types of roots, adventitious
roots and ground roots [6]. Adventitious roots @naracterized by being short, non-branching
and covered with root hairs normally forming on gems in pathes and are primarily used to
adhere the ivy on surfaces as it grows upward. @fwoaots are lignified, branching and lack
root hairs. The nanocomposite adhesive consisisitdrm nanoparticles, 50-80 nm in size,
surrounded by a polysaccharide matrix [1, 3]. Ferréimalysis confirmed that the ivy
nanocomposite adhesive has superior strength wrkboadhesives from algae, while
exhibiting similar curing profiles [4]. In order tdentify the mechanism generating this high
strength adhesion, a contact fracture mechanicehveas developed and concluded that van der

Waals forces between the nanoparticles alone warstrong enough to generate the adhesive
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strength observed experimentally [5]. Based onetesults, it was hypothesized that the ivy
nanoparticles were involved in cross-linking betvége polysaccharide and the nanoparticles
themselves, resulting in an epoxy-like systemI@prder to test this hypothesis a tissue culture
method was developed to generate bulk adventitioots, and this system was used to harvest
and purify ivy nanoparticles for chemical analyéis/]. Using inductively coupled plasma mass
spectrometry (ICP-MS), it was proven that the repoparticles did not incorporate metals, such
as C&’, into their three-dimensional structure to ai¢tiass-linking [7]. Further studies,
including elemental analysis and SDS-PAGE, revetilatithe ivy nanoparticles were formed
from a complex of either single or multiple pro®glycoproteins [7]. A recent study has further
hypothesized that the ivy nanoparticles were comgp@s arabinogalactan proteins (AGPSs) [8].
As a side-product of chemical analysis of the iepoparticles, it was discovered that the
nanoparticles exhibited unique optical propertiesiuding UV absorbance over the range
necessary for UV protection, i.e., a sunscreenlffact, the ivy nanoparticles were proven to
have greater UV absorbance and lower cytotoxitiantTiQ and ZnO nanopatrticles typically
used as sunscreen protective agents [3]. Additistualies demonstrated that the ivy
nanoparticles have good thermal and pH stabilityicivfurther indicates potential for use in
sunscreen and cosmetic products [10]. In additbazosmetics applications, ivy nanopatrticles
have been demonstrated as effective nanocarriedsugs, indicating their potential for use in

nanomedicine [8].

The objective of the study described herein wasst-omics approaches to identify candidate

proteins and their genes responsible for nanopaxtamposition. While recent research

identified a single high molecular weight band fr&DS-PAGE (>460 kD) as the major
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component of the nanopatrticle structure, it wasollygsized that the denaturation conditions
were ineffective, which resulted in the protein gbex retaining its native conformation [7]. Our
strategy consisted of optimization of nanopartetéaction and protein denaturation and
separation to facilitate targeted proteomics amsygsidentify individual candidate proteins that
comprise the nanopatrticles. In order to infer wheahdidate English ivy genes were responsible
for encoding these proteins a comparative transgnjc analysis was undertaken using ground
roots and the nanoparticle-producing adventitimets. Tandem implementation of proteomic
and transcriptomic approaches were powerful tamisdentification of candidate proteins and

genes, which allow hypotheses to be generated alamaparticle form and function.

53 Materials and methods

5.3.1 Adventitious root production

English ivy shoots were provided by Swan ValleymksrMount Vernon, Washington, USA.
Production of adventitious roots was carried oyptr@viously described with slight

modifications [6]. Briefly, stems were segmented 205 cm linear sections and all leaves except
the most anterior were removed. Each stem wassb@ked in indole butyric acid potassium salt
(IBA) (Sigma, St. Louis, Missouri, USA) at 50 mditar 24 h. Post-treatment, stem segments
were placed in modified Magenta GA7 boxes (Fistaltham, Massachusetts, USA), 4 to a

box, with 50 ml of water, and incubated with conts light (83 umol/As’) for 2 weeks.
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5.3.2 Nanopatrticle extraction and analysis

Adventitious roots were harvested from culturearnsteflash frozen in liquid nitrogen, and
nanoparticles were extracted as described preyiou#h slight modifications [9]. Briefly, 25 ml
of 20 mM Tris-HCI was added to 8 g of frozen roaitsl blended for 2 min until completely
homogenized. Homogenates were then passed throbgtm&n No. 1 filter paper contained in a
Buchner funnel to remove large debris prior to gergation at 3,008 g for 30 min. The
supernatant was then collected and dialyzed int@peellulose ester dialysis membranes (300
kDa molecular weight cut-off [MWCO]; Spectrum Labtories, Rancho Dominguez, California,
USA) against 20 mM Tris-HCI for 48 h with 3 buffelhanges, and the solution remaining in the

tubing was removed and stored at 4 °C.

In order to assess the impact of storage condiborthe stability of the ivy nanoparticles,
nanoparticles were either prepared fresh, frozeRBGatC or -80 °C, or frozen at -80 °C and then
lyophilized using a Labconco FreeZone 12 Liter EeePry System (Labconco, Kansas City,
Missouri, USA) and stored at -80 °C. After storégel week, the nanoparticles were either
reconstituted, in the case of the lyophilized nambgles, or thawed, in the case of frozen
nanoparticles, and the size distribution and Zetarial of the isolated nanoparticles was

analyzed using a Malvern Zetasizer Nano ZS (Woeeshkire, United Kingdom).

