Mechanistic Studies into Interfacial Interactions via Chemical VVapor Deposition Polymerization

by

Xiaoyang Zhong

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Materials Science and Engineering)
in the University of Michigan
2023

Doctoral Committee:

Professor Joerg Lahann, Chair
Professor Zhan Chen
Professor Jinsang Kim
Professor Anish Tuteja



Xiaoyang Zhong
Xyzhong@umich.edu

ORCID iD: 0000-0003-1259-8452



Acknowledgments

This work would not be possible without the support and inspiration of many talented people.
Firstly, 1 would like to thank my research advisor, Professor Joerg Lahann, for granting me
opportunities, support, patience, and guidance to conduct research. From him, | have learned more
than experimental work. He taught me how to nurture entrepreneur ideas, develop collaborations
and be creative as a scientist and an engineer. | would like to also thank Dr. Jeffery Raymond, my
life mentor. Jeff not only taught me how to scientifically think, how to present my works and ideas,
and to aspire towards the best of what | can do, but also cheered for my success and pointed out
the direction for my future. 1 am so grateful to have him as a mentor and a friend. Furthermore, |
would like to thank my committee members, Professor Zhan Chen, Professor Anish Tuteja, and
Professor Jinsang Kim, who shaped my dissertation by inspired discussions.

In addition, I would like to express my thanks to many people with that I had the pleasure to
work over the past five years. | would like to specifically thank my Intel mentors, Jiun-Ruey Chen
and Rob Jordan, who have given me many opportunities to experience industrial projects and
thoughts during my time in graduate school. | would like to thank Jeffrey Horowitz, my first
collaborator, for his help and patient on not only the collaboration project but also many of my
works. I would also like to thank Merjem Mededovic who has allowed me to branch my skills out
into a different area. She is a wonderful collaborator, who is hardworking, and efficient.

Moreover, | would also like to thank all the amazing Lahann lab members for their support

and encouragement throughout my PhD. In particular, I would like to thank Albert Chang for being



a great friend and office mate who encouraged me when | felt defeated. |1 am grateful to have built
valuable friendships with Ava Mauser, Isabel Waibel, Dr. Michael Triebwasser, Arit Patra,
Yuxuan Deng, Chris Kim, Fjorela Xhyliu, Dr. Seongjun Moon, Anthony Berardi, Julio Zelaya,
Josh Flint, Yao Yao, John Kim, and Zane Zhang. Thank you for all the support, encouragement,
and cheer during my interview, data meeting, and defense. | would also like to thank Prof. Yeongun
Ko for being an old brother, a great friend, and a wonderful research mentor. It has been such a
joyful and rewarding journey to be in Lahann lab with all of you. I would like to thank Jieming
Fu, who worked with me during her summer visit in Lahann Lab. | would also like to thank the
Lahann lab at Karlsruhe Institute of Technology, especially Dr. Meike Konig, Katharina Cu,
Marvin Klaiber, Dr. Tahereh Mohammadi Hafshejani, Martina Plank, Bahar Dadfar and Safoura
Vaez.

On a personal note, | would like to express my thanks to my best friends, Yu Zhao, Zhongning
Tang, Qian Cao, Hankun Jin, and many others for their invaluable support over the past years.
Most importantly, | would like to express my sincere gratitude to my parents, Hui Zhong and Lei
Wang, for their unconditional love, care, and support. My deepest thanks to my loving family, my
grandma Bizhen Chen, my aunts Ning Wang, Yanmei Xu, and Xiaohong Yang, and uncles Ying
Zhong, Jian Zhong, and Zhongwei Chen, and my cousins Xiaoyu and Bailin Zhong. To my
beloved grandma Guigin Jin and grandpas Shouxian Zhong and Chenjian Wang, | will always
miss you. | would also like to thank my boyfriend, Chris Kim, for everything he has done for me.
I will always treasure and cherish every second | spend with you. Last but not least, my lovely

cats, Fanta and Coke, thanks for all the joy you bring to me.



Table of Contents

ACKNOWIBAGMENES. ... .ot et et e s te et e re e s beebeanaesreesteaneesraenreas I
TS 0 N 1= o] [PPSR Vi
TS 0 T U =TSSP vii
LIS OF SCRBIMIES ... it e e s b e e aeeneesreesteeneesreeneeas X
TS 0 N (0] 1)/ 0 1SS Xii
N 011 - Tod PSR STPRSRRR Xiv
(@8 T 1 A L1 (0 To [0 od 1 o] SRS 1
1.1 Background of CVD POIYMEFIZAION ......c.coiiiiiiiiiiiiiiiiieeeee e 1
1.2 Area-selective Deposition in CVD PolymMerization ............ccccoveiveieiieieeie e 3
1.3 Kinetic Model of CVD POIYMETIZAION .....c..ooviiviiiiiiiieieiee e 7
1.4 Potential Applications of Area-selective CVD Polymerization.............cccoceeveivieieerieennenne. 10
1.5 Polymer Brushes Prepared by CVVD Polymerization for Interfacial Engineering............... 11
1.6 Bio-orthogonally CVD Coatings for Biomolecules Conjugation .............cccccceevvevveviennnenne. 13
1.7 THESIS OULIING ...ttt et e sre e te et eeneenneenaenneenes 15
Chapter 2 Mechanistic Studies into the Area-selectivity of Chemical Vapor Deposition
POIYMEIIZATION ...t b ettt ettt bbb b 16
2.1 Introduction and BacKgroUNd............uoiiieiieiiiieiie et ne e 16
2.2 EXPerimental IMEtNOOS .........ooiiiiiiiecee e s 18
2.3 RESUILS AN0 DISCUSSION ......ueiiiiuiiiiieitieie ettt sttt sttt e be e nreeneeenee e 22
F O o3 Tod 111 o] SRR 40

Chapter 3 Area-selective Surface Manipulation on Ruthenium Patterned Substrates via Chemical
Vapor Deposition POIYMEIIZALION. ...........ccuiiiiiieieie s 41



3.1 Introduction and BacKgroUNd...........c.ccveieiieieiiie it 41

3.2 EXPerimental IMENOUS .........ooiiiiieee s 44
3.3 RESUILS AN DISCUSSION .....c.viuitiieiieiiiter ettt 46
B CONCIUSION. ...ttt bbbt bbbt b bbbt e s 55
Chapter 4 CVVD-Based Reactive Polymer Coatings for Engineered Biological Applications...... 57
4.1 OVEIVIBW ...ttt etttk b bt bbbt e e e et b e bt bt e bt b et e e ettt ettt e b e e e 57
4.2 Printable Materials for Precisely Positioned Cell Attachment.............cccccovvviiiiiicieenn, 58
4.2.1 Introduction and BacCKgroUnd ............cccoeiiiiiiiinieieiee s 58
4.2.2 Experimental MethOdS...........oiiiiiiie e 59
4.2.3 RESUILS aNd DISCUSSION .......ueiuiiiiiiieiieierieste ettt 62
4.2.4 CONCIUSTON ...ttt b bbbt 65

4.3 Gene Delivery via Reactive CVD Co-polymer Coating for Enhanced Cell Communicatigg
4.3.1 Introduction and BaCKgroUNd ............cccoeiiiiiiiinieieee s 66
4.3.2 Experimental MethOdS............oiiiiiiie s 68
4.3.3 RESUILS aNd DISCUSSION .....c.viiviiiiiiieiieieitesee ettt bt 72
4.3.4 CONCIUSTON ...ttt bbbttt bbb e ettt 80
Chapter 5 Conclusion and FUUre DIFECTION ..........ooiiuiiiiinieieiesese e 81
5.1 CONCIUSION ...ttt bbbt b bbbt b e 81
5.2 FULUIE DIFECTION ...ttt bbbttt e bbbt 82
5.2.1 Future Mechanism Study Directions for Area-selective CVD..........cccccoeevvevivcieenen. 82
5.2.2 Future Directions for Bio-orthogonal CVD Polymer Coatings...........ccoceveriienennnnnns 83
BIBHOGIaPNY ..ot 85



List of Tables

Table 2-1: Values of the Fitting Parameters for the Chemisorption Model ............cc.cccoeveirnen. 25

Table 2-2: Thickness difference (mean + SD, n = 5) for PPX-CI deposition on patterned substrates,
before and after annealing, measured DY STEM........c.coeiiiiiiieie e 39

Table 3-1: Measured XPS results of 20 mg polymer 1-12 deposit on Ru substrates and their
selectivity results. The selectivity results were calculated based on ellipsometer data, n =5...... 49

Table 3-2: Polymer thickness on different substrate regions. Value = average + SD, n=5........ 54

Vi



List of Figures

Figure 1-1: (a) A schematic diagram of the experimental procedure. (b) An SEM image of a PDMS
stamp with a selectively grown PPX film along the sidewall. Note the sharp difference in colors
between PDMS and PPX. The lateral thickness of the PPX layer is 100 nm, which gives an
increased aspect ratio of 1.9. The bar scale indicates 500 nm. (d)-(e) SEM images of Au lines
obtained by UCP onto a gold substrate followed by wet etching. The bar scales indicate 1 pm.
Reproduced from [26] with permission. (Copyright 2003 American Institute of Physics)............ 5

Figure 1-2: (a) Inhibition behavior of nine different metals (Au, Ag, Ni, Cu, Ir, Pt, W, Ta, and Ti)
for poly-p-xylylenes deposited via CVD polymerization. (b) Typical spectra for poly(dichloro-p-
xylylene) (3) on Au, Ag, Ni, Cu, Ir, Pt, W, Ta, and Ti. The spectra are dominated by characteristic
C—Cl stretches at 1030-1100 cm't, which were present on Au, Ni, Pt, W, and Ta surfaces, but not
on Ag, Cu, Ir, or Ti surfaces. (c) Schematic illustration shows the CVD polymerization process of
[2.2]paracyclophanes that yields nonreactive (1-4) as well as reactive (5-14) poly-p-xylylenes.
Reproduced from [27] with permission. (Copyright 2008 WILEY-VCH)........ccccceviiiiininininnns 6

Figure 1-3: (a) Sticking coefficient of p-xylylene reactive species as a function of temperature. (b)
deposition rate as a function of temperature at pressure = 4.0 mTorr. (c) deposition rate as a
function of pressure at temperature = 22 °C. Adapted with permission from [28]. (Copyright 2002
AMErican CheMICAl SOCIBLY) ......oviiiiiiiiiitiiee bbbt 9

Figure 2-1: Average polymer film thickness as a function of the feeding amount of precursor on
Si substrate. Slopes are polymer dependent. ..........coviiiiriiieieie e 23

Figure 2-2: Average polymer film thickness on Si and Cu substrates of (a) non-area selective
polymers (PPX-COCFs and PPX-CH2NH>) and (b) area-selective polymer (PPX-CI). .............. 23

Figure 2-3: PPX-CI deposition on Si substrates for (a & €e) 0s, (b &) 30 s, (c & g) 120 s, and (d
& h) 180 s. (a - d) are height images of AFM measurements, while (e - h) are adhesin images.. 27

Figure 2-4: (a) Two examples of polymer deposition on a substrate surface. (b) Experimental
results under different deposition conditions that were measured by AFM (dots) confirmed the
linear relationship between polymer coverage and deposition rate, which is consistent with
calculated results (line) based on the deposition rate model. (R? = 0.90)........cccccevvvvveerereeeennne. 27

Figure 2-5: The results of a time series generated at substrate temperatures of 5 (black), 15 (red),
and 25 oC (blue) at constant working pressure (0.1 mbar) of (a) coverage(lifetime of molecules on
the substrate surface (1) and the time to achieve 50% surface coverage (t1/2) are also shown in the
figure with respective color to deposition temperatures), (b) island number, and (c) island size. The
results of a time series were generated at a working pressure of 0.1 (black), 0.2 (red), and 0.3 mbar

vii



(blue) at constant substrate temperature (150C) of (d) coverage, (e) island number, and (f) island
] 72 OSSPSR 29

Figure 2-6: PPX-CI deposition on Si substrates under various deposition conditions. (a) The
number of islands and (b) island size with changing polymer coverages under different
temperatures (5, 15, and 25°C). (c) The number of islands and (d) island size with changing
polymer coverages under different pressure (0.1, 0.2, and 0.3 mbar). .......ccccccevviniiiienniniiennnns 31

Figure 2-7: FT-IR spectra of PPX-CI deposition on Cu under 5 °C and 0.1 mbar. C-H stretching at
3062, 2958, and 2866 cm™!. Aromatic C-C stretching at 1612 cm™!. C-H binding at 1498, 1455, and
1403 CIM™L oottt ettt ettt ettt ettt et et et et et et st et r et s eaes 32

Figure 2-8: (a) Number and (b) size of PPX-CI polymer islands on Cu substrates under various
working pressure (0.1, 0.2, and 0.3 mbar), with changing coverage. Comparing PPX-CI deposition
on Si and Cu under the same deposition condition (5°C and 0.1 mbar) by (c) island number and
(d) island size With ChangiNg COVEIAQE. ........vcvueiierieiieieecie et e et se et sre e sre e 33

Figure 2-9: Example of Gaussian peak fitting from the AFM adhesion histogram. (a) Adhesion
histogram measured by AFM. (b) Gaussian peak fitting from the adhesion histogram (R? = 0.89).
The adhesion peak energy was separated into two sub-peaks which were plotted by deposit time.
(c) Example of peak energy, changing with deposition time...........c.cccooviieiieevi i 35

Figure 2-10: Peak Energy for PPX-CI and PPX-CH2NH2 on Si and Cu substrates under 15 C and
0.3 mbar. (a) PPX-CI deposition on Si; (b) PPX-CI deposition on Cu; (c) PPX-CH2NH- deposition
on Si; (d) PPX-CH2NH: deposition on Cu. The total voltage ranges for the PPX-CI system are
about 10 times that of the PPX-CH2NH: by this method. ... 35

Figure 2-11: PPX-CI deposition on patterned Cu on Si substrates at 5 °C and 0.1 mbar. STEM
images of (a) 1-minute deposition on Si area; (b) 3 minutes deposition on Si area; (¢) 1-minute
deposition on Cu area; (d) 3 minutes deposition on Cu area. Gray Values were used to identify
each layer. STEM images of samples (f) before annealing (zoom-in images of (e) deposition on Si
area and (g) deposition on Cu area) and (i) after annealing (zoom-in images of (h) deposition on
Si area and (j) deposition on Cu area). The red line shows the outline of the polymer on Cu
R1U 0] £ 1SR 38

Figure 2-12: 3-D AFM surface images of PPX-CI deposition on Cu area (a) before annealing and
[0 T C=T =TT aT=T LT T S PSTSR 40

Figure 3-1: Average thickness of polymer 1 - 12 on Ru (blue) and SiOx (red) substrates. Values
are ShOWN iN aVErage £ SD, N = 3. ettt 48

Figure 3-2: Average thickness of unit amount of polymer 1-5 precursors on Si (orange), Au
(yellow), Cu (light green), and Ru (dark green) substrates, with (a) 20mg and (b) 40mg deposition.
Values are shown inaverage £ SD, N = 3. e 51

Figure 3-3: Surface geometry of Ru patterned substrates. (a) top-down SEM image of substrate.
(b) cross-section SEM image Of SUDSTIALE. .......ccveiiiiiiiieiieciic e 52

viii



Figure 3-4: Cross-section STEM images of 10mg (a) polymer 10 and (c) polymer 5 deposition on
80/200 nm Ru patterned Si substrates. (b) and (d) are zoom-in images of (a) and (c), respectively.