In addition to examining the effect of storage dtinds on the ivy nanopatrticles, the effect of
oxidizing enzymes present in the adventitious exttact on nhanoparticle formation was
analyzed by using dithiothreitol (DTT) to inhibixidation. In these experiments, roots were

macerated in 20 mM Tris-HCI at varying pH (4, 710, containing varying concentrations of
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DTT (O, 2, 4, 6, 8 or 10 mM). The extent to whiclh Dinhibited oxidative enzymes present in
the extract was determined by qualitatively commathe color of the extract, with the darker
color indicating a higher degree of oxidation. Aféeldition of the DTT to the extract,
nanoparticle isolation was carried out as descrizediously [6, 7]. To ensure that the structure
of the ivy nanopatrticles was not a result of oxidateactions, the size distribution of the
nanoparticle was analyzed as described previo@sfy p-10], and compared to controls. It was
also important to ensure that DTT did not resulilteration of the nanoparticles leading to a loss
of the characteristic UV/vis absorbance. As sudW\i$ spectroscopy was conducted on the
DTT treated nanoparticles and controls, and andlysing a Biotek Synergy HT Microplate

Reader (Biotek, Winsooki, Vermont, USA).

5.3.3 Sample preparation for LC/MS/MS and protein identification

Once collected, ivy nanoparticles were subjectedatmus denaturing and/or reducing
conditions in order to obtain the best resolveddsaamples were added to a sample buffer
containing differing amounts of urea (2 M to 8 Nhiourea (1 M to 2 M), 3% sodium dodecyl
sulfate (SDS) and DTT with 0.03% bromophenol bllE [and run on SDS-PAGE gels to
optimize band resolution and separation. Ivy nanapes collected from the extraction were
mixed 1:1 with Laemmli buffer containing 2 M thi@a, 8 M urea, 3% SDS and 10% 2-
mercaptoethanol and boiled for 10 min. After derettan, samples were electrophoresed on
Tris-glycine gels (5% stacking, 12% resolving) €Juhc., Milford, Connecticut) at 1 W for 24 h
in SDS-Tris-glycine running buffer re-circulated4atC. Gels were stained with ProtoBlue safe
Colloidal Coomassie G-250 stain (National DiagnmsAitlanta, Georgia). The nine most distinct

bands from the gels stained with ProtoBlue wereasexk transferred to individual microfuge
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tubes, and shipped on ice to MS Bioworks (Ann Ariichigan, USA) for sequencing and
analysis Figure 5-1). MS Bioworks conducted the sequencing by firsshag the gel slices

with 25 mM ammonium bicarbonate and acetonitrilé #ren further reducing the samples with
10 mM DTT at 60 °C. Next, samples were alkylatethvd0 mM iodoacetamide and trypsin
digested at 37 °C for 4 h prior to quenching wahtfic acid. Following quenching, the
supernatant was analyzed by nano LC/MS/MS usingtek& NanoAcquity HPLC system
equipped with a trapping column and eluted oves @m analytical column at 350 nL/min; both
columns were packed with Jupiter Proteo resin (Bmemex, Torrance, California, USA).
Following HPLC, the peptides were analyzed in arfifed-isher Orbitrap Velos Pro (Waltham,
Massachusetts, USA) mass spectrometer operatid@t@adependent mode, with 60,000 full
width at half maximum (FWHM) resolution and MS/M8rformed in the linear trap quadrupole
(LTQ). The 15 most abundant peptide ions were tedeior MS/MS. Data was processed using
the Mascot software (Matrix Science Inc, Bostonsd#chusetts) with the following parameters:
enzyme: trypsin, database: UniProt virdiplanteeedimodification: carbamidomethyl (C),
variable modification : oxidation (M), acetyl (Pent N-term), pyro-Glu (N-term Q, deamidaton
(NQ), mass values: monoisotopic, peptide massaoter:10 ppm, fragment mass tolerance: 0.6
Da, max missed cleavages: 2. Mascot data files pansged into the Scaffold software (Proteome
software Inc., Portland, Oregon, USA) for validatidltering, and to create a non redundant list
per sample. Data were filtered using a proteinstho&d of 99.0%, a minimum number of
peptides as 5, a peptide threshold of 95%, an&kensve spectrum count. Peptide
identifications were accepted if they could be lelsshed with > 20% probability as specified by
the peptide prophet algorithm [12]. Protein ideaétions were accepted if they could be

established at greater than 99% probability andatoad at least 1 identified peptide. Protein
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probabilities were assigned by the protein projgliigarithm [13]. Proteins that contained similar
peptides and could not be differentiated based 8AMS analysis alone were grouped to satisfy

the principles of parsimony.

5.3.4 Sequencing of the reference English ivy root transiptome

An English ivy reference transcriptome from rootssvproduced by cDNA library construction
of RNA extracted from adventitious and ground ramt&nglish ivy. Both root types
(adventitious and ground) were collected, and fmozéh liquid nitrogen into 2 separate tubes.
RNA was extracted from each tube using Trizol andfied using an RNeasy mini kit (Qiagen,
Valencia, California, USA). Each RNA sample waartincorporated into a GenTegra
(GenTegra Pleasanton, California, USA) water s@wblemical matrix, air dried and shipped to
BGI-Shenzhen (BGI) (BGI Shenzhen, Yantian Distri&itenzhen, China) for cDNA
construction and sequencing, as described preyi¢is]. Sequencing was performed using an
lllumina GA lix platform on both the adventitiousdground roots cDNA and raw sequence
reads were trimmed prior to scaffold assembly [TBily high quality reads were used in
subsequent assemblies, with a consensus libraayecreising all the assemblies. The reference
transcriptome constituted the combined data ofltlumina libraries, one each from
adventitious and ground roots, which allowed subsatifor comparison of the expression levels

between the 2 samples.
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5.3.5 Denovo assembly and assessment of transcriptome quality

Thede novo transcriptome assembly was conducted as descriieetpsly [15]. The original
reads used for assembly of the ivy transcriptontethe assembled scaffolds are publically
available on the 1000 Plants (1kp) website (httprfbrs.iplantcollaborative.org/browse/iplant
/home/shared/onekp_pilot). The reference transmmptwas further annotated by comparison
against the UniProt database using BLASTX (withasg cutoff of 10-3). Expression profiles
analysis was performed by using the RNAseq modutee CLC genomic workbench (Qiagen,

Valencia, California, USA).

5.3.6 RNA extraction and reverse transcriptase polymerasehain reaction (RT-

PCR)

In order to validate the sequence data obtainad the English ivy transcriptome and obtain
longer ivy-specific sequence, 10 primer sets wexeghed based on the sequences identified
from comparison of the 9 isolated protein bandstaedvy transcriptome. Primers were created
using SnapGene (GSL Biotech LLC, Chicago, lllinti§A) with the following parameters: 18-
22 nt long and a minimum melting temperature of65The sequences of primers (synthesized
by Integrated DNA Technologies, Coralville, lowsSA) are shown iffable 5-1 After design

of the primers, tissue from adventitious roots,ugi roots and leaves from English ivy were
snap frozen and macerated into a powder in ligitrdgen. Macerated tissue was then added to
Tri reagent (Molecular Research Center, Cincinr@bio, USA) at 100 mg tissue to 1 ml of Tri
reagent. Samples were allowed to sit for 5 miroatrr temperature and subsequently centrifuged
at 6,000x g. The supernatant was transferred to a new fubecagent was the added directly

to a Direct-zol™ RNA Kit column (Zymo Research hej California, USA) and RNA was

124



extracted based on manufacturer’s instructions. RMA quantified and analyzed for quality
using Nanodrop ND-1000 (Thermo Fisher Scientificlmihgton, Delaware, USA). First-strand
cDNA was synthesized using the Superscript Ik fitsand synthesis system (Thermo Fisher
Scientific Wilmington, Delaware, USA). cDNA was amntrated and cleaned using a DNA
Clean & Concentrator column (Zymo Research Irvidajfornia, USA) according to
manufacturer’s instructions. Synthesized cDNA wasc&ed for quality and quantified on the
Nanodrop ND-1000. Ten different PCR using GoTaymparase (Promega, Madison,
Wisconsin, USA) were performed for each tissue tygiag the specified primers. One primer
set was made from each gene. PCR was carriedioB0fcycles at 52 °C using an Eppendorf
Mastercycler® (Eppendorf, Hamburg, Germany). Tearoliters of all PCR products were then
run on a 1% agarose gel at 105 V for 45 min andlyaed by direct visualization after ethidium

bromide staining.

5.4 Results and discussion

5.4.1 Isolation of proteins from ivy nanoparticles

In recent studies on isolation of ivy nanopartictee nanoparticles were frozen and lyophilized
prior to chemical analysis [7]. While this proceelis suitable for chemical analysis,
lyophilization and subsequent reconstitution ofiffiects the solubility of proteins [16] , and thus
may inhibit downstream analysis using standard oudég approaches (i.e. gel electrophoresis).
In order to test the hypothesis that the high mdaoveight band observed in previous ivy
nanoparticle studies was the result of incompletetslization of the nanopatrticles [7],

reconstitution of the nanoparticles using varicisage methods was examined. From these
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experiments it was determined that the lyophilimadoparticles were not completely soluble in
water or a 20 mM Tris buffer, pH 7, even in excefssolution. Increasing the pH of the Tris
buffer to 8 led to a further decrease in soluhiltyth the formation of a larger insoluble pellet
after centrifugation. Similar results were obserwden samples were frozen at either -20 C or -
80 C and then slowly thawed at room temperaturgpDethe lack of an insoluble pellet after
centrifugation prior to freezing, the thawed sarag@# contained a substantial pellet. Based on
these data, it was concluded that the ivy nanapesticannot be completely solubilized after
freeze-thaw cycles or lyophilization. These resoitsy explain the presence of only a single high
molecular weight band in previous SDS-PAGE ana)ymsghe insoluble fraction may have been

unable to run through the gel, even in the everbaiplete denaturation.

While the incomplete solubilization of the nanopes after freeze-thawing and lyophilization
may provide some insight into why we only obserrezlsingle high molecular weight band, it
cannot fully explain why the high molecular weidpaind could not be observed in freshly
extracted nanoparticles using DTT. One hypotheasilkat the nanoparticles were actually the
result of agglomeration of proteins created by k) enzymes present in the extract. During
nanoparticle isolation, it was observed that theaex rapidly turned from a dull yellow to a dark
brown/black after the extract came in contact witidation. Previous studies from plant extracts
and tea have noted that nanopatrticles can formeasesult of complexation of plant
polyphenolics with other chemicals, such as ca#f¢iry-20]. The formation of these tea-extract
nanoparticles has been shown to be catalyzed lyplp@hol oxidases (PPOs) present in the
solution [17-19]. To test the hypothesis that thenanoparticles were formed as a result of a