Figure 3-5: Cross-section STEM images of 10mg polymer 5 (PPX-CI) deposition on (a) 80/200
nm and (b) 2/5 um Ru patterned Si SUDSLIAtES. .....c.ueviiiiiiiiiiiiiie i 55

Figure 3-6: Cross-section STEM images of 10mg polymer 1 (PPX-N) deposition on (a) 40/100 nm
and (b) 60/200 nm Ru patterned Si SUDSIIALES. ........cccoveiiiiiiee e 55

Figure 4-1: XPS spectra of Br 3d for PPX-HM (yellow), CBP (blue), and DBP (gray). (a) Before,
and (b) after the reaction with the ATRP initiator. The green and dark blue lines in (b) indicate the
corresponding PPX-HM, while the flat blue and grey lines indicate no Br on CBP or DBP. (c) The
XPS spectra after ATRP polymerization. The FT-IR spectra of PPX-HM are given (d) before and
(e) after the reaction with the ATRP initiator. (f) FT-IR spectra of PEGMA polymer brushes on
the PPX-HM SUrfaces after ATRP. ..ot 64

Figure 4-2: Chemical characterization of CVD samples. (a) XPS analysis of titanium discs coated
with polymer 3. (b) XPS analysis of titanium discs coated with polymer 4. (c) FT-IR spectrum of
polymer 4. (d) XPS spectra of copolymer with different molar ratios. ..........cccccevvviierivnieiiiennnns 74

Figure 4-3: Saturation curve of antibody conjugation on CVD-coated Ti films. AlexaFluor 488
Goat anti-Mouse 1gG secondary was conjugated on Ti films. Values are reported as means + SD,
TR 75

Figure 4-4: Viral binding and transduction confirmation. (a) Mean fluorescence intensity within
the region of interest (ROI) of polymer-coated and non-coated discs with/without following
incubation in anti-lentivirus antibody and Alexa fluor 488-conjugated secondary antibody. (b)
Quantification of viral particle number (PN) on different samples by SEM imaging. (c)
Transduction efficiency (%) of lentivirus on different sample surfaces/solutions after 3 days
incubation. (d) Transduction efficiency (%) of lentivirus on polymer-coated Ti samples after 3
days (left) and 5 days (right) incubation. Values are reported as means + SD, n = 5. ROI = 50um?.
*:<0.5; **: < 0.05; ***:<0.005; ***: <0.0005.......0ciimiiirieiierieiee et 77

Figure 4-5: Fluorescence image of TRITC-DPI-GGC peptide binding on CVD-coated substrates,
using PCP for 4 hr at room temperature. Scale bar =275 nm. .......cccoveiiiiiiiiiici 79

Figure 4-6: Effect of MSC bonding peptide on viral transduction. (a) Transduction efficiency (%)
and (b) the number of cells on samples with DPI peptide, with scrambled peptide, and without
peptide. Values are reported as means + SD. ROI = 50um?. *: < 0.5; **: < 0.05.......ccccovvrvnee. 79



List of Schemes

Scheme 1-1: Scheme for the CVD polymerization process of different functionalized
[2.2]paracyclophanes and the established and constantly updating functional group library. The
functionalized [2.2]paracyclophanes (the precursors or dimers) sublimate around 100°C in
vacuum, flow with the argon carrier gas to the pyrolysis zone (>500°C) and break into radicals.
The radicals adsorb on the substrates placed on the cooled deposition stage (<20°C) and form the
functionalized polymer coatings. Reproduced from [8] with permission. (Copyright 2014 Wiley
e oo [ToF: 1 ST 1 T3 TSR 2

Scheme 1-2: CVD polymerization approach to prepare the vapor-based initiator coating 2 for
subsequent poly(OEGMA) modification via ATRP. A micro stencil is used during CVD
polymerization to direct the reactive initiator coating to defined surface areas only. Using surface
initiated ATRP, a poly(OEGMA)film is then selectively prepared at areas, where the initiator
coating 2 has been deposited. The result is a micro-structured hydrogel surface with potential for
protein or cell patterning. (j, k, m, n denote repeating units of the corresponding structures.)
Adapted with permission from [49]. (Copyright 2008 Wiley-VHC) ........ccccovevviiiiiiieiiccee, 12

Scheme 1-3: Scheme of orthogonally immobilizing two different biomolecules on the CVD
polymer surface with both alkyne and PFP - ester functional groups. Adapted with permission
from [8]. (Copyright 2014 Wiley PeriodicalS, INC.)........cooviiiiiiiieieee e 14

Scheme 2-1: Chemical vapor deposition (CVD) polymerization of substituted [2,2]paracyclophane
precursors. (a) The chemical reaction of [2,2]paracyclophane polymerization in the CVD system.
(b) Scheme of CVD system. (c) Deposition model of the CVD process in the polymerization
(010 0 o SRS 20

Scheme 2-2: Thermal VVacuum Evaporation of patterned Cu on SiO2/Si substrate...................... 36

Scheme 3-1: a) Polymerization process of substituted [2,2]paracyclophanes. b) Schematic
illustration of CVD polymerization process. ¢) Table of polymer 1 - 12 that deposited via CVD
POIYMETIZATION. .. bbbttt b bbbt b 46

Scheme 4-1: Polymerization process flow of polymer brushes. Si substrate is coated with (a)
poly(hydroxymethyl-p-xylylene)  (PPX-HM) by chemical vapor deposition (CVD)
polymerization. (b) Initiator reaction in a vacuum desiccator forms acetyl bromide on the
hydroxymethyl group of PPX-HM. (c) PEGMA polymer brushes are grown from acetyl bromide
by an atomic transfer radical polymerization reaction in solUtion............c.cccoeveviieiie e, 62

Scheme 4-2: Process of coating assembly. (a) CVD copolymerization of [2.2]paracyclophanes
with pentafluorophenyl ester (precursor 1) and dibromomaleimide groups (precursor 2). (b)



Copolymerization process in a custom-made CVD system. (c) Co-immobilization process of
[entivirus and DPI PEPLIAE. .......ccvoiiiiiiiiiii e 72

Xi



List of Acronyms

CvD Chemical Vapor Deposition

FT-IR Fourier transform infrared spectroscopy
XPS X-ray photoelectron spectroscopy
STEM Scanning transmission electron microscopy
AFM Atomic force microscopy

ASD Area-selective deposition

ALD Atomic layer deposition

PPX Poly-para-xylylene

PCP [2.2]paracyclophane

PEGMA Polyethylene glycol methacrylate
PDMS Polydimethylsiloxane

ATRP Atom transfer radical polymerizations
OVJP Organic vapor jet printing

VTE Vacuum thermal evaporation

DBP Dibutyl phthalate

CBP 4,4'-Bis(N-carbazolyl)-1,1'-biphenyl
ECM Extracellular matrix

PBS Phosphate-buffered saline

uCpP Microcontact printing

xii



Cx43 Connexin-43
GFP Green Fluorescence protein

MSCs Mesenchymal stem cells

Xiii



Abstract

Chemical vapor deposition (CVD) polymerization is a widely used fabrication method for
preparing substrate-independent thin film polymer coatings for a broad range of applications.
Functional poly(p-xylylene) (PPX) coatings are specific examples of CVD polymer coatings, and
they can be applied for surface functionalization and bio-conjugation. The first portion of this
dissertation serves to explore the fundamental mechanism of area-selective CVVD polymerization,
which has a high potential to be utilized as one of the bottom-up processes. In this dissertation, we
report a systematic study into the impact of thermodynamic processes on the area-selectivity of
chemical vapor deposition (CVD) polymerization of functional [2.2]paracyclophanes (PCP).
Adhesion mapping of pre-closure CVD films by atomic force microscopy (AFM) provided a
detailed understanding of the geometric features of the polymer islands that form under different
deposition conditions. Our results suggest a correlation between interfacial transport processes,
including adsorption, diffusion, and desorption, and thermodynamic control parameters, such as
substrate temperature and working pressure. This work culminated in a kinetic model that
predicted both area-selective and non-selective CVD parameters for the same polymer/substrate
ensemble (PPX-C + Cu). These findings are corroborated by STEM results indicating extensive
reorientation of continuous CVD thin films on deposition-prohibited substrates at temperatures
above 120 °C. Moreover, deposition on patterned substrates (Ru patterns on Si substrates) suggests
that the area-selectivity is not affected by the surface geometry of hybrid substrates, such as the
structure of patterns and feature/spacing sizes of patterns, supporting the application of area-

selective CVD polymerization on 3-D materials. While limited to a focused subset of CVD

Xiv



polymers and substrates, this work provides an improved mechanistic understanding of area-
selective CVD polymerization and highlights the potential for thermodynamic control in tuning
area-selectivity. The second portion of this dissertation serves to extend the use of CVD-based
reactive PPX coatings as a surface modification strategy to enhance biomolecule and biomaterial
interaction. In this dissertation, we report a precise cell attachment method using CVD-initiated
atom transfer radical polymerizations (ATRP), which provides a convenient access route to
controlled radical polymerization on a wide range of different materials, to grow polyethylene
glycol methacrylate (PEGMA) polymer brushes. This antifouling material shows the resistance of
both protein and cell, promoting a high yield of cell attachment to the targeted sites. Moreover,
this dissertation also demonstrates the use of CVD-based co-polymer coatings as intermediate
layers to immobilize multiple biomolecules on substrates. CVD copolymer coating with designed
functional groups was deposited on the biomaterial surface to selectively conjugate both viral
vectors and peptides through chemical reactions. The ability to tether lentiviral vectors together
with a mesenchymal stem cell (MSC)-binding peptide enhances cell communication among MSCs
and increases cell binding and differentiation, providing a safe and efficient gene therapy delivery

strategy.

XV



Chapter 1 Introduction

The materials shown in this section were adapted from the following peer-reviewed journal
article with permission:

« Mohammadi Hafshejani, T., Zhong, X., Kim, J., Dadfar, B., Lahann, J., “Chemical,
biological and topological control of surfaces using functional parylene coatings”. Organic

Materials 2022, under review.

1.1 Background of CVD Polymerization

Chemical vapor deposition (CVD) was first developed to produce inorganic thin films and
materials and applied to industrial production.[1] Recently, CVD has been shown to have a high
potential for creating and engineering polymer thin films.[2], [3] Back in the 1960s, the
polymerization of functional poly-p-xylylene (PPX) via CVD was first developed by Gorham.[4]
After that, this method has been widely used to develop reactive polymer coatings for
biosensors,[5] energy storage,[6] photovoltaics,[7] and advanced printing,[1] due to the fact that
CVD polymerization is a solvent-free and low-temperature/pressure process to form pinhole-free,
ultra-thin, and conformal polymer layers. Moreover, the large library of substituted
[2,2]paracyclophane (PCP) (PPX precursors) enables a diverse range of surface modifications with
high chemical specificity, as shown in Scheme 1-1.[8] These functional groups also enable the
widespread use of CVD polymers in biomaterials design to immobilize different biomolecules by

controlling the biological response to specific biomaterials.[8]-[11]
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[2.2]paracyclophanes and the established and constantly updating functional group library. The
functionalized [2.2]paracyclophanes (the precursors or dimers) sublimate around 100°C in
vacuum, flow with the argon carrier gas to the pyrolysis zone (>500°C) and break into radicals.
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1.2 Area-selective Deposition in CVD Polymerization

As summarized above, CVD polymerization is an essential fabrication process of conformal
thin films. Recently, area-selective deposition was found in CVD polymerization, offering another
possibility for the formation of nanostructures.

In order to generate arrays of nanoscale features at high densities, a lot of methods are
developed to perform multiple stages of surface preparation and treatment. Microcontact printing
(UCP) is one of the most commonly exploited patterning methods, which uses elastomers with
designed patterns to stamp reactive substances on polymer-modified substrates.[12] Another
common patterning technique is by applying a photomask to vapor deposit polymer films on ideal
substrates. Both of these two methods are based on photo- or soft-lithographical methods.[12],
[13] However, due to the limitation of photomasks or elastomeric stamps, these techniques are
limited to conventional two-dimensional surfaces.[14]

Nanolithography,[15] e-beam lithography,[16] and two-photon laser[17] are combined with
vapor-deposited polymer films to achieve micro- or nanostructures on substrates with complex
geometry. This is because vapor-deposited polymer films have the advantages of conformal
coverage, controllable ultra-thin (<20nm) thickness, pinhole-free, and tunable topology and
chemistry.[1], [18] They are not only applied to the patterning process on three-dimensional
structures but also widely used in electronics as a tunable organic dielectric layer,[19] or
biotechnology for localized surface modification[20]. However, these processes suffer from being
expensive, time-consuming, chemically demanding on the environment, material wastes, and
hazardous.

To this extent, ASD is a more appropriate strategy for pursuing this goal.[21], [22] Gladfelter

quantified selectivity for area-selective CVD with Equation 1-1.[23]



6, — 6,

s= 1 2
0, + 6,

(1-1)

Instead of using the number of nuclei on the surface, Gladfelter used the easy-measured nuclei
coverage to compare the preference of deposition during initial deposition. By comparing the
deference between the nuclei coverage on surface 1, 6,, and surface 2, 6,, the overall selectivity,
S, can be defined.