similar mechanism, DTT was added to the extracdmntion at varying concentrations (0-10
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mM) to prevent oxidation and inactivate the polypbleoxidases. It has been previously shown
that enzymatic ‘browning’ can be inhibited by tha@mpounds, and that phenolic compounds,
such as those found in the roots of English ivy, loa oxidized by polyphenol oxidases (PPO)
causing ‘browning’ [21-25]. Qualitative analysivealed that at 10 mM DTT the ivy
nanoparticle extract did not undergo any enzyniatmwyning’, indicating inhibition of the PPOs.
At concentrations below 10 mM DTT, varying levefsloowning’ occurred, thus extraction
with 10 mM DTT at varying pH (4, 7, and 10) was sbpo for analysis of nanopatrticle formation.
To determine if the nanoparticles formed with intidm of the PPOs, the presence and size
distribution of the nanoparticles in 10 mM DTT edted samples was analyzed using dynamic
light scattering (DLS), zeta potential analysis] &V/vis spectroscopyHgure 5-2). DLS
conducted on 10 mM DTT extracted nanoparticlesinbthfrom three different extraction
buffers (pH 4, pH 7 or pH 10) confirmed the pregeativy nanoparticles at all three pHs tested
(Figure 5-2A). The average Z diameter of ivy nanoparticlehaDTT extracted samples was
141.3 nm +/- 4 for pH 7, 148.6 nm +/- for pHafd 333.6 nm +/- 13.52 for pH 4, which was
similar to previously published resulsigure 5-2A) [10]. In addition, zeta potential analysis
indicated that the ivy nanoparticles had a negativéace charge that changed in magnitude
according to pH (pH 7 (-23.9 mV), pH 10 (-34.5 m¥jhd pH 4 (-11.2 mV))Rigure 5-2B).
Further the polydispersity index (PDI) of the naaxigles changed from 0.240 and 0.257 to
0.508 as the pH decreased, indicating a uniforedsson at neutral and basic pH, with
agglomeration at acidic pH. These results wereistarg with previous research that observed
that at neutral and alkaline conditions ivy nantipkes were more stably dispersed than in
acidic conditions [10]A previous study in which the zeta potential of hgnoparticles in

ultrapure water was observed to be -35.3 mV [7} e@mparable to zeta potential values of the
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ivy nanoparticles in buffer at pH 10 (-34.5 m\#dure 5-2B). In addition to the zeta potential
and DLS analysis, previous studies have indicdtatiwater-extracted ivy nanoparticles absorb
UV light over the range of 200-400 nm [3]. Simitgrectral properties were observed when the
nanoparticles were extracted in buffer with theitaid of 10 mM DTT at pH 7Kigure 5-2C).
DTT extracted nanoparticles were observed to hemigas absorbance from 250 nm to 400 nm
compared to water extracted nanopatrticles, indigatiat these properties were maintained
despite the modification to the extraction procediigure 5-2C). Based on these results, it was
clear that the addition of DTT was able to inhibitdative reactions, as indicated by a lack of
enzymatic ‘browning’, and that the inhibition ofglprocess did not affect the formation or
properties of the ivy nanopatrticles. From thesa dtavas possible to reject the hypothesis that
the ivy nanoparticles were formed from the reactbRPOs with other phenolic components of

the root extract, demonstrating a novel mechan@madnoparticle formation.

In addition to inhibiting oxidative enzymes, DT Tshiaeen shown to increase the solubility of
numerous proteins prior to separation using SDSPMB]. For this reason, it was anticipated
that the ivy nanoparticles extracted using 10 mMIDvould be more amenable to separation,
indicating if the ivy nanoparticles were composéd single high molecular weight protein or a
complex of smaller proteins. The results from asialpf SDS-PAGE with DTT extracted
nanoparticles revealed the presence of nine digtiotein bands, which ranged from 25 kDa to
130 kDa Figure 5-2). The high molecular weight band observed in presistudies was no
longer present in the DTT extracted nanoparticteticating that the proteins had increased
solubility, which allowed for better separationtéhatively, the inhibition of PPOs may have

prevented complexation of other proteins onto tivéase of the ivy nanoparticles, interfering
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with denaturation. Despite the mechanism, the saddf 10 mM DTT to the ivy nanoparticle
extraction and isolation procedure did not affeet physiochemical properties of the
nanoparticles, but did allow the identification@protein bands for subsequent analysis using

LC/MS/MS peptide sequencing.

5.4.2 Identification of proteins involved in nanoparticle formation

5.4.2.1 Comparison of the sequence data to UniProt

Initial results from peptide sequencing of the @ manoparticle protein bands led to

identification of 231 proteins when compared to timeProt databasd-{gure 5-1). Using the
scaffold software program (Proteome software IRortland, Oregon, USA), these proteins were
confidently narrowed down to the top 9 candidategins (one per top candidate for each band)
based upon a protein threshold of 99.0%, a minimumber of peptides as 5, a peptide
threshold of 95%, and an exclusive spectrum colimse proteinsHigure 5-1, Table 5-2 were
identified as clathrin heavy chain, aconitate hiaka, sucrose synthase isoform, luminal-binding
protein 5, chaperonin CPN60-2, adenoslhomocytejré&pbospogluconate dehydrogenase,

glyceraldehydes-3-phosphate dehydrogenase, anebgmyhe subunit alpha type-6.

5.4.2.2 English ivy adventitious root and groundaot transcriptome

cDNA extracted from nanoparticle-producing adveémntis roots and non-producing ground roots
was used to generate an ivy root transcriptome.al/keage quality score of the RNAseq raw
reads was 35.5 and 35.6 for adventitious and groowois, respectivelyHigure 5-3A, 5-30. A

quality score between 35 and 40 indicates goodtguak indicated in the frequency of quality
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scores Figure 5-3B, 5-30. Sequencing on the Illumina GA lIx platform praed

approximately 2.1 Gb of high-quality bases fromragpnately 25 M 90 bp paired-end sequence
reads from both adventitious and ground root sasnfileble 5-3. Assembly from adventitious
root and ground root reads returned approximat@byIB0 or 233,335 scaffolds, respectively
(Table 5-3. A total of 32,331 sequences were annotated avitaverage length of 996 bp,
yielding a total of approximately 32.21 Mb of défable 5-3. The number of assembled
transcripts with an average length greater thandg)@000 bp and 1500 bp was 32,522, 16,972
and 7,610, respectivel¥igure 5-4). Expression profiles of genes found in advenigiand
ground roots were determingéigure 5-5). A scatter plot visually shows expression valumes
ground roots versus expression values in advemsitioots, allowing for the identification of
highly expressed and specific genes for advenstroots Figure 5-5). Additionally, there were
2,529 genes uniquely expressed in adventitious rmmnhpared with 6,719 in ground roots
(Figure 5-6). A total of 36,118 expressed genes were commdotto adventitious and ground
roots. By comparing the two transcriptomes a totdl8,111 genes were shown to be higher
expressing in adventitious roots while 15,744 geme® found to be higher expressing in

ground rootsKigure 5-6).

The sequence of the 9 protein bands isolated fhremanoparticles was compared with the ivy
transcriptome to determine if different proteingevelentified using this reference library. In
total, 633 candidate proteins were identified fralir® bands that corresponded to annotated
transcripts from the adventitious root transcriptoBt2). Using the same criteria as the
comparison with the UniProt database, the top blepr candidates were identified from 9

bands Table 5-2. Two of the bands produced 2 protein identitieslpgand. Multiple protein hits
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from a single band could be due to the short 8 aragid long reads from the LC/MS/MS data.
These proteinsliable 5-2) were identified as tripeptidyl-peptidase 2, putataconitate

hydratase, glycine dehydrogenase, phospholipagpha 4, phenylalanine ammonia-lyase G2B
(PAL), chaperonin CPN60-2, adenosylhomocysteinesalase isozyme 2, beta-glucosidase 12,

glyceraldehyde-3-phosphate dehydrogenase, andagmte subunit alpha type-6.

5.4.2.3 Comparison between results from UniProt andry transcriptome

Without an English ivy reference genome, estimatitegnumber of genes sequenced, their %
coverage, and whether they have been assemblaeztitprran be a challenge [27-28]. Therefore,
the English ivy transcriptome assembly was valid#tg a search of contigs/transcripts against
UniProt. Overall, 9 bands had similar protein cdatis between the ivy transcriptome and
UniProt. However, some of the potential nanopatprioteins identified by the ivy transcriptome
were not identified by the UniProt analysis, sushirgeptidyl-peptidase, glycine dehydrogenase,
phospholipase D alpha, PAL, catalase isozyme 2patatglucosidase. It is most likely that

those proteins identified from the ivy transcripmare more significant hits than from the
UniProt database due to the greater normalizetigpetra Table 5-3. Four proteins were
identified from both the English ivy transcriptoraed UniProt databases— aconetitate hydratase,
adenoslhomocyteinase, glyceraldehydes-3-phospkatgltbgenase, and proteasome subunit
alpha type-6. These proteins are commonly shovire tmvolved in various growth and

metabolic processes.
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5.4.2.4 Comparative expression of nanoparticle pretns between ground and adventitious
roots
As anticipated, the results from comparison ofgtieentitious root library with the ground root
library indicated that 9 of the 11 protein candeatvere more highly expressed in the
adventitious roots than ground roots. The 2 gentstirve highest fold expression in adventitious
roots compared with ground roots were phenylalaamenonia-lyase (14-fold increase), and
beta-glucosidase (18-fold increaséalle 5-4). This high expression is expected since the PAL
enzyme is known to be a precursor of lignin, whaohtributes to mechanical strength of plant
tissues, especially of importance in growing rd@2€¢y, while beta-glucosidase 12 has been
shown to be involved in carbohydrate metabolism gnagvth [30-32]. Other genes up-regulated
in adventitious roots were; chaperonin, adenosllystemase, glyceraldehyde-3-phosphate
dehydrogenase, and the proteasome subunit alpbaxggold; and glycine dehydrogenase, >4-
fold (Table 5-4). Tripeptidyl-peptidase 2, a serine protease of tiéeasome pathway, may
function with the 20S proteasome to degrade oxil®teins generated by environmental stress
in Arabidopsis[30, 32], while aconitate hydratase was shown tmbelved in carbohydrate
metabolism [30-325lyceraldehyde-3-phophate dehydrogenase mediaas nglsponses to
abscisic acid and water deficiency by activatinddRInd producing phosphatidic acid [33-34].
Considering that the harsh and relatively unstabtelitions encountered by adventitious roots
and the fact that we induced adventitious root petidn from ivy stems using a high-titer of
IBA treatment, it is not surprising that this tisstrould have a high abundance of proteins

associated with environmental stress.
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Of the 11 genes found from the transcriptome, phiyspholipase D alpha (PLDA) and catalase
iIsozyme were more highly expressed, 2 to 24 fodghéii transcripts levels, in the ground roots
than the adventitious root$dble 5-4). PLDA, in response to stress, acidifies the logll
hydrolyzing glycerol-phospholipids at terminal ppbsdiesteric bonds to generate phosphatidic
acids [21] and mediates wound induction of jasmawid [24] and wound-induced metabolism
of polyunsaturated fatty acids [25]. In additiarplays a key role in cold [23], drougj22, 35]

and salt tolerance to the plant [36]. Catalaseyis@z2 has been identified in allganisms that

respire aerobically and provides protection fromtibxic effects of hydrogen peroxide [37].

Primers were designed for each of the genes idethfifom LC/MS/MS Table 5-1) and were
used for RT-PCR analysikigure 5-7). RT-PCR analysis demonstrated the presence of the
genes found from the ivy transcriptome to be trapgonally active in both adventitious roots
and leaves of English ivyr{gure 5-7), further validating our proteomic analysis. OfRSeR
products were amplified, products were verifiechgssequencing (UT Genomics Core,

University of Tennessee, Knoxville, TN, USA).