Vaeth and Jensen found that Iron and its salt have important implications for the prevention
of poly(p-phenylene vinylene) (PPV) polymerization on the substrate surface during CVD, by
controlling polymer nucleation and propagation steps of monomer.[24] They further expanded the
polymerization inhibition to transition metals, transition metal salts, and organo-transition metal
complexes.[25] PPX-N and PPX-C, as the most common PPX CVD polymers, also have area-
selective deposition properties. Suh et al. combined UCP with selectively deposited CVD
polymerization to perform nano-scale structures.[26] Their methods (Figure 1-1A) consist of
fabricating PDMS stamps with photolithographic-made structures, depositing inhibitor layers with
titanium and iron films only on flat top and bottom surfaces via e-beam evaporation, and depositing
PPX by means of CVD polymerization. The PPX was only deposited on the walls of PDMS stamps
because of the inhibition of iron. Further, SEM (Figure 1-1B) measurement was utilized to identify
the high aspect ratio structures. The technical usefulness of the modified stamp was further tested

using UCP, Figure 1-1C and D demonstrate successful pattern transfer.
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Figure 1-1: (a) A schematic diagram of the experimental procedure. (b) An SEM image of a PDMS
stamp with a selectively grown PPX film along the sidewall. Note the sharp difference in colors
between PDMS and PPX. The lateral thickness of the PPX layer is 100 nm, which gives an
increased aspect ratio of 1.9. The bar scale indicates 500 nm. (d)-(e) SEM images of Au lines
obtained by UCP onto a gold substrate followed by wet etching. The bar scales indicate 1 pm.
Reproduced from [26] with permission. (Copyright 2003 American Institute of Physics)

Chen et al. systemically investigated the selective inhibition of CVD polymerization by a
series of metals, as shown in Figure 1-2.[27] They extended the selective inhibition to reactive
polymer coatings, such as functionalized PPX. For substituted PPX containing oxygen or nitrogen,
no area-selective property was found on transition metals. It suggested attractive interaction
between the metal and the heteroatoms due to the chelation effect. Moreover, not all metals showed
selectivity with the same polymer, which indicated the inhibition of polymer deposition occurred

only on substrates with high surface energy. This may be because the high surface energy



deactivates the reactive monomer species that are absorbed on the surface and prevents further

initiation and propagation for polymer form.

(a) (&) 2 3| @ (s) @l M| ® ® o9 o ea|on oo
Al e 5% % bed p_ 4 X | X [ X | X | | 5
et 7)( % % xrlx’xv X 1
Ag t I < | x| x| % X
x w 1 - i ¢ x X
Ni X x | X [*[Z = |
v b4 S X ‘ o’
cu < | x| %12
X % 2
" oll B e P
v N X | 7
Pt | - 5 /
w x v
| X
Ta > \
—1 X | ~
lﬁ/x/ i &
| N
(c) ; c
G
X X2 ] =
X3 Xy
X4 Xa w
® :
— W) |
VD e e ame
Q polymerization n m T
Xa X3
) (2) (3) (4) (%) (6) @ 8) (9) (10) (11) (12) (13) (14)
X;= H Cl (&) Br  CHOCHy; COCF, COCyFg COCHy COCHs CHOH  COOCFe NH; CH,;NH;
(CO):0
X;= H H H H H H H H H H H H
X,= H H c Br H H H H H H H H H

(€O):0
X4= H H H H H H H H H H H H H

Figure 1-2: (a) Inhibition behavior of nine different metals (Au, Ag, Ni, Cu, Ir, Pt, W, Ta, and Ti)
for poly-p-xylylenes deposited via CVD polymerization. (b) Typical spectra for poly(dichloro-p-
xylylene) (3) on Au, Ag, Ni, Cu, Ir, Pt, W, Ta, and Ti. The spectra are dominated by characteristic
C—Cl stretches at 1030-1100 cmt, which were present on Au, Ni, Pt, W, and Ta surfaces, but not
on Ag, Cu, Ir, or Ti surfaces. (c) Schematic illustration shows the CVD polymerization process of
[2.2]paracyclophanes that yields nonreactive (1-4) as well as reactive (5-14) poly-p-xylylenes.
Reproduced from [27] with permission. (Copyright 2008 WILEY-VCH)

Besides, Chen et al. first reported a deposited reactive CVD coating, functionalized PPX
(poly[4-vinyl-p-xylylene-co-p-xylylene]), which selectively inhibited by the presence of Titanium,

and demonstrated its reactivity in cross-metathesis reactions.[27] With its functional groups, this



selectively deposited reactive coating may provide an extremely simple patterning method of

micro- and nano-structured bio-interfaces.

1.3 Kinetic Model of CVD Polymerization

Poly(p-xylylene) CVD is the process of depositing molecules onto a substrate, typically via
physisorption or simple collision. This can be done with the intent to initiate further chemistry
after physical contact with the substrate, either with the substrate itself or with other molecules on
the substrate. Physisorption first drives the gas-phase reactive monomers to be adsorbed on the
substrate surface, then chemisorption happens after overcoming an energy barrier.[28] Specifically,
CVD polymerization is the process by which activated monomers are deposited for either reaction
with the substrate or other monomers, with subsequent chain growth. During the initial deposition
stage, during which the homogeneous polymer film has not formed, the absorbed reactive species
will diffuse on the substrate surface to bind.[29] This diffusion process is ended by either
desorption from the surface or a reaction with active ends of existing polymer chains. Based on
this, a kinetic model was developed by Fortin et al. where the precursor species adsorption on the
surface was treated as the rate-limiting step of polymer form.[28]

In the Fortin model,[28] the sticking coefficient, which is determined by the energetics of the
monomer-substrate interaction, is defined as the probability of a precursor species adsorbing or
reacting each time it strikes the surface and is typically varied by controlling the substrate
temperature. It is important to note that the sticking coefficient is only meaningful concerning
chemisorption processes. In the absence of significant coverage, each of the initial monomers that
chemisorb will result in a new radical chain end (similar to nucleation in crystallization). In Figure
1-3A, the experimental data clearly shows that the sticking coefficient of p-xylylene reactive

species is proportional to temperature, in this case, the deposition rate also functions to the



deposition temperature. Typically, the deposition rate of poly(p-xylylene) increases as substrate
temperature decreases, which indicates that species adsorption is the limiting step, as shown in
Figure 1-3B. Working pressure within the CVD system is another critical parameter of deposition
rate which shows in Figure 1-3C, as it affects the concentration of gas-phase precursor species and

their strike possibility. Hence, the deposition rate is increasing as working pressure increases.
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Figure 1-3: (a) Sticking coefficient of p-xylylene reactive species as a function of temperature. (b)
deposition rate as a function of temperature at pressure = 4.0 mTorr. (c) deposition rate as a
function of pressure at temperature = 22 °C. Adapted with permission from [28]. (Copyright 2002

American Chemical Society)

Although the exact fundamental mechanism of area-selectivity in CVD polymerization is still

unknown, it is believed that the metal-treated surface suppresses both the initiation and



propagation by deactivating the interacts. The higher surface energy substrates, such as iron,
copper, silver, platinum, and the salts of these metals, are more likely to prevent deposition or

polymerization than substrates with lower surface energy.[27]

1.4 Potential Applications of Area-selective CVD Polymerization

Nowadays, it is an aim to scale down electronic devices, especially semiconductors and
microchips, to get faster performance with smaller sizes. That makes complex three-dimensional
structures and thin film materials favored, leading to rapid advances described by Moore’s law.[30],
[31] Commonly used ‘top-down’ techniques, including e-beam lithography,[32] laser ablation,[33]
template electrodeposition,[34], [35] and molecular beam epitaxy[36] have disadvantages of being
expensive, time-consuming, chemically demanding on the environment, and hazardous. In this
case, ‘bottom-up’ methods, as another explore direction, to form nano-scale structures are more
favorable in manufacturing. This bottom-up technology can help to perform nanomaterials with
well-defined shapes, sizes, and chemical compositions that are formed through the growth and
self-assembly of atoms and molecules as their building blocks.[37], [38]

ASD as one of the bottom-up methods is promising in applications such as thermoelectric
devices, inverted organic photovoltaic devices (OPV), and asymmetric supercapacitor (ASC)
devices owing to its unique characteristics, including molecular-scale chemical sensitive,
augmenting traditional patterning methods, and less number of masking steps required in device
preparation.[21], [39] However, the most common ASD method is using atomic layer deposition
(ALD) for inorganic materials, and it needs cycles of etching process due to the deposition on the
non-target area. On the other hand, CVD polymer films have been widely used as conductive
polymers.[6], [21], [22], [40] Kim et al have fabricated amorphous In-Ga-Zn-O thin film

transistors (a-1GZO TFTs) using four different types of PPX as gate dielectrics.[41] The PPX layer
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exhibited excellent dielectric properties and can act as a passivation layer as well. This whole
process can be easily applied to various types of electronic devices and the functionalized PPX is
expecting to introduce different side functional groups into the gate layers, which can tune the
sensor applications to environmental changes. In this case, CVD polymerization with its area-
selectivity is willing to be used as one of the ASD methods. To achieve this goal, it needs to explore

more on the fundamental mechanism of area-selective CVD polymerization.

1.5 Polymer Brushes Prepared by CVD Polymerization for Interfacial Engineering

Polymer brushes are assemblies of polymer chains which are achieved through grafting or
grafting from approaches. With tailored chemical and biological functionalities, polymer brushes
can be created and engineered for desired interfacial properties.[42], [43] Previous research has
revealed the application of polymer brushes to either prevent non-specific protein adsorptions[44]
or precisely recognize and bind to specific proteins[45], [46] by controlling the brush composition.
In this case, the formation of polymer brushes is essential for its function. The common methods
are through polymerization, such as atomic transfer radical polymerization (ATRP),[42], [44] ring
open polymerization (ROP),[47] and nitroxide-mediated polymerization (NMP).[48] ATRP is a
living polymerization process to prepare block co-polymers by controlling molecular weight and
molecular weight distribution.[42] The ATRP initiators are always immobilized on the substrate
surface, followed by desired monomers propagating to the imitation sites to form densely tethered
polymer chains through the ATRP process.

CVD polymerization as a substrate-independent method can be utilized as a strategy to create
a polymeric initiator coating through surface chemistries for further ATRP process, as shown in
Scheme 1-2.[49] The non-fouling properties after ATRP were proved by a protein adsorption

study, that the proteins only adhesive to non-polymer brushes area.[49] Given that, the

11



combination of CVD polymerization and ATRP provides a novel surface modification method,

which can form non-fouling surface coati

applications.
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1.6 Bio-orthogonally CVD Coatings for Biomolecules Conjugation

To mimic the complex and dynamic extracellular environment where cells reside,[50] it is
essential to immobilize more than one functional biomolecule on the surface simultaneously.[9]
Both physical and covalent methods have been carried out to achieve the co-presentation and
manipulation of multiple biomolecules.[8], [51] However, compared with weak physical
adsorption, covalent binding is more stable and controllable. Under these circumstances, reactive
CVD co-polymer coatings have been applied for surface functionalization to different
bioconjugation chemistries with adjustable surface densities and ratios of different functional
groups or immobilized biomolecules.[8]-[11], [52]

Scheme 1-3 presents a typical example of CVD co-polymerization process to conjugate both
growth factor and adhesion peptides.[8] Two [2,2]paracyclophanes with different functional
groups were introduced into the CVD system with a 1:1 molar ratio to prepare multifunctional
PPX coating. In a previous study,[53] surface characterizations, such as x-ray photoelectron
spectroscopy (XPS), Fourier transform infrared spectroscopy (FT-IR), and X-ray Diffraction
(XRD) were utilized to confirm the chemical composition of different copolymers. It demonstrated
that the copolymer coatings with different functional groups ratios can also be designed and
prepared by changing the ratios of the two precursors.[53] Here, the two functional groups (PFP
ester and ethynyl groups) were picked based on the special surface chemistry of bioconjugations.
[8] This bio-orthogonal surface was then applied to immobilize the epidermal growth factor by the
highly efficient reaction of PFP ester and amine groups. Moreover, an azide-ethynyl click reaction
was also utilized to immobilize the RGP peptide with an azide end group on the material surface.

The biomolecules remained bioactive after co-conjugation on the bio-orthogonal surface.
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1.7 Thesis Outline

The work described in this dissertation can be divided into two parts: The first part of the
dissertation (Chapter 2 and 3) develops the fundamental mechanism of area-selective chemical
vapor deposition that was observed in previous work [27]. Chapter 2 demonstrates the important
engineering parameters of the CVD system (deposition temperature and working temperature) that
we can control to affect the area-selectivity of specific polymer-substrate pairs. Based on these
findings, Chapter 3 further establishes the fundamental mechanism and explores the potential use
of area-selective CVD in the semiconductor industry as one of the bottom-up strategies by
operating Ru-patterned Si substrates to mimic the real industry fabrication process.

The second part of the dissertation (Chapter 4) explores the using of reactive functional
poly(p-xylylene) coatings prepared by CVD polymerization for biological applications. Different
polymer coatings can be engineered according to the requirements of biomaterials. Chapter 4
demonstrates two different applications of CVD polymer coatings. The first one describes a
designed substrate that can control the adhesion point of cells by applying CVD polymerization
and organic vapor jet printing (OVJP) together based on previous works [44], [54]. The second
application is also built on previous work [9] on utilizing a co-polymer coating prepared by CVD
polymerization to precisely bind two different biomolecules and demonstrates the benefits of this
polymer layer in improving the efficiency of gene therapy.

Chapter 5 summarizes the key findings of this dissertation and outlines future directions and

potential applications.
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Chapter 2 Mechanistic Studies into the Area-selectivity of Chemical Vapor Deposition

Polymerization

2.1 Introduction and Background

It is routine in the semiconductor and microchip industry to perform multiple stages of surface
preparation and treatment, often under harsh conditions, to generate arrays of nanoscale features
at high densities.[55] Bottom-up strategies present a high potential to eliminate defects in the
fabrication of current electronic devices, which are only several nanometers in size.[38], [56]
However, to achieve bottom-up growth of nanofeatures on a substrate, precise spatial control of
chemical reactions is required. When the desired nanofeatures are sought by way of small molecule
chemistries on a surface, the spatial patterning resolution can be hampered by the mobility of the
small molecules.[21] One strategy is to seek out paired material-substrate systems that allow for
reactions to occur only in a designated region, often by limiting the mobility of the reactants to the
desired region.[57] Additionally, the number of materials that can be utilized in these processes is
often relegated to semiconductor, metal, metal oxide, metalloid, and semi-metal species.[58]-[62]
It is therefore of interest to identify organic material-substrate systems that allow for the inclusion
of various polymeric structures at these scales while also avoiding the workload and harsh
chemistries involved in the conventional fabrication spaces. To this extent, area selective
deposition (ASD) may be an appropriate strategy for pursuing this goal.[39], [57] Generally, ASD
is a chemical process in which a substrate possesses various regions with differing degrees of
interaction with the presented materials.[39] The basis is selective adsorption, absorption, or

chemical reaction with the target/highly interacting regions and low or no deposition in the low
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interacting regions.[39] Ultimately, this can result in structured or patterned depositions without
the need for lift-off, etching, or other engineering regimes in which something is later added or
taken away from the substrate.[57] In this case, the use of area-selective materials is critical to
bottom-up nano-manufacturing.