5.4.3 Hypothetical role of proteins in the formation of vy nanoparticles

While the nanoparticle was shown to be putativeljnposed of at least 11 proteins including
one protein previously shown to produce nanostrasfd2], based on previous reports we
hypothesize that the chaperonin proteins encasethiee protein constituents to form the
nanoparticle structure. It was previously showr tlexorubicin (DOX) a cationic anticancer
drug was able to complex with the ivy nanopart|8le indicating that the ivy nanopatrticle is

anionic. This anionic characteristic provides s@xplanation to the co-extraction of other
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proteins identified from LC/MS/MS. Type | chapenosiare large oligomeric proteins involved
in the folding and assembly of other proteins [38haperonin CPN60-2 and chaperonin
CPN60-1, have been shown to play a vital role otean folding and translocation in both
eukaryotic and prokaryotic cells [39]. There ave subtypes of CPNG60, alpha and beta, which
can combine to form hetero-oligomeric chaperonecgs [38]. These subtypes demonstrate
50% homology to each other and have been founeé frdsent in two or more paralogous forms
in higher plants [40]. Chaperonins form labilegoimers that can quickly dissociate into
monomeric forms when diluted and in the presena®Tdt [41-44]. Previous studies have
demonstrated that chaperone proteins are capabkfedssembling into nanoparticle structures,
approximately 25 nm in diameter [42]. It is possitilat a similar mechanism is occurring with
the ivy nanoparticles, where the chaperone progmi@gorming a multi-subunit protein cage that

results in the formation of a nanoparticle.

Plants have been shown to utilize the coat pratiitihrin as an endocytic mechanism to
internalize exogenous material and regulate siggadt the cell surface [45-46]. Clathrin is the
major protein of the polyhedral coat of coated pitd vesicles and is a trimer of 190 kDa heavy
chains each associated with an approximate 25 igbadhain [47-48]. It has been shown that
clathrin-dependent internalization machinery isghienary endocytic mechanism in plant cells
and is hypothesized to play a role in nutrientgport, communication, cell signaling and
immunity [46]. Thus, clathrins may provide a meahsansport of the nanoparticles from

within the cell to the extracellular environmemt.dddition to the potential role of clathrins in
transport of the nanopatrticle to the extracellelavironment, luminal-binding protein 5 is found

in plant tissues with a high proportion of rapidiyiding cells and in organs of secretory tissues.
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Additionally this protein is required in the fol@djrprocess ofle novo synthesized secretory
proteins in unstressed cells , and thus, may dari&ito the secretion of nanoparticles from

adventitious roots [49-50].

In addition, thePAL enzyme has been reported to be involved irfl#wenoid pathway, which
confers UV resistance to plant tissue [51]. Itasgible that the presence of the PAL protein in
the ivy nanoparticles is what contributes to thenanoparticle’s unique UV/Vis spectra, and

may indicate the possibility of using these nantglas as a UV protective agent.

5.5 Conclusions

In this study, a modified protein extraction methweas developed for the isolation of ivy
nanoparticles and subsequent identification ofpitméeins involved in their formation. The
addition of DTT to the extraction buffer was aldeprevent oxidation of the extract, inhibiting
PPOs, but did not alter the physiochemical propemif the ivy nanopatrticles. Further, the
increased solubility imparted by the addition of Ddllowed for separation of the single >460
kDa band from the ivy nanoparticles into its 9 piabe components. This increased separation
allowed for the 9 bands to be sequenced and coohpatgoth an ivy root transcriptome, created
in this work, and the UniProt database. From tlueseparisons, 11 and 9 protein candidates
were identified respectively. Of these proteing, BAL enzyme was hypothesized to be
responsible for the UV protective effects assodiatéh the ivy nanoparticles. Further, the
identification of a chaperonin, known to form naadfzles in other systems, provides a potential
protein involved in forming the base structuretw hanoparticles. Associated with the base

structure, identification of a clathrin may indieat potential route of transport of the
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nanoparticles from within the cell to the extragkdt environment, as the ivy nanoparticles are
known to be secreted from root hairs present omtlventitious roots. While further studies are
necessary to identify how the proteins identifiegl iateracting to form the 3D structure of the
ivy nanoparticles, these studies provide a readerabnching point. Additionally, future work
to create knockdowns to observe loss of functiahrasombinant expression in a bacterial or
yeast system would verify the role of each of theas in nanoparticle formation identified from
our LC/MS/MS analysis. It is anticipated that thgbuurther study of these proteins, it will be
possible to gain insight into the mechanism of mamticle formation in plants, and to increase
the potential for these nature nanomaterials inmergial applications, including sunscreens,

paint additives, and nanocarriers for drug delivery
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Appendix

Figures and Tables

Ivy transcriptome Uniprot
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Figure 5-1. Results from SDS-PAGE of ivy nanopatrticles exedatith 20 mM Tris-HCI pH 7 containing 10 mM ditlthoeiol
(DTT). 9 distinct bands were excised using a raral sent off to MC Bioworks for sequencing. Théiaral gel shows the bands

and their corresponding identification from the sapec data.
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Figure 5-2. Physicochemical properties of nanopatrticles et@chfrom English ivy adventitious roots. (A) Dynantight scattering
(DLS) analysis of ivy nanoparticles extracted inf@® Tris-HCI containing 10 mM dithiothreiol (DTTtaH 4, pH 7 and pH 10. (B)
Zeta Potential analysis of ivy nanopatrticles extdén 20 mM Tris-HCI containing 10 mM dithiothréi®@TT) at pH 4, pH 7 and pH

10. (C) UVvis spectra of ivy nanoparticles exteatin water or 20 mM Tris-HCI containing 10 mM ddthreiol (DTT) at pH 7.
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Figure 5-3. Average quality scores of the RNAseq raw readsdetntitious (A, B; average quality score 35.5) gralind root (C, D;

average quality score 35.6) samples from Engligh iv
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Figure 5-4. De novo transcriptome consensus assembly of English ivpgtle distributions of

de novo-assembled contigs. The majority of assembledg®miere >600 bp.
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Figure 5-5. Expression profiles of genes in adventitious rgétsroots) and ground roots (G.

roots). (A) Box plot shown the expression of geinesdventitious and ground roots. (B) Scatter

plot shows the expression profiles of individuahgg in both adventitious and ground roots.
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Figure 5-6. Pictograph representing the variation in geneesgon (exclusively expressed in
adventitious roots (genes found to be only expressadventitious roots; red), higher
expression in adventitious roots (orange), equitad&pression in adventitious and ground roots
(grey), higher expression in ground roots (gree)) @xclusively expressed in ground roots
(genes found to be only expressed in ground réig) in adventitious (A. roots) and ground

roots (G. roots) of English ivy.
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Figure 5-7.RT-PCR analysis on total RNAs extracted from adwens roots and leaves of
English ivy. Expression of tripeptidyl-peptidasenes 1 and 2), glycine dehydrogenase (lanes 3
and 4), aconitate hydratase (lanes 5 and 6), philodipase D alpha (lanes 7 and 8),
phenylalanine ammonia-lyase (lanes 9 and 10), chape(lanes 11 and 12),
adenosylhomocysteinase (lanes 13 and 14), betagitlase (lanes 15 and 16), glyceraldehyde-
3-phosphate dehydrogenase (lanes 17 and 18), atehpome subunit alpha type (lanes 19 and
20) in adventitious roots (odd lanes) and leavesr(éanes) of English ivy. M: high molecular

weight marker (Hi-Low DNA ladder, Minnesota Moleaul Minneapolis, Minnesota).
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Table 5-1. Primer sequences used for RT-PCR confirmation@®ettpression of proteins

identified from LC/MS/MS analysis in adventitiousots of English ivy.

Hit Description Primer | Sequence
name
Tripeptidyl-peptidase 10541F| TAGGCCTTTGCAACGGAGAG
10541R| AGGGCATTCTTGTGAGTCCG
Phospholipase D alpha 10691F| CTGCGCAGTGGAGGTGGT
10691R| CTCCATGCCGGGAAGCTC
Chaperonin CPN60-2 12229F | TCCCTCAACTCCAGCATTGG
12229R| GCGCAGGTTGGCACAATATC
Phenylalanine ammonia-lyase 13095F | AACGATTGGTCAGGTGGCAG
13095R| CCATATGCGGGCCTAGCCAT
Glycine dehydrogenase 545F GTGATACTTTTCCCCGCCGA
545R CTTGTAGCCTTGTCCCTCCG
Putative aconitate hydratase 45254F | ACCTCCGTATCAAACCGTGC
45254R| AGGAGCCCATTGGTACAGGA
Adenosylhomocysteinase 46923F CAAAGCTGGGGTGACCAG
46923R| CGGACCCGACCTGATTG
Beta-glucosidase 46181F| CGGAAGTGTGTCATCTCGCT
46181R| TTGCCAGCACTCCAAGA
Glyceraldehyde-3-phosphate dehydrogena§d414F| CCGGCTCCACTAATCCAT
13414R| GAGATCCCTTGGGCCAGC
Proteasome subunit alpha type 980Z2F TCCATAACTGGTBGGCAC
9802R | AGGCAATGATTCGGTCTGTGT
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Table 5-2. Proteins present in ivy nanopatrticles as idemtitising ivy transcriptome or UniProt database.

Ivy transcriptome UniProt database
Molecular weight Normalized total Molecular weight Normalized total
Hit Description Hit Description
spectra spectra

Tripeptidyl-peptidase 353 kDa 121 Clathrin heavginh 190 kDa 103
Putative aconitate hydratase 251 kDa 168 109 kDa

lAconitate hydratase 56
Glycine dehydrogenase 313 kDa 130
Phospholipase D alpha 225 kDa 102 Sucrose synisafeem 1 92 kDa 71
Phenylalanine ammonia-lyase 193 kDa 106 Luminadiibip protein 5 73 kDa 59
Chaperonin CPN60-2 145 kDa 188 Chaperonin CPN60-2 1 kD& 80
IAdenosylhomocysteinase 86 kDa 141 53 kDa

IAdenosylhomocysteinase 130
Catalase isozyme 2 143 kDa 120
Beta-glucosidase 12 191 kDa 131 6-phosphogluconate dehydrogenase 54 kDa 56
Glyceraldehyde-3-phosphate dehydrogenase 130 kDa 130 Glyceraldehyde-3-phosphate dehydrogenase 32 kDa 91
Proteasome subunit alpha type-6 92 kDa 86 Proteasabunit alpha type-6 32 kDa 42
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Table 5-3. Summary of RNAseq, assembly and annotation resunledventitious and ground

root samples in English ivy.

Sample ID Number of | Average | Total size | G/C content (%q)
sequences length

Adventitious roots 25,030,290 90 bp 2.10 Gk 44.0

Ground roots 25,141,182 90 bp 2.11 Gh 43.3

Adventitious root assembly 205,180 249 b 51.19 M#0.7

Ground root assembly 233,335 237 b 55.25Mb  40.2

Total consensus assembly 79,221 705hp  55.86|Mb.5 41

Annotated sequences 32,331 996 bp 3221 Mb 416

Unknown sequences 46,890 504 b 23.65Mb 41.2
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Table 5-4. Comparison of fold expression changes of genegifolehfrom our analysis in adventitious versusigrd roots in English

ivy transcriptome.