ASD uses the chemical interactions between the reactants and the exposed surface to guide
the creation of the desired material design,[39] and chemical vapor deposition (CVD)
polymerization is one of the common methods of ASD.[63]-[66] CVD polymerization is a process
of depositing molecules onto a substrate, typically via physical adsorption or simple collision to
form nucleation sites, followed by initiation and propagation that result in continuous polymer
films.[67] Specifically, CVD polymerization involves activated monomers deposited for either
reaction with the substrate or other monomers, with subsequent chain growth.[68] The as-
deposited polymer coatings typically are pin-hole free, homogeneous, and subject to excellent
thickness control.[1], [10], [68], [69] Furthermore, by using different functional polymers, the
CVD coatings have tunable chemistry properties and can be utilized for surface modification of
electronic materials or biomaterials.[8], [70], [71] Among many applications of CVD, what attracts
our attention is that it can make high-performance electric devices by reducing potential damages
since CVD is a solvent-free process under low-temperature process conditions.[68], [69]

Poly-p-xylylene (PPX or parylene) is one of the common CVD polymers. Previous works[3],
[9], [72]-[75] established a series of functionalized PPX with different chemical groups for further
covalent immobilization or surface modification, based on CVD polymerization following the
Gorham process[76]. The CVD polymerization of these functionalized PPX precursors can be
either monomer-substrate or monomer-monomer initiated[52], [68], [69]. Jensen’s group[65], [66]

reported selective inhibit properties of poly(para-xylylene) (PPX-N), poly(chloro-p-xylylene)
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(PPX-Cl), and poly (p-phenylene vinylene) (PPV) by iron and iron salts and created a wide range
of patterns via selective CVD polymerization. They hypothesized that the metal-treated substrates
inactive the adhesive reactive species, which made them easy to desorb, which left no or less
deposition on those metal substrates. Our group [77] has studied the selective inhibition of a library
of functionalized PPX containing a wide range of different functional groups that are either
nonreactive or reactive and extended the polymerized substrates to nine different metal surfaces.
We observed that several transition metals, metal salts, and organometallic complexes exist that
can inhibit the growth of PPX-N and PPX-Cl. However, even though the selective inhibition of
functionalized poly-p-xylylene, especially PPX-N and PPX-CI, has been the focus of past studies,
the fundamental mechanism of this area-selective property is still unknown.

Herein, we thus embarked on a systematic study to elucidate the effects of deposition
conditions on area-selective chemical vapor deposition. Silicon (Si) and Copper (Cu) were used in
this study as the two main substrates because a previous study showed that Si has the property of

a non-inhibitor, while Cu is a good inhibitor.[77]

2.2 Experimental Methods

Substrate Preparation:

Si and Cu substrates with natural oxidation were prepared by Intel Co. Electron-beam
evaporation was performed to deposit 7.7 = 0.1 nm thick Cu films onto Si substrates. A biopsy
punch was utilized to cut 2.5 mm radius holes in 1 cm? PDMS squares. TEM grids were placed
over these holes and fastened to the Si surface, allowing for the 400 mesh TEM grids (Ted Pella,
Inc., United States) to act as deposition masks. Cu was evaporated in a vacuum with a base pressure

below 4 x 107 torr (Scheme 2-2). All substrates were pre-cleaned by 0.5 wt% Potassium hydroxide
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(KOH) solution at room temperature for 5 minutes, then sonicated by 70% ethanol solution (Fisher

Scientific, United States) and DI water respectively for 10 minutes.

CVD polymerization:

Poly-p-xylene (PPX) derivatives are synthesized via a custom-built chemical vapor deposition
setup following a previously reported routine.[77] As shown in Scheme 2-1A and B, the monomer
was sublimed under vacuum at 86.5 °C and converted into free radical in the furnace by pyrolysis
under 450/550/560 °C, then transported into the deposition chamber. Constant argon with a 5.0
sccm flow rate was operated as a carrier gas for the chemical reaction process. Subsequently, the
polymerization occurred on a rotating sample holder ensuring uniform polymer deposition. The
sample holder was maintained by a temperature controller, while the wall of the deposition
chamber was maintained at 90 °C to prevent any residual deposition on the chamber wall. The
CVD system is linked with a vacuum pump through a butterfly valve. By modifying the opening

degree of this butterfly valve, the pressure of the system can be precisely controlled.
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Scheme 2-1: Chemical vapor deposition (CVD) polymerization of substituted [2,2]paracyclophane
precursors. (a) The chemical reaction of [2,2]paracyclophane polymerization in the CVD system.
(b) Scheme of CVD system. (c) Deposition model of the CVD process in the polymerization
chamber.

Atomic Force Microscopy:
AFM measurement was performed by Veeco Dimension Icon Atomic Force Microscope
(Bruker, United States) operated in PeakForce Quantitative Nanoscale Mechanical (PF-QNM)

mode. The Scanasyst-Air probe was operated with a spring constant of about 0.4 N/m and an
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effective tip radius of about 2 nm. The probe oscillated along the vertical axis at a frequency of 70
kHz near the sample surface. The size of the scan area was 500 x 500 nm with a resolution of 256

x 256 points. The analysis of the AFM data was performed by Nanoscope Analysis software.

Focused Ion Beam Electron Microscopy:

All Scanning Transmission Electron Microscopes (STEM) samples were prepared by Helios
G4 PFIB UXe (Thermo Fisher Inc., United States). A 0.2 pm-thick layer of carbon was deposited
by a gas injector of electron beam source on the region of interest on the sample surface. Followed
by the deposition of a 2 pm-thick mixed layer of platinum and carbon by the gas injector of the
ion beam source. Both carbon and platinum-carbon mixed layer were protective layers of the
region of interest. Rough trench milling by argon ion beam was performed to achieve the cross-
section lamella which was then attached to a lift-out TEM grid (Ted Pella Inc., United States). To
achieve electron transparency for subsequent STEM analyses, a further thinner was performed

with a lower beam voltage.

Transmission Electron Microscopes:

JEOL 3100R05 Transmission Electron Microscopes (JEOL Ltd., Japan) were used to perform
the cross-sectional measurement of specimens. It was operated at 300 keV and employed for
STEM-bright field (STEM-BF) and high annular dark field (HAADF) imaging. JEOL Double-Tilt
holder was used to tilt the sample to an orientation that was parallel to the electron beam. Before
STEM, the TEM samples and holder were cleaned with Oxygen and Argon mixed plasma for 1
minute by Gatan Solarus II Plasma Cleaning System (Gatan Inc., United State) Data analysis was

performed using Gatan Microscopy Suite.
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2.3 Results and Discussion

Monomer Precursor Screening

We initially focused on determining the nature of selective vs. non-selective behavior as it relates
to the deposition of substituted PPX systems. As such, a preliminary assessment of multiple
substituted PPX systems was undertaken. Six functionalized PPX precursors were used to deposit
on Si and Cu substrates via CVD using known masses of precursor. For the purposes of this study,
Si and Cu both possessed native oxide and should be considered as Si/SiOx and Cu/CuOx,
respectively. The resultant thickness of each film was measured by ellipsometry and is presented
in Figure 2-1 for the Si substrate. All six precursors were deposited and polymerized on Si surface
with thicknesses proportional to precursor mass. Measurements of the polymer films on Cu
showed that of the deposited polymers, only PPX-COCF3 and PPX-CH>NH:2 were found to be
deposited on Cu surfaces, indicating the non-area selectivity of PPX-COCF; and PPX-CH>NH>,
and the potential area-selectivity of the rest polymers compared to their deposit capabilities on Si
substrates. These findings confirmed previous research that found substituted PPX with nitrogen
or oxygen in their side functional group to not exhibit area-selectivity on metal substrates.[77] A
potential contributor might be a chelating effect between those function groups and the metal
surface. A comparison of the deposition thickness for both of these precursors is presented in
Figure 2-2A, indicating nearly identical deposition on both substrates. In the case of the Si and Cu
substrates observed, PPX-Cl can be considered to be area-selective (Si >> Cu) (Figure 2-2B), while

PPX-CH>NH?: is a non-area selective polymer (Si = Cu) (Figure 2-2A).
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Figure 2-2: Average polymer film thickness on Si and Cu substrates of (a) non-area selective
polymers (PPX-COCF3 and PPX-CH2NH>) and (b) area-selective polymer (PPX-CI).

During CVD polymerization, initial deposition of the monomers typically occurs via

physisorption. The build-up of polymer film on the substrate is characteristically dictated by the

competition between the rate of adsorption and the rate of desorption.[75] Prior to desorption, the

monomer may diffuse across the substrate to find a reaction partner. The diffusion rate is affected

by the intrinsic mobility of a monomer on the substrate. During polymerization, molecular weights

quickly exceed sizes that allow for desorption under the conditions of CVD polymerization. In

effect, these various rates dictate the likelihood of a particular monomer participating in the

polymerization process. Theoretically, by changing the balance between adsorption, desorption,
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and lateral diffusion of the monomers, a system should be switched between selective and non-
selective deposition regimens.

To model for area-selective and non-area selective deposition under varied reaction conditions
and on different substrates, we initially considered the chemisorption model developed by Fortin
et al.[78], which only reflects the adsorption process. In the Fortin model, at deposition onset, the
monomers are physically adsorbed as they impinge on the surface followed by chemisorption
which involves reactions with existing chain-end radicals. The adsorption rate is treated as the
limiting step and includes both physisorption and chemisorption processes.

The maximum deposition rate for any CVD process[78] can be given by

_ SPN,Vi, (60 x 101°)

- 2-1
d (2tm,RT,)5

where the total quantity of PN,V,,/(2mm RT,)? is the flux of the reactant at the substrate
surface in collisions; parameter S is the sticking coefficient that reflects the proportion of
molecules that react after hitting the surface.

In Eq. 2.1, only the sticking coefficient (S) and working pressure (P) are variables. The
sticking coefficient reflects the energetics of the monomer-substrate interaction and is typically
varied by controlling the deposition temperature. At low surface coverage, each of the initial
monomers that chemisorb on the substrate will also start a new radical chain. Furthermore, as we
mentioned before, the diffusion process is also critical to decide if the reactive species can stay on
the surface before desorption and its effects by the mobility of the reactive species which is also
relative to deposition temperature. To better understand how deposition temperature affects each
step of the deposition process, especially the diffusion rate, it is critical to investigate the surface
geometry prior to polymer film formation under controlled deposition conditions, as it allows us

to gain insight into learning how the polymer film growth and can be compared to different
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depositions when controlling the amount of reactive monomer entering the deposition chamber.
Besides that, pressure is another critical parameter that affects the deposition rate. In this case, we
can infer from the Fortin model that the deposition rate is a function of pressure and temperature
for the steady-state deposition of PPX-N.

By adjusting the fitting parameters according to the energetics of the Lennard-Jones potential
of different monomer types (Table 2-1), this simple model can be applied to other PPX-substituted
polymers (PPX-CI in this paper). For these reasons, this model is used in the current work to
understand and predict how system pressure and temperature affect the area-selective properties

of PPX-substituted polymers.

Table 2-1: Values of the Fitting Parameters for the Chemisorption Model

Parameter Value

Na 6.02 x 105

vm 1.88 x 10 m*monomer
R 1.10 x 107 m*!

To 823.15 K

According to Figure 2-2B, PPX-Cl expresses area-selective behavior with a strong bias
towards deposition onto Si substrates (relative to Cu). We thus focused on PPX-Cl to
experimentally verify the deposition model. By decreasing the temperature of the monomer below
the sublimate temperature, the sublimation process was arrested. This, in turn, halted additional
deposition and polymerization. In effect, polymer islands that did not merge into a film were

captured in a pre-film state as identified by AFM.
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Kinetic studies on pre-closure CVD films

In order to assess polymer formation on the substrates, AFM was used to analyze the surface
topography. AFM can map the surface morphology during different deposition times (Figure 2-
3A to D). Given that polymer islands on the substrate surface during initial deposition are only
nanoscale and the substrate also has nanoscale surface roughness, QNM PeakForce AFM must
identify the polymer islands and substrate based on mechanical property differences (Figure 2-3E
to H). As shown in Figure 2-4A, there are two ways for monomers to be adsorbed and retained on
the substrate. The first one is to be adsorbed on the substrate surface and then diffuse to an existing
polymer island. This will cause the polymer islands to grow horizontally. Alternatively, the
incoming monomer directly adsorbs and reacts to the substrate. This scenario will favor the vertical
growth of the polymer islands. By comparing the horizontal or vertical growth, we can indirectly
assess the balance between monomer-substrate and monomer-polymer interactions. For identical
deposition times, the sample with fewer polymer islands but larger sizes represents the preference
for horizontal growth during the initial deposition, due to the monomer-substrate interactions being
more rapid and favorable compared with the monomer-polymer interactions. Moreover, the
coverage within fixed deposition time is an important parameter to detect lateral diffusion during
horizontal growth. Higher coverage infers a higher diffusion rate and longer lifetime on the surface
before desorption. In this case, a particular focus was placed on assessing the number, average
size, and average height of polymer islands and the overall coverage on the surfaces by AFM.
These results were then used to validate our growth model under different conditions (Figure 2-

4B).
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Figure 2-3: PPX-CI deposition on Si substrates for (a & €) 0s, (b & f) 30 s, (c & g) 120 s, and (d

& h) 180 s. (a - d) are height images of AFM measurements, while (e - h) are adhesin images.
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Figure 2-4: (a) Two examples of polymer deposition on a substrate surface. (b) Experimental

results under different deposition conditions that were measured by AFM (dots) confirmed the

linear relationship between polymer coverage and deposition rate, which is consistent with

calculated results (line) based on the deposition rate model. (R? = 0.90)
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Thermodynamic Studies

The results of a time series generated at substrate temperatures of 5, 15, and 25 °C at constant
working pressure (0.1 mbar) are depicted in Figure 2-5A to C. By controlling the deposition time,
the total number of incoming reactive species can be controlled. The transition of a reactive
molecule from a vapor phase to a cluster on the surface includes several stages. The first stage
after adsorption is the diffusion of these reactive species to a cluster (Scheme 2-1C). [79] This
process can be described by a diffusion flow equation of reactive molecules to a cluster,

namely[79], [80]

_ _ K; (%) )
Lq = 2mD,(—ng) X K, G0 2-2
n(r,0) = n,(0), n(oo,t) = ny(t) 2-3
n(R(t),t) = ng 2-4

where D, is the diffusion coefficient of molecules and is strongly dependent on surface
temperature, n(r,t) is the molecular concentration at time t; R(t) is the radius of a linear cluster

boundary moved due to the cluster growth; nr is the molecular concentration at the cluster

R

and T is the time for
Dyt

boundary, which is assumed to be isolated and symmetrical; x =

desorption; Ko and K; are the Macdonald functions.[81] Figure 2-5A shows the relationship
between coverage and deposition time at different temperatures, indicating that the lower the
temperature, the higher the deposition rate. Since deposition temperature mainly affects the
diffusion coefficient on the substrate surface, it is the key parameter driving island growth and
further affects the final deposition rate.[79] This result experimentally demonstrates that the
diffusion efficiency increases with decreasing temperature. The lifetime of molecules on the

substrate surface (1) and the time to achieve 50% surface coverage (ti2) at each deposition

28



temperature shown in Figure 2-5A reveals that the reactive molecules have lower mobility but
longer diffusion lifetimes on the substrate surface. In another word, the reactive monomer has a
longer stay time on the substrate surface before leaving. This made them more likely to coalesce
with any existing polymer island or reactive species on the surface without desorption, compared
with the diffusion process at higher deposition temperatures.

Moreover, Figures 2-5B and 2C suggest that lower temperature correlates with fewer polymer
islands with larger sizes after the same deposition time. Accordingly, the reactive species are more

likely to enhance the lateral growth of the islands as the temperature decreases.
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Figure 2-5: The results of a time series generated at substrate temperatures of 5 (black), 15 (red),
and 25 oC (blue) at constant working pressure (0.1 mbar) of (a) coverage(lifetime of molecules on
the substrate surface (1) and the time to achieve 50% surface coverage (t1/2) are also shown in the
figure with respective color to deposition temperatures), (b) island number, and (c) island size. The

results of a time series were generated at a working pressure of 0.1 (black), 0.2 (red), and 0.3 mbar
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(blue) at constant substrate temperature (150C) of (d) coverage, (e) island number, and (f) island

size.

Pressure Studies

Another time study was undertaken under constant temperature (15 °C) conditions with varied
working pressure (0.1 to 0.3 mbar; Figure 2-5D to F). For CVD polymerization using the Gorham
process, the absolute pressure in the CVD reactor is given by the sum of the partial pressure of the
precursors and the carrier gases. Since the flow rate of carrier gas was controlled at 20 sccm for
all experiments. The increasing total pressure reflects the increase of partial pressure of precursors.
Figure 2-5D suggests that polymer films reached full coverage faster under higher pressure. The
polymer films formed under 0.3 mbar became conformal polymer films at 135 s deposition, while
the 0.2 mbar samples achieved uniform polymer films at 150 s and the 0.1 mbar samples formed
pin-hole free polymer layer til 165 s. This is because the surface chemistry of CVD mostly rests
on the adsorption rate of the precursor, which in turn depends largely on the partial pressure of the
precursor.[80] However, coverage appears to be relatively insensitive to pressure changes when
compared to varying substrate temperatures. As shown in Figure 2-5E and F, the size and number
of polymer islands follow a similar trend as well. These results show that pressure can affect the
adsorption rate by increasing the concentration of reactive species on the substrate. However,
pressure appears to have a relatively small impact on the total deposition rate, compared with
temperature.

We next focused on film morphology, including the number and size of polymer islands, as a
function of polymer coverage. Figure 2-6A and B show the number and size of polymer islands
with varied deposition temperatures. Deposition at lower temperature resulted in a smaller number

of islands, but larger island sizes, which is consistent with the above-mentioned results (Figure 2-
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6B and C). Figure 2-6C and D show island morphology for various working pressure. As similar
morphology trends have been shown for different pressure, it indicates that the depositions at
different working pressures have the same horizontal growth rate. Hence, even if higher pressure
enhanced the adsorption rate of reactive monomers onto the substrate surface, the diffusion process

was not affected and the deposition of monomers was limited by the desorption step.
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Figure 2-6: PPX-CI deposition on Si substrates under various deposition conditions. (a) The

number of islands and (b) island size with changing polymer coverages under different
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temperatures (5, 15, and 25°C). (c) The number of islands and (d) island size with changing

polymer coverages under different pressure (0.1, 0.2, and 0.3 mbar).

Generally, the pressure had a smaller effect on the deposition rate. However, once we
decreased the deposition temperature to 5 °C, polymer deposition was easily detected on Cu
substrates by FT-IR (Figure 2-7). The FTIR spectra display several bands that are characteristic of
PPX-CI.[82] Characteristic bands include 3062, 2958, and 2866 cm™ (-CH stretching). They are
split into three, because of the different -CH bonding in PPX-CI unit. The band at 1612 cm’!
correlates with aromatic C-C stretching. Besides, due to C-H bending, there are characteristic
bands at 1498, 1455, and 1403 cm!. These IR signals support the deposition of a PPX-Cl layer on
Cu surface. As shown in Figure 2-8 A and B, AFM was used to measure the morphology of polymer
islands at a deposition temperature of 5°C. Next, the morphology of islands under the same
deposition conditions on Cu and Si were compared, as shown in Figure 2-8C and D. Once the
CVD polymerization is performed under suitable deposition conditions, polymers will have the

analog deposition kinetics on Cu and Si substrates.
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Figure 2-7: FT-IR spectra of PPX-CI deposition on Cu under 5 °C and 0.1 mbar. C-H stretching at
3062, 2958, and 2866 cm™!. Aromatic C-C stretching at 1612 cm™!. C-H binding at 1498, 1455, and
1403 cm™.
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Figure 2-8: (a) Number and (b) size of PPX-CI polymer islands on Cu substrates under various
working pressure (0.1, 0.2, and 0.3 mbar), with changing coverage. Comparing PPX-CI deposition
on Si and Cu under the same deposition condition (5°C and 0.1 mbar) by (c) island number and

(d) island size with changing coverage.

Modification of the working conditions, such as decreasing the deposition temperature, can
force the deposition of PPX-CI onto Cu surfaces. To assess the relative stability of this process
compared to a classically non-selective system, a comparison between PPX-CI deposition and

PPX-CHoNH> deposition was undertaken. This comparison was made using adhesion AFM
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measurements and extracting fitted peaks (gaussian) from the adhesion histograms (in mV,
example in Figure 2-9). The results are presented in Figure 2-10, using data point radius as an
indicator of integration intensity for multipeak extracts. Here, we use adhesion force as a proxy
for surface energy. For all four samples (each polymer on a Cu and Si substrate), the surface energy
increased first, then decreased to lower energy until it became stable. This change of surface energy
is well-aligned with the height and coverage information provided through topographic AFM.
During the early stage of the pre-closure period, less energy-minimized islands with a high surface-
to-volume ratio exist, which caused increased surface energy within the region of interest. With
closure transitioning to post-closure film growth, the merged polymer islands became stabilized.
This is likely a combination of both a decrease in active monomers/polymer end groups, a decrease
in total surface area relative to the mass/volume of the system, and bulk film stabilization as the
polymer matrix achieves unity on the substrate. While these trends exist for all systems studied, a
comparison of the relative intensity of the adhesion signals displays that PPX-Cl on Cu was the
least stable configuration. PPX-Cl on Si possesses a higher adhesion than either of the PPX-
CH2NH; systems during the closure, with all three (PPX-Cl on Si, both PPX-CH>NH>) having
comparable adhesion signal post-closure (<100 mV). This is greater than 5 times less than the
PPX-Cl on Cu system. In total, this comparison aligns well with the proposed mechanism for
growth on these substrates and adds credibility to the high selectivity of PPX-CI and the low

selectivity of PPX-CH2NH> (e.g., non-area selective).
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Figure 2-9: Example of Gaussian peak fitting from the AFM adhesion histogram. (a) Adhesion

histogram measured by AFM. (b) Gaussian peak fitting from the adhesion histogram (R? = 0.89).

The adhesion peak energy was separated into two sub-peaks which were plotted by deposit time.

(c) Example of peak energy, changing with deposition time.
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Figure 2-10: Peak Energy for PPX-Cl and PPX-CH2NH: on Si and Cu substrates under 15 °C and
0.3 mbar. (a) PPX-CI deposition on Si; (b) PPX-CI deposition on Cu; (c) PPX-CH2NH- deposition
on Si; (d) PPX-CH2NH: deposition on Cu. The total voltage ranges for the PPX-CI system are
about 10 times that of the PPX-CH2NH: by this method.
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Studies with Patterned Substrates

First, a pattern of deposited Cu (thickness 7.7 = 0.1 nm) on a Si substrate was prepared via
thermal vacuum evaporation (Scheme 2-2). These patterned substrates were then used to test the
area-selective/non-area selective behavior of PPX-CIl under different deposition conditions. To
investigate the property of polymer film on various substrates, cross-sectional STEM was utilized.
The specimens for cross-sectional STEM were ion-milled at the boundary between the Si and Cu
layer via FIB. Cross-sectional STEM revealed information about layer thickness and internal

deformation, especially between layers, adding to the above-presented AFM results.
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Scheme 2-2: Thermal Vacuum Evaporation of patterned Cu on SiO2/Si substrate.
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Figure 2-11: PPX-CI deposition on patterned Cu on Si substrates at 5 °C and 0.1 mbar. STEM
images of (a) 1-minute deposition on Si area; (b) 3 minutes deposition on Si area; (c) 1-minute
deposition on Cu area; (d) 3 minutes deposition on Cu area. Gray Values were used to identify
each layer. STEM images of samples (f) before annealing (zoom-in images of (¢) deposition on Si
area and (g) deposition on Cu area) and (i) after annealing (zoom-in images of (h) deposition on
Si area and (j) deposition on Cu area). The red line shows the outline of the polymer on Cu

substrates.

As shown in Figure 2-11A to D, TEM was performed on Si and Cu areas after CVD coating
for 1 minute and 5 minutes, respectively. The STEM images were analyzed by ImagelJ, using the
contrast of gray value to accurately identify the boundary between layers. There was no polymer
layer identified on Cu after 1-minute deposition (Figure 2-11A), while a thin layer of 4.8 nm PPX-
ClI layer was detected on the Si surface (Figure 2-11B). However, after 5 minutes of deposition,
both Cu (Figure 2-11C) and Si (Figure 2-11D) were coated with a polymer film that had a thickness
of around 19 nm, which supports the assumption that the deposition model that PPX-Cl becomes
non-area selective under higher pressure.

To ensure that the CVD polymer films were at equilibrium, all samples were annealed at 120
°C for 8 hours. The film thickness before and after annealing was measured using STEM images
and shown in Table 2-2. The results show that PPX-Cl deposition on both Si and Cu substrates
under different conditions maintained the same thickness before and after annealing, indicating the
stability of polymer films prepared by CVD polymerization. After annealing, no roughness change
was detected for the Si samples (Figure 2-11H). However, observable surface changes occurred
on thin polymer films (2 minutes deposition) on Cu samples as shown in Figure 2-11J. AFM was

utilized to measure the morphology of the sample surface as shown in Figure 2-12. It shows that
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before annealing, the polymer surface was smooth and uniform with an average roughness of 0.14
+ 0.05 nm (Figure 2-12A), while the samples had a higher average roughness of 1.08 = 0.42 nm
after annealing (Figure 2-12B) Previous research found that partially- and fully-oxidized Cu films
can be reduced to Cu metal through vacuum annealing.[83] CuO in partially-oxidized Cu film can
also be reduced to CuO after annealing below 380 K. Given our heat treatment was operated at

around 400K, the oxygen diffusion might be a potential reason for the observed bucking polymer

film.

Table 2-2: Thickness difference (mean + SD, n = 5) for PPX-CI deposition on patterned substrates,

before and after annealing, measured by STEM.

PPX-CI film on SiO2 PPX-CI film on Cu

area area
Deposition Temperature Pressure  thickness — thickness  thickness  thickness
Time before after before after
annealing annealing annealing annealing
(nm) (nm) (nm) (nm)
1 minute 38+02 39+03 0 0
2 minutes 15°C 0.1 mbar 8.3+0.3 8.2+0.2 0 0
3 minutes 118+0.2 105%0.3 0 0
4 minutes 16.3+0.3 156+0.1 0 0
1 minute 48+02 4601 0 0
2 minutes 126+0.2 10.7+0.2 10.7+0.2 103%0.7
_ 5°C 0.1 mbar
3 minutes 19.2+03 189+0.2 189+01 17536
4 minutes 268+0.2 25.7x01 254+03 24002
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Figure 2-12: 3-D AFM surface images of PPX-CI deposition on Cu area (a) before annealing and

(b) after annealing.

2.4 Conclusions

In this work, we utilized AFM to monitor polymer growth during CVD polymerization prior
to and shortly after film closure. Thermodynamic control (here: working pressure and substrate
temperature) can be employed to force an area-selective polymer/substrate ensemble to undergo
non-selective  CVD polymerization. Initial experiments on patterned substrates suggest
applicability to microfabrication processes and suggest that area-selective CVD polymerization
could be a powerful bottom-up nanopatterning technology.

With further work, these findings will likely facilitate the identification of novel area-selective
polymer coatings, predict optimal polymer/substrate combinations, and will contribute to a better
understanding of the fundamental resolution limits that can be achieved with area-selective CVD

polymerization.
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Chapter 3 Area-selective Surface Manipulation on Ruthenium Patterned Substrates via

Chemical Vapor Deposition Polymerization

3.1 Introduction and Background

Thin-film technologies have been widely used as the major component of electronic,
biomedical, and energy related applications over the last several decades.[84], [85] This is because
that two-dimensional thin films can be used to enhance surface interaction or achieve application-
specific properties that are unobtainable in the substrate materials.[86] Atomic layer deposition
(ALD) is one of the common methods to synthesize inorganic thin films, due to its significant
advantages, such as low cost, easy fabrication, and easy integration into production lines. On this
basis, chemical vapor deposition (CVD) polymerization offers a versatile platform for fabricating
various polymer thin films retaining all the functionalities, which contributes to our understanding
of surface chemistry.