Hit , L Expression Expression Fold
Gene NameGene Length i Hit Description .

Accession (Adventitious)  (Ground) Change

10541 4153 Q64560 Tripeptidyl-peptidase 56.2390375467.07208984 1.194
45254 2969 Q6YZX6 Putative aconitate hydratase (RBY383 22.87008781 1.351

545 3736 P49362 Glycine dehydrogenase 165.3798894.20849158 4.444
10691 2732 004865 Phospholipase D alpha 317.420177134.9895868 -2.315
13095 2339 Q43052 Phenylalanine ammonia-lyase Q8Bx  20.53709187 13.95

12229 1690 Q05046 Chaperonin CPN60-2 97.3068862 63285626 3.795
46923 1027 Q01781 Adenosylhomocysteinase 657.03663387.4003711 3.506
12514 1706 P30567 Catalase isozyme 258.63792 688 -24.515
46181 2283 Q7XKV4 Beta-glucosidase 1756.648712 2920987 18.485
13414 1557 P26520  Glyceraldehyde-3-phosphate deggdase 218.4137693 64.29746706 3.396
9802 1073 048551 Proteasome subunit alpha type 4708384  34.32838307 3.451
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Chapter 6. Conclusions
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In these studies, we developed an enhanced systehefproduction of English ivy adventitious
roots and their nanoparticles by modifying GA7 Maigeboxes and identifying the optimal
concentration of IBA for adventitious root growtfithis system was the first such platform for
growing and harvesting organic nanoparticles fréams, and represents an important step in
the development of plant-based nanomanufacturing.al significant improvement on the
utilization of plant systems for the formation oétallic nanoparticles, and provides an easy
system for the generation of bulk ivy nanoparti¢@stranslation into biomedical and cosmetic

applications.

The development of this bulk extraction method wasessary for collecting enough
nanoparticles for use in subsequent analyses arahjobiomedical or cosmetic applications of
economic significance. Through experiments conalagng ICP-MS, we were able to prove
that the ivy nanoparticles were devoid of any nlietabmponents, thus confirming that the ivy
nanoparticles were indeed organic in compositidemental analysis revealed a high, ~10:1,
C:N ratio, and FTIR confirmed the presence of peakaed to C-N bonding. FTIR spectra of
ivy nanoparticles were compared with a polysacdesstandard, chitosan, and protein standard,
BSA, and it was found that the ivy nanoparticlesengmilar in structure to both samples,
indicating that these nanoparticles were mostyikelmposed of glycoproteins. Using gel
electrophoresis, the ivy nanoparticles formed glsihigh molecular weight band (>480 kDa),
which stained positive for both proteins and glyogins through silver and glycoprotein

specific stains.
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Individual proteins were separated from a previpigntified high molecular weight band by
adjusting the reducing conditions prior to SDS-PAGEIng the denaturing conditions of 2 M
thiourea, 8 M urea and 3% SDS in conjunction wilhmiM DTT in the extraction buffer

provided the greatest denaturation and best reégo)utsolving nine additional bands and
maintaining nanoparticle size and stability. Usihig strategy, it was possible to separate the
ivy nanoparticles into nine distinct protein bamasging in molecular weight from 10-175 kDa.
After gel extraction, each band was sequenced wilyIS/MS, and blasted against the UniProt
database and the ivy transcriptome. In this stuewtilized a modified protein extraction
method for the production and identification of wgnoparticles. Briefly, denaturing conditions
of 2 M thiourea, 8 M urea and 3% SDS in conjunctitin 10 mM DTT used in the extraction
buffer provided the greatest denaturation and tesstiution, resolving nine bands from the
single >460 kDa original band, while maintaininghaparticle size and stability. The results of
the omics analysis identified 14 protein candidétesy the English ivy transcriptome and 9
from the UniProt database for a combined totalGiri@lividual putative proteins with 2
(chaperonin 60-1, chaperonin 60-2) previously shtaviorm nanoparticles in other systems.
Transcriptome analysis revealed that many of téepr candidates to be enzymes involved in
abiotic and biotic stress response and growth agrd. Interestingly the PAL enzyme was
identified as a top candidate, which is found ia tlavanoid pathway and has shown to confer
UV resistance in plants. Of the proteins identifitee chaperonins are the most probable
candidates for nanoparticle formation observedyroot hairs. Chaperonins have been shown
to be involved in protein folding and have the ityptio form nanopatrticle structures. While these
structures have been reported in the literaturawsh smaller than our observed nanopatrticles, it

is possible that upon their disassembly and refgltirger nanoparticle structures can be created,
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such as those observed in ivy. Further studies@cessary to confirm the fuctions of the
proteins listed here, such as through productidknotkouts to determine the true core of the
nanoparticle. Additional methods such as high perémce liquid chromoatography (HPLC) or
fast performance liquid chromatography (FPLC) caméed to separate and eliminate
nonessential proteins that may be bound to thepaatiole complex and providing no functional
component to its structure. Additionally, by ovgueessing the defined proteins in another
system, such as in yeast, bacteria or a model platém, we may be able to identify how
multiple proteins are interacting to form the 3Rusture of the ivy nanoparticles. Based on these
data, we have identified a pool of protein candiddhat may be contributing to nanoparticle
formation and secretion in ivy. Continued reseanth these proteins will likely assist in the
development of new high strength adhesives. Furiheill now be possible to scale-up the
procedure developed in this work to collect enoiwgmanoparticles for future applications in

drug delivery and cosmetics.
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