Both organic and inorganic thin films have been applied in the semiconductor industry.
According to Moore’s law,[31], [87] the semiconductor industry is producing nano-scale
transistors, a core element of data processing, in order to improve the performance of microchips
by twofold every 2 years. Nowadays, microchips can scale down to several nanometers which
makes them not only smaller, but also faster, more powerful, and more energy efficient
simultaneously. Common industrial fabrication techniques can be categorized into two groups:
top-down and bottom-up processes. Top-down technology is using masks to make nanostructures
by removing unwanted materials through a lithography process, such as photolithography,[40],

[88] electron beam lithography,[89] and extreme ultraviolet (EUV) lithography.[90], [91] The
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well-developed semiconductor top-down fabrication process mainly involves nanolithography,
dry/wet etch, and/or lift-off of the metal film on non-targeted patterned resists.[38], [56], [92]
However, as the transistor size gets smaller, these top-down technologies are also facing their
limitation. One of the key issues for dense patterns by lithography is the residual resist in between
the pattern lines/spaces.[89], [93] Besides that, lithographic technologies also have other
drawbacks that cannot be ignored, such as the device being expensive, and the whole process can
only be conducted in clean room, as they have to be avoided airborne particulate or chemical
contaminants. Unlike top-down technology, the bottom-up process uses designed substrates to
grow nanostructures on the surface based on different material-substrate interactions, such as area-
selective deposition (ASD). Ideally, this method can grow nanostructures with limited
chemistry/process steps and avoid the residuals simultaneously.[22], [59] However, there is a lack
of understanding of the fundamental mechanisms underlying bottom-up fabrication, especially for
polymer synthesis.

In the current ASD process, although it shows significant potential for larger than 5 nm
technology, alignment for sub-5 nm technology nodes is one of the biggest challenges, especially
during the fabrication of multilayered device structures.[61], [94] Another disadvantage of ASD
is that there always has residuals deposited on untargeted substrate areas. To avoid unwanted
deposition, the fabrication process needs to contain an extra cleaning process, losing the
advantages of the bottom-up process, which supposes to contain limited chemical/process steps.
For the sake of understanding deeply the fundamental mechanism of ASD and its potential
application in semiconductor industries, area-selective CVD polymerization has been used to
understand the relationship/interaction between substrates and deposit polymers. CVD coatings

have been widely used in either electronic materials or biomaterials due to their advantages of pin-
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hole free, confocal, controllable thickness, and tunable chemistry.[75], [95] In previous works,
people found that metal substrates with relatively high surface energy, such as Copper (Cu),
Titanium (Ti), and Iron (Fe), together with their salts can prevent deposition on their surface.[27]
Moreover, the side functional groups of deposited polymers also played a critical role in area-
selective deposition.[27] For example, the functional groups consisting of oxygen and nitrogen
can still deposit on those metal inhibitor surfaces because of the chelation effect. Our previous
research also shows that there were no residuals on unfavored metal substrates after CVD
polymerization.

In this chapter, we systematically investigated the selective inhibition of Ruthenium (Ru), a
common metal used in the semiconductor industry, with a series of functionalized poly-p-xylylene
(PPX) deposited by CVD polymerization to detect the influence of functional groups to surface
interaction. After that, different metal substrates have been utilized to measure the effect of
substrates with constant polymer precursors. In the meantime, we demonstrated that mass is
another input effect of area-selective deposition which can switch the deposition from area-
selective to non-selective. Further deposition was done on Ru patterned substrate to mimic the real
industrial fabrication process. The cross-section scanning transmission electron microscopy
(STEM) was demonstrated on area-selective deposition and non-selective deposition on these
patterned substrates to compare the developed nanostructure. As no residual has been found on the
top of Ru patterns after area-selective deposition, the potential use of CVD in fabrication can be
validated. Moreover, it has been found that the feature size of Ru patterns does not affect the area-
selectivity of CVD polymer coatings. Those two facts demonstrate that area-selective CVD
polymerization may provide an extremely simple access route toward nanostructure development

on designed substrates.
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3.2 Experimental Methods

CVD polymerization:

The precursors of polymer 1-12 were all synthesized following the previously reported
route.[70], [71], [96] They were polymerized via CVD process with 20 mg of each precursor. The
precursors were put in the sublimation zone in the CVD system which was about 100 °C. Then
they were sublimated into the gas phase and transferred into the pyrolysis zone by the inert carrier
gas, Argon, which was setting at the constant flow rate of 20 sccm. The pyrolysis regime was kept
at 550 °C and converted the precursors into the corresponding quinodimethanes. These reactive
species were further carried into the deposition chamber, which had a rotating cool stage at 15 °C
with the ideal substrates on it, and spontaneously polymerized onto the cooling substrates while
condensation. The patterned substrates were fabricated by Intel Co. The wall of the deposition
chamber was maintained at 90 °C to prevent any residual deposition on it. The pressure of the

whole system was 0.1 mbar.

Surface Characterization:

Thickness data of the polymer films was collected by a M-2000 Ellipsometer (J.A.Woollam,
United States). The M-2000 provides simultaneous measurements at light wavelengths from 193
nm to 1700 nm through a continuously rotating compensator and using a CCD spectrometric
detector.[97] The incidence angles in this work were, 60°, 70°, and 80°. Axis Ultra X-ray
Photoelectron Spectroscopy system (Kratos Analytical Ltd, United Kingdom), which is equipped
with a monochromatized Al source, was used to measure all XPS data. During the experiments,
the lens mode was hybrid, while the x-ray power was 150kW. The pass energy was kept at 160.0

eV for survey acquisition and 20.0 eV for high resolution acquisition (Ru and specific elements on
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side functional groups of polymers). All spectra were calibrated with respect to non-functionalized
aliphatic carbon with a binding energy of 285 eV using CasaXPS software. The patterned
substrates were confirmed by SEM after etching. The SEM images were taken under SE mode
using 50 pA current and 2.00 kV Hz. The lift-out sample for scanning transmission electron
microscopy (STEM) was prepared by Helios G4 PFIB UXe (Thermo Fisher Inc., United States)
equipped with Schottky field emitter and inductively coupled Xe gas plasma as electron and ion
beam source, respectively. A 0.2 um-thick layer of carbon was deposited first by the gas injector
of the electron beam source. Following by a 2 um-thick carbon and platinum mixed layer with an
ion beam source. An Argon ion beam was performed at a higher beam current (starting at 0.5 nA
and decreasing to 15 nA once it was closing to the region of interesting materials) to roughly mill
the sample surface with two trenches and leave a wall of material. This cross-section lamella was
then attached on a lift-out TEM grid (Ted Pella Inc., United States) by carbon and platinum mixed
materials and further thinning by 1.0 nA beam current. STEM data was collected by Talos F200X
G2 SITEM (Thermo Fisher Inc., United States), using a double-tilt holder for simultaneous STEM

HAADF/DF4/DF2/BF acquisitions.
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3.3 Results and Discussion
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Scheme 3-1: a) Polymerization process of substituted [2,2]paracyclophanes. b) Schematic
illustration of CVD polymerization process. ¢) Table of polymer 1 - 12 that deposited via CVD

polymerization.

To investigate the inhibition of Ru substrates, 12 different substituted poly(p-xylylene) (PPX)
precursors were utilized to deposited on flat Ru and Si substrates via CVD polymerization. All
substrates operated in this work have natural oxidation layers. The reaction of polymerization is
shown in Scheme 3-1A and the CVD polymerization process is illustrated in Scheme 3-1B. Guided
by previous published area-selective CVD polymerization principles,[27] the selected substituted

PPX contains a wide range of side functional groups, including amines,[98], [99] alcohols,[99],
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[100] aldehydes,[73] anhydrides,[101] and ketones.[53], [101] The list of deposited polymers is
shown in Scheme 3-1C. As we mentioned before, the term area-selectivity is used to compare the
deposition abilities on two or more different substrates. The thickness of CVD polymer films on
Ru and Si were measured by ellipsometer, as shown in Figure 3-1, so that the area-selective can
be defined by the equation of selectivity (S) (Eg. 3-1) which compare the thickness difference on
different substrates. The equation of selectivity (S) is named below.

_|thicknessgyp; — thicknessgyp,| (3-1)

thicknessg,, + thicknessg,p,

S ranges between 0 and 1.0 and the polymer shows more area-selectivity on the substrate pair
if Sis closer to 1.0. Based on the ellipsometer results, polymer selectivity can be summarized into
four categories. 1) If the polymer cannot be deposited on one of the substrates, but can
polymerization on the other, we call this kind of polymer an area-selective material. For area-
selective polymers, their S is usually higher than 0.95. 2) If the polymer can be deposited on both
substrates but with significant thickness difference, they are defined as partial area-selective
polymers. Under these circumstances, their S is between 0.85 and 0.95. 3) The same as partial-
area selective polymer, but with less thickness difference. These polymers are called semi-area
selective. Their S is usually between 0.1 to 0.85. 4)The last one is non-area selective materials,

which have almost identical thicknesses on both substrates with S no large than 0.10.
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Figure 3-1: Average thickness of polymer 1 - 12 on Ru (blue) and SiOx (red) substrates. Values

are shown in average £ SD, n = 3.

Because of the nature of X-ray Photoelectron Spectroscopy (XPS), which can detect the
chemical composition of the top 10-nm materials, we used it as a confirmation of the ellipsometry
results (Table 3-1). The thickness of materials can be roughly identified depending on if the Ru
substrates can be detected or not. The XPS results are consistent with the ellipsometry, together

with the calculated S of each polymer shown in Table 3-1.
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Table 3-1: Measured XPS results of 20 mg polymer 1-12 deposit on Ru substrates and their

selectivity results. The selectivity results were calculated based on ellipsometer data, n = 5.

XPS (observed)  gelectivity

Polymer

Ru  Polymer film ()
1 v X 0.98
2 v X 0.97
3 v v 0.91
4 v v 0.89
5 v v 0.89
6 v v 0.53
7 X v 0.23
8 X v 0.10
o) X v 0.03
10 X v 0.03
11 x v 0.03
12 x v 0.02

After categorizing the 12 polymers by their selective property, more focus is put on the partial-
area selective polymers (polymer 3-5). Do these polymer coatings become non-area selective if

they are deposited with sufficient weight to limit the influence of the substrate? Under these
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circumstances, five different precursors of polymer 1-5 (polymer 1 and 2 are used as control) were
polymerized on four different substrates, including Si, Gold (Au), Copper (Cu), and Ru. 20 mg
(Figure 3-2A) and 40 mg (Figure 3-2B) of each material were used as the feeding amount of each
precursor. All polymerizations were processed under identical experimental conditions. When
using 20 mg precursors, only polymer 1 revealed area-selectivity on Au substrates, while the rest
were all non-selective on Au, compared with deposition on Si substrates. All monomers showed
area selectivity on Cu substrates. This confirmed with previous studies that Cu (1.81 J/m?)[102]
has higher surface energy than Au (1.51 J/m?)[102] and Si ({111}, 1.14 J/m?).[103] Among all
metal substrates, only Ru demonstrated partial-area selectivity as the other metal substrates were
either selective or non-selective. This is because Ru has the highest surface energy (3.0 J/m?) [104],
and even for polymers that can be deposited on its surface, the deposition rate is very slow until a
conformal polymer coating is formed. Meanwhile, polymer 1, PPX with no side functional group,
has the highest selective ability within five substituted PPX. However, once the amount of the
precursors increased to about 40 mg of three partial-area selective polymers on Ru (polymer 3-5),
polymer 4 and 5, both have chlorine as side functional groups, became non-area selective on Ru.
Polymer 3 still maintained its partial-area selectivity on Ru regardless of the increasing feeding
amount. This might be due to a higher selectivity of polymer 3 than polymer 4 and 5. The results
indicate that there is also a mass threshold for each precursor to switch between area-selectivity
and non-selectivity. This threshold is changing based on precursor species, substrate type, and
deposition conditions (deposition temperature or working pressure). Knowing the mass threshold
of each precursor and substrate pair can help to design different nanostructures under varied

deposition conditions.
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Figure 3-2: Average thickness of unit amount of polymer 1-5 precursors on Si (orange), Au
(yellow), Cu (light green), and Ru (dark green) substrates, with (a) 20mg and (b) 40mg deposition.
Values are shown in average = SD, n = 3.

Ru patterned Si substrates were utilized to examine the proximity effect of area-selective
CVD. Given that the focus of this work is directed toward microelectronic and nanoelectronics
applications, a variety of line patterns were investigated as Ru-on-Si substrates. The key
parameters for these patterns are feature thickness and spacing between the center of each line
denoted as 80/200 (nm) for a line width of 80 nm and a spacing of 200 nm in this work. Made
through controlled etching, Ru thickness is held constant at 25 nm though some Si is lost to the
etching process (leading to an additional ca. 20 nm of depth between features). The morphology

of the substrate surface was confirmed by scanning electron microscopy (SEM) in Figure 3-3.
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Figure 3-3: Surface geometry of Ru patterned substrates. (a) top-down SEM image of substrate.

(b) cross-section SEM image of substrate.

10 mg of area-selective (polymer 5, poly[(chlorine-p-xylylene)-co-(p-xylylene)]) and non-
area selective (polymer 10, poly[(hydroxymethyl-p-xylylene)-co-(p-xylylene)]) polymers were
deposited on the patterned substrates by CVD polymerization. Here, the feeding amount of
polymer 5 precursors was 10 mg, lower than the 20 mg used in the previous screening study. With
this low amount of precursors, polymer 5 reveals S = 1.0, indicating area selectivity. After
deposition, cross-section STEM was performed to detect the morphology of polymer layers on
different surfaces of patterned substrates. Deposition of polymer 10 (non-selective) on 80/200 nm
line patterns were shown in Figure 3-4A and B. In Figure 3-4A, polymer 10 coating fully covered
both Si and Ru area with a S = 0.03, demonstrating its non-area selectivity on substrates with
complex geometry. However, within the zoom-in image in Figure 3-4B, polymer aggregation at
the corner of structures cannot be entirely ruled out. It has been observed in related systems that
(strong) anisotropic surface energy can affect the diffusion of reactive species during deposition
and polymerization.[105] Further work is warranted to fully elucidate the underlying mechanism.
Then the thickness of polymer 10 on Si and Ru was calculated based on these STEM images, as
shown in Table 3-2. The polymer thickness on Ru was measured in the middle area of Si surface,

avoiding the aggregation effects. The results address the same thickness on different substrates
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and reveal that CVD polymerization can still form conformal polymer layers on patterned
substrates. Besides, the STEM images of polymer 5 coating on patterned substrates were shown
in Figure 3-4C and D. The fact that there is no residual on Ru top surface validates the area-
selectivity of polymer 5 on three-dimensional nanostructure. Similarly, polymer aggregation at the
corner region is also observed in Figure 3-4D. Unlike the current ASD processes which usually
need an afterward cleaning process to remove the possible nuclei on non-target areas, as these
unwanted materials might cause the loss of area-selectivity, here we introduce a new possible

vapor deposition solution by area-selective CVD polymerization. [22]

A 80/200 nm

Polymer 10

Si0,

C 80/200nm

Figure 3-4: Cross-section STEM images of 10mg (a) polymer 10 and (c) polymer 5 deposition on
80/200 nm Ru patterned Si substrates. (b) and (d) are zoom-in images of (a) and (c), respectively.
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Table 3-2: Polymer thickness on different substrate regions. Value = average + SD, n = 5.

Polymer Polymer 10 Polymer 1 Polymer 5

Filling shape Conformal Non-conformal Non-conformal

Polymer thickness
13.5+0.9 nm 19.44+0.4 nm 18.5+0.3 nm
on SiOx

Polymer thickness
14.4 £0.2 nm - -
on Ru

Nevertheless, in order to meet the requirement of small-scale selective deposition, area-
selective deposition on different feature/spacing size of patterned substrates were measured. 10
mg of polymers 5 were deposited on patterned substrates with different feature/spacing sizes
(80/200 nm and 2/5 um), as shown Figure 3-5. Our previous results suggest that polymer 5 is a
partial-area selective polymer (20 mg). Here, its area-selectivity was tested on a larger feature size
(2/5 um) and polymer 1, which proved to have higher selectivity, were utilized on smaller feature
size (40/100 nm and 60/200 nm) as shown in Figure 3-6. The STEM images in Figure 3-5 and 3-
6 address that selective polymers remain their selectivity on patterned substrates, regardless of the

feature size.
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A TR :0/200nm

Figure 3-5: Cross-section STEM images of 10mg polymer 5 (PPX-CI) deposition on (a) 80/200
nm and (b) 2/5 um Ru patterned Si substrates.

A 40/100 nm
|
B 60/200 nm

Figure 3-6: Cross-section STEM images of 10mg polymer 1 (PPX-N) deposition on (a) 40/100 nm
and (b) 60/200 nm Ru patterned Si substrates.

3.4 Conclusion

In summary, we report Ru as a prohibitive metal substrate for some of the functional PPX
deposition. As the surface energy of Ru is higher between the usual metal substrates that we tested

(Cu and Au),[102], [103], [106] partial-area selective deposition was observed on Ru substrates
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under common CVD process conditions. This indicates that the feeding amount of polymer
precursors also plays a critical role in deciding polymer selectivity and can be controlled to grow
different nanostructures by needs. Furthermore, our results first indicate that the cross-section
images of area-selective deposition on patterned substrates by CVD polymerization. The fact that
there are no residuals of area-selective polymers on the Ru surface shows the potential use of area-
selective CVD as a bottom-up technology to grow nanostructures. In a previous study, we find out
that besides mass, deposition conditions, including working pressure and deposition temperature,
can also transfer selectivity. Further study will be focused on the selectivity control on Ru patterned

subtracts based on those controllable CVD parameters.
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Chapter 4 CVD-Based Reactive Polymer Coatings for Engineered Biological Applications

The materials shown in this section were adapted from the following peer-reviewed journal
article with permission:

« Horowitz, J. A., Zhong, X., DePalma S. J., Ward Rashidi, M. R., Baker, B. M., Lahann,
J., Forrest S. R., “Printable Organic Electronic Materials for Precisely Positioned Cell

Attachment”. Langmuir 2021, 37(5), 1874-1881.

4.1 Overview

In Chapter 4, bio-orthogonal polymer coatings prepared by CVD polymerization of functional
[2,2]paracyclophanes were used to engineer biological applications.

« In Section 4.2, we address a fabrication method for precisely positioned cell attachment,
applying chemical vapor deposition (CVD)-initiated atom transfer radical polymerization (ATRP)
reaction.

« In Section 4.3, we demonstrate the ability to utilize the CVD-based copolymer coatings as
a reactive gene-therapy vehicle to immobilize multiple biomolecules of interest for bone

regeneration application.
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4.2 Printable Materials for Precisely Positioned Cell Attachment

4.2.1 Introduction and Background

Since the 1960s, there has been increasing interest in engineering biological interfaces for
biotechnological applications, based on cell-surface interaction. [107], [108] Previous research has
revealed the application of polymer brushes to either prevent non-specific protein adsorptions[44]
or precisely recognize and bind to specific proteins[45], [46] by controlling the brush composition.
Polymer brushes are special macromolecular structures with polymer chains densely tethered to
another polymer chain or the surface of ideal substrates via a stable covalent or non-covalent bond
linkage.[106] Polyethylene glycol (PEG)-based compounds are often considered biologically inert
as they do not mediate interactions with most proteins,[109], [110] are a popular choice for
preventing the attachment of extracellular matrix (ECM) adhesion proteins. Surface-initiated
atomic transfer radical polymerization (ATRP) has been used most widely to form PEG-based
polymer brushes, as this method is compatible with a wide range of different functional
monomers.[49] However, as a surface modification method, ATRP still requires initial surface
modification to introduce initiator groups to the substrates, allowing the following polymerization
process.

Chemical vapor deposition (CVD) polymerization is one of the common surface modification
protocols to deposit various side functional groups onto a wide range of different substrate
materials.[27] The CVD polymerization process shows promising features, such as ultra-thin
polymer layers with pinhole-free coverage, tunable chemistry and geometry, and conformal
coatings.[1], [3], [18], [26] Herein, in this work, we introduce a new process whereby using
biocompatible poly(hydroxymethyl-p-xylylene) (PPX-HM) coating, which is readily deposited

using CVD polymerization, to attach ATRP initiators on the substrate surface by initiation
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reaction. Subsequently, antifouling polyethylene glycol methacrylate (PEGMA) polymer brushes
are selectively grown in the spaces between adhesion points. Fibronectin attaches only to the non-
polymer brush area, enabling the selective attachment of murine fibroblasts (NIH3T3). Our results
addressed a high throughput, reproducible, and highly selective tissue production method for

therapeutic and research applications, using a CVD-based ATRP process.

4.2.2 Experimental Methods

Chemical Vapor Deposition (CVD) Polymerization:

Silicon substrates with a natural oxide film (1 cm?) are sequentially cleaned with 1:100
Tergitol in deionized (DI) water, acetone, isopropanol, and ultraviolet-ozone plasma. Next, a layer
of PPX-HM is grown by CVD using the Gorham process (Scheme 4-1A).[76] The PPX-HM
precursor is homolytically cleaved in a furnace with zones set at 450, 550, and 560 °C. The
substrate is kept at 15 °C during deposition, allowing the reactive pyrolysis products to polymerize
on its surface. The CVD system is pumped to 8 mtorr and then purged with 20 standard cubic
centimeters per minute (sccm) of Ar, resulting in a pressure of 0.08 torr. The deposition is at a rate

of 0.1 A/s, resulting in a 15-20 nm thick layer of PPX-HM, as measured by ellipsometry.

Atom Transfer Radical Polymerization (ATRP) Reaction:

Following vapor phase deposition and patterning, samples are placed in a vacuum desiccator
with four glass slides. Triethylamine is placed on each of two glass slides and 2-bromoisobutyryl
bromide (30 puL on each glass slide) on the other two. The reaction, occurring overnight
(approximately 18 h), attaches 2-bromoisobutyryl onto the hydroxymethyl group of PPX-HM
(Scheme 4-1B). 2-bromoisobutyryl does not form on regions of PPX-HM covered by deposited

organic electronic material. PEGMA polymer brushes are then grown via an atom transfer radical
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polymerization (ATRP) reaction where a mixture of 4 g of PEGMA, 7 mg of CuBrz, and 20 mg of
CuBr, in 10 mL of DI water is reacted with 30 mg of 2,2’-bipyridyl in 10 mL of DI water. The
reaction occurs over 90 min, growing PEGMA polymer brushes to a height of 20—30 nm off of the
acetyl bromide groups on PPX-HM (Scheme 4-1C).[54] X-ray photoelectron spectroscopy (XPS)
and Fourier transform infrared spectroscopy (FTIR) spectra of the PEGMA brush growth process

are provided in Figure 4-1.

Surface Characterization:

Fourier transform infrared (FTIR) spectrometry measurements were performed using a
Thermo Nicolet 6700 spectrometer with a grazing angle accessory on a 20 nm thick film of PPX-
HM deposited onto cleaned Au substrates.

XPS measurements were performed with a monochromatic Kratos Axis Ultra X-ray
photoelectron spectrometer on 20 nm thick small-molecule films and PPX-HM deposited onto
cleaned Si substrates. The Al X-ray gun emission current was 8 mA with a 14 kV high-temperature
anode in a sample-analysis chamber at 10—8 torr. Sample charging was corrected assuming 284.8

eV as C 1s binding energy.

Fibronectin Attachment (performed by Samuel DePalma):

Alexa Fluor 555-labeled fibronectin or unlabeled fibronectin is coated onto the samples at a
concentration of 50 pg/mL in prebuffered saline (PBS) solution (Scheme 4-1F). The fibronectin-
coated samples are incubated for 1 h and rinsed to remove excess solution. Murine fibroblasts
(NIH3T3) are cultured at 37 °C and 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM)

containing 1% penicillin/streptomycin, L-glutamine, and 10% bovine serum. The culture media is
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aspirated, and substrates are rinsed twice with PBS, followed by the addition of 0.5 mL of 0.05%
trypsin—EDTA (ethylenediamine tetra-acetic acid). The cultures are incubated at 37 °C for 5 min,
causing the cells to detach from the surface. Trypsin is deactivated by adding 1.5 mL of culture
media to each well, and the cell solution is transferred to a 15 mL tube. Cells are seeded at a density
of 12,000 or 10,000/cm? and incubated overnight, after which they are fixed in 4%
paraformaldehyde for 10 min and rinsed twice with PBS. The samples are treated with 4°,6-
diamidino-2-phenylindole (DAPI) to image nuclei blue and with Alexa Fluor 488-labeled
phalloidin to image F-actin. All fluorescent images are taken with a laser-scanning confocal

microscope (Zeiss LSM800).

Confocal Imaging (performed by Samuel DePalma):

Silicon substrates with patterned cells and fibronectin are placed on glass microscope slides,
with the patterned surface facing the glass. The microscope slides are flipped and placed in the
Zeiss LSMB800 confocal microscope such that the patterned surface faces the laser and lens to
image the sample surface. The laser wavelengths used are 405 nm to image DAPI, 488 nm to

image Alexa Fluor 488, and 555 nm to image Alexa Fluor 555.
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4.2 .3 Results and Discussion
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Scheme 4-1: Polymerization process flow of polymer brushes. Si substrate is coated with (a)
poly(hydroxymethyl-p-xylylene)  (PPX-HM) by chemical vapor deposition (CVD)
polymerization. (b) Initiator reaction in a vacuum desiccator forms acetyl bromide on the
hydroxymethyl group of PPX-HM. (c) PEGMA polymer brushes are grown from acetyl bromide

by an atomic transfer radical polymerization reaction in solution.

The whole substrate preparation contains three parts: deposition of PPX-HM, initiation
reaction on the PPX-HM surface, and growth of PEGMA brushes by surface initiated-ATRP. After
the CVD polymerization process, organic materials, CBP, DBP, and rubrene, were deposited
through TEM grids to make patterns on the PPX-HM surface. They were utilized to confirm the
initiation reaction which only happens on the PPX-HM surface. The XPS results in Figure 4-1
compare the presence of Br for the different reaction steps. After the initial deposition of DBP,

CBP, rubrene, or PPX-HM, there is no Br on the samples (Figure 4-1A). Following the
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immobilization of the bromine-containing ATRP initiator, two characteristic Br signals are visible
on samples coated with PPX-HM, but not on the control samples coated with DBP, CBP, or
rubrene (Figure 4-1B). This clear contrast indicates successful covalent immobilization, rather than
non-specific adsorption. Following the ATRP reaction, Br is ultimately consumed during extended
chain propagation, and the two Br signals are no longer visible in the XPS spectra (Figure 4-1C).
These results demonstrate that acetyl bromide groups are selectively formed on PPX-HM surfaces.
Because PEGMA polymer brushes require initiation from these acetyl bromide groups, the
polymer brushes can be patterned selectively onto PPX-HM patches, and will not form on surfaces
covered with DBP, CBP, or rubrene. The corresponding FTIR spectra confirm the chemical
reaction scheme used to modify the PPX-HM films. The characteristic bands of the PPX-HM film
(Figure 4-1D) include -OH (3360 cm™) and C-H (2846, 2915, 2962 cm!) stretching vibrations.
After the ATRP initiator immobilization, characteristic signals of the strong C=0 (1731 cm™) and
C-O-C (1159 cm™) stretching vibrations are observed (Figure 4-1E), indicating a successful

reaction of the hydroxyl groups of the PPX-HM films with the acetyl bromide groups of the ATRP
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initiator. After the ATRP initiator reaction (Figure 4-1f), the strong bands indicative of the C-O-C

stretching vibrations are broadened and a slight shift to higher wavenumbers is observed.
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Figure 4-1: XPS spectra of Br 3d for PPX-HM (yellow), CBP (blue), and DBP (gray). (a) Before,
and (b) after the reaction with the ATRP initiator. The green and dark blue lines in (b) indicate the
corresponding PPX-HM, while the flat blue and grey lines indicate no Br on CBP or DBP. (c) The
XPS spectra after ATRP polymerization. The FT-IR spectra of PPX-HM are given (d) before and
(e) after the reaction with the ATRP initiator. (f) FT-IR spectra of PEGMA polymer brushes on
the PPX-HM surfaces after ATRP.

After that, the Baker group (Department of Biomedical Engineering, University of Michigan)
evaluated the attachment of biomolecules on designed patterned substrates. They found that
fibronectin shows considerable adhesive selectivity, which is only attached within the hexagon
array of DBP material. This confirms that PEGMA brushes are able to inhibit the adhesion of cells
in their regions, and consequently, fibronectin or cells may attach only on organic materials

surface. On this basis, a simple process can be engineered to control the precise adhesion of cells,
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combining CVD initiated-ATRP and other vapor phase deposition methods. Details of the

experimental procedures and results can be found in [100].

4.2.4 Conclusion

We have demonstrated a simple, high-yield, and biocompatible process for the selective
attachment of fibroblasts using common, vacuum-deposited thin polymer coatings combined with
ATRP reaction to growing PEGMA brushes, which can inhibit fibronectin attachment outside of
the desired adhesion regions. The process diverges from previous micropatterning techniques in
two significant ways. First, CVD polymerization has been confirmed as an efficient surface
modification method for a wide range of different substrate materials.[2], [27], [53], [75] In this
case, this CVD initiated-ATRP approach establishes a generic surface engineering protocol that is
widely applicable to a range of materials. Second, with designed adhesion points, this fabrication
method can be employed for the purpose of cell adhesion, allowing for the optimization of
parameters for a particular cell chemistry or scaffold attachment application. This technique can
also be modified to achieve higher yield and scalability, ultimately allowing for the design of

biological tissue in vitro or in vivo.
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4.3 Gene Delivery via Reactive CVD Co-polymer Coating for Enhanced Cell

Communication

4.3.1 Introduction and Background

Gene therapy is a common treatment method for human genetic diseases, such as
hemophilia,[111] infectious disease,[112] and cancer,[113]-[115] by introducing genetic
materials/information into specific cells, showing growing promise.[116] Viral plasmids are now
designed to maintain the coding aspects for packaging and delivery of the gene of interest, while
rendered incapable of replication, allowing us to utilize the highly efficient transduction
mechanism of the virus and limiting safety risks. Selection genes and fluorescent markers can be
added to the plasmid as well, which are additional tools for in vitro and in vivo studies. The scope
of use of viral gene delivery significantly increases with the aforementioned materials and viral
technology improvements.

Cell-cell communication is necessary for tissue homeostasis, coordination, and
synchronization of various cell behaviors in 2D and 3D. The most rapid form of cell-cell
communication is gap junction intracellular communication (GJIC), which is mediated through
connexon channels. These channels allow passage of small molecules under 1-2 kDa,[117] such
as ions and secondary messengers, and thus are important for both mechanical and chemical signal
propagation. One of the most ubiquitous connexins is Connexin 43 (Cx43), which is present in a
variety of cells including cardiomyocytes, and endothelial cells and is the most prevalent connexin
in bone, expressed in Mesenchymal Stem Cells (MSCs) as well as osteoblasts and
osteoclasts.[118], [119] Deletion of Cx43 leads to poor bone formation, reduced osteoclast
function, and reduced MSC differentiation while upregulating Cx43 and gap junction intracellular

communication (GJIC) leads to increased Mesenchymal Stem Cells (MSCs) differentiation in-
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vitro and bone formation in-vivo.[120] Thus Cx43 upregulation can be used as a tool to improve
the necessary function of numerous cell types found in bone. Exogenous gene delivery via a
lentivirus encoding GJA1, the gene for Cx43, can be used to modulate GJIC.

To ensure low toxicity, high efficiency, and long-term expression of genetic therapeutics, viral
vectors for gene replacement can be directly injected into the patient for local treatment[121] or
transduced to the targeted cells before being reintroduced in the patient.[122] However, these
methods have disadvantages, including increasing risks to the patient and large cell numbers and
critical sterilization conditions requirements.[123] Implant placements show high potential for
efficiency as a gene delivery method, by avoiding the risk of virus dispersion and infection of
surrounding tissue. Moreover, as implants enable the therapeutics to be localized on the
engineering biomaterials surface, it can highly increase the transduction efficiency and reduce the
administration dose.[124], [125] At present, several physical methods have been used to enhance
biomolecule-biomaterial  conjugation, such as surface adsorption,[125] physical
entrapment/encapsulation,[126] and affinity binding,[127] which often use organic solvents that
can pose potential cytotoxicity. Another concern of physical methods is that physical interactions
are generally weak, causing biomolecule release.[51] Therefore, chemical reactions by solvent-
free methods present a strong potential to enhance the retention of biomolecules by modifying the
surface of biomaterials with highly specific functional groups for the molecule of interest.

Chemical vapor deposition (CVD) polymerization is a surface modification method that uses
reactive functional poly(p-xylylene) (PPX) for surface engineering of various biomaterials. By
accommodating different reactive functional groups into their chemical structure, these substituted
PPX coatings offer an applicable strategy for the specific covalent immobilization of biomolecules

while maintaining their biocompatibility.[10], [11], [52] In our previous research, a thin polymer
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layer with ester groups was generated on three-dimensional biomaterials surface by CVD
polymerization, such as polylactic-co-glycolic acid (PLGA), polycaprolactone (PCL), and
titanium (T1), to bind anti-adenovirus antibody[124], [128], [129] The designed adenoviral vector
was further conjugated through antigen-antibody reaction. This procedure provides an effective
method for direct gene delivery in a more controlled and temporal manner. Our previous studies
also reported the potential of bio-orthogonal CVD co-polymer coatings for precise immobilization
of multiple biomolecules[10], [11], [52] or establishing biological signaling gradient for further
biochemical modification after deposition.[130]

In this study, a lentivirus delivering GJA1 was bound to a titanium (T1) surface using a CVD
copolymer coating and was used to increase GJIC in MSCs. To improve MSC binding and future
targeting in heterogeneous environments, DPIYALSWSGMA (DPI), an MSC-binding peptide
discovered via phage display against clonally derived human MSCs known to form bone in-
vivo[131] was microprinted onto the copolymer-coated surface. The objective of this study was to
develop a co-polymer coating, which binds viral particles and peptides to a surface to enhance
cell-cell communication among MSCs. Such modified coatings then are used for purposes of

enhancing MSC differentiation, and tissue coordination and be used as coatings on bone implants.

4.3.2 Experimental Methods

Chemical Vapor Deposition (CVD) Polymerization

Titanium substrates were manufactured from 1.0 inch x 0.02 inch (diameter x thickness)
titanium discs by slicing 1 cm x 1 cm substrates using a Computerized Numerical Control (CNC)
machine. A layer of co-polymer was deposited on titanium substrates via a custom-built CVD
system as shown in Scheme 4-2. The synthesis of 4-(3,4-Dibromomaleimide)[2.2]paracyclophane

and 4-pentafluorophenyl-[2.2]paracyclophane used in this study were described elsewhere. A 1:1
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molar mixture of two precursors was sublimated into a gas phase at the right end of the CVD tube
which was about 100 °C. Inert gas Ar, with 20 sccm flow rate, carried them into the pyrolysis zone
where the furnace was about 550 °C. Subsequently, the reactive species were transferred into the
deposition zone, with substrates on a rotating stage set to about 15 °C. The wall of the deposition
chamber was adjusted to 120 °C to prevent residual deposition. The absolute pressure of the system

was controlled at 0.1 mbar.

Surface Characterization via X-ray Photoelectron Spectroscopy (XPS)

XPS results were measured by monochromatic Axis Ultra X-ray photoelectron spectrometer
(Kratos Analyticals, UK) with Al Ka X-ray source at 160 eV and 20 eV for survey and high-
resolution spectra, respectively. All spectra were calibrated with a binding energy of C 1s at 285

eV.

Immobilization of Anti-lentivirus Antibody

The polymer coated Ti substrates were sterilized in 70% ethanol for 1 hr after CVD
polymerization. Each sample was then added to 1ml 10ug/ml solution of anti-lentivirus antibody
(anti-VSV-G antibody) in phosphate-buffered saline (PBS) and incubated on a stage rotator at 4
°C. After overnight incubation, PBS was used to rinse samples 5 times (5 mins per time) to remove

the non-immobilized primary antibody.

Verification of Anti-lentivirus Antibody Binding
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After incubation in primary antibody solution and rinsed by PBS, the samples were then
incubated in DPBS solution containing 10u/ml AlexaFluor 488 Goat anti-Mouse IgG secondary
antibody (Invitrogen, Inc.), 0.02% (v/v) Tween20 and 0.1% (w/v) bovine serum albumin (Sigma-
Aldrich, Inc.) for 1 hour under room temperature, followed by 5 x 5 min PBS rinses. Afterward,
fluorescence microscopy (EVOS M7000) and ImageJ were used to quantify and compare the

fluorescence signals obtained on polymer-coated and uncoated substrates.

Immobilization of Peptide

Cysteine functionalized DPI peptide was synthesized by Proteomics & Peptide Synthesis
Core, University of Michigan. Microcontact printing (uCP) was used here to immobilize the
peptide on antibody-attached polymer surfaces. PDMS stamps were created as described
elsewhere. After oxidizing for 10 mins by UV-ozone, the stamps inked with peptide solution (10
ug/ml in PBS) were kept in contact with the surface of the sample for 4 hr. After stamps removal,
the patterned samples were rinsed thoroughly with PBS and deionized water. The immobilization
reaction in solution without using pCP with the same reaction condition was the same as described

above.
Lentivirus Immobilization (performed by Merjem Mededovic)

After immobilizing both antibody and peptide on coated Ti, the samples were incubated in
lentivirus solution (3 x 106 particles in 1 ml PBS) at 40C for 24 hrs. The samples were then rinsed

thoroughly with PBS 5 times.

Cell Culture, Transduction, and Attachment to the Material (performed by Merjem Mededovic)
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Human mesenchymal stem cells (MSC) (RoosterBio Inc) were added to lentivirus and peptide
co-presented samples and control samples at a density of 10,000 cells per well. Each sample was
placed in an individual well in a 12-well plate and incubated for 72 h in growth media (RoosterBio
Inc). All studies are performed on cells in passages 3 to 5. Live cell nuclei were stained with
Hoechst 33342 and subsequently, fluorescence microscopy (EVOS M7000) and ImageJ were used
to quantify and compare the fluorescence of eGFP obtained on the sample and controls.

For viral transduction, cells were seeded at 2.0 - 3.0 x105 cells per well of 6 well plates 24h
prior to transduction. On the day of transduction, viral stock solution (107 cfu/ml) is added to fresh
DMEM supplemented with 10% FBS to ensure MOI of interest given the seeded number of cells.
Cells are incubated at 37°C for 24 hours, and the media is replaced with RoosterNourish
(RoosterBio Inc) media. Imaging and protein expression analysis are performed 72 hours after

media exchange.
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4.3.3 Results and Discussion
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Scheme 4-2: Process of coating assembly. (a) CVD copolymerization of [2.2]paracyclophanes
with pentafluorophenyl ester (precursor 1) and dibromomaleimide groups (precursor 2). (b)
Copolymerization process in a custom-made CVD system. (c) Co-immobilization process of

lentivirus and DPI peptide.

72



A co-polymer coating was engineered as a bio-orthogonal film to immobilize viral vector and
peptide simultaneously, influenced by click chemistry reactions.[132] Pentafluorophenyl ester was
selected to immobilize viral vectors by active ester and amine reactions,[8] while cysteine residues
on synthesized peptide offer access to thiol groups that react rapidly with maleimides.[133]The
mixed precursors of 4-pentafluorophenyl-[2.2]paracyclophane (1) and 4-(3,4-dibromomaleimide)-
[2.2]paracyclophane (2) were co-polymerized on titanium (Ti) substrates, following the chemical
reaction shown in Scheme 4-2A. This polymerization process was performed in a custom-made
chemical vapor deposition (CVD) system (Scheme 4-2B). The precursors were selected due to
their specific side functional groups, which can bio-orthogonally immobilize different molecules
with covalent bonding. Poly[4-(3,4-dibromomaleimide)-p-xylylene-co-p-xylylene] (3) and
poly[(4-pentafluorophenyl ester-p-xylylene)-co-(p-xylylene)] (4) are polymers that only have one
of the two functional groups. The XPS results shown in Figure 4-2A indicate the elemental
composition of the top 10 nm of the sample after depositing 20 mg of Polymer 3. They were in
line with the atomic percentages that were calculated based on the chemical formula of polymer
3, supporting the attachment of polymer on the Ti surface after CVD polymerization. The same
method was used to confirm the presence of the polymer 4 coating on the Ti substrate. The table
shown in Figure 4-2B reveals that the experimental chemical composition was in reasonable
agreement with the theoretical chemical structure of polymer 4. FT-IR has routinely been used to
confirm the existence of known polymers by identifying special side functional groups. The FT-
IR spectrum shown in Figure 4-2C reveals a characteristic band signal of C=0 group at 1716 cm-
1. Moreover, the presence of symmetric and asymmetric C-H stretching modes were confirmed by

the characteristic bands at 2855, 2927, and 3038 cm™, indicating the existence of benzene group
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in the material surface. As a result, both FT-IR and XPS confirmed the presentence of polymer 4

on the Ti substrate after CVD polymerization.
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Figure 4-2: Chemical characterization of CVD samples. (a) XPS analysis of titanium discs coated
with polymer 3. (b) XPS analysis of titanium discs coated with polymer 4. (c) FT-IR spectrum of
polymer 4. (d) XPS spectra of copolymer with different molar ratios.

After confirming the existence of polymer 3 and 4, mixed precursors of different molar ratios
were deposited on Ti surfaces and measured by XPS, as shown in Figure 4-2D. Here, the ratios
labeled in the figure reflect the ratios of the mole number of precursor 2 to the mole number of
precursor 1. Besides, all XPS spectra were normalized by the peak area of C 1s for the convenience

of comparing the atomic percentage of each element in different ratios of co-polymers. From top
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to bottom, the usage of precursor 2 was decreasing as the usage of precursor 1 increased, reflecting
the decreasing of N 1s peak area (stands for dibromomaleimide group) and the increase of F 1s
peak area (stands for pentafluorophenyl ester group). The result shows that we can design the ratio
between different side functional groups on the surface by changing the molar ratio of the

precursors. A 1:1 mixture of precursors was used in this study to deposit co-polymer coatings.
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Figure 4-3: Saturation curve of antibody conjugation on CVD-coated Ti films. AlexaFluor 488
Goat anti-Mouse 1gG secondary was conjugated on Ti films. Values are reported as means + SD,
n=>5.

Anti-lentivirus antibody was immobilized via ester reaction with amines, which were carried
by CVD coating and antibody, respectively. To test the capacity of antibody conjugation, as well
as find out the saturation point of antibody, different concentration varied from 5 pg/ml to 20 pg/ml
was used. AlexaFluor 488 Goat anti-Mouse IgG secondary antibody was used as a model antibody,
confirming the conjugation of primary antibody on CVD films via immunofluorescence.
Saturation of the CVD functional groups was observed at antibody levels above 10 pg/well (Figure
4-3). After determining optimal antibody amounts, lentivirus was added to the sample surface. To
verify the function of CVVD polymer coatings, polymer-coated and non-polymer substrates were
also used. Higher mean fluorescence intensity on polymer-coated Ti was higher than the one

without CVD coating (Figure 4-4A), confirming higher binding of antibodies on the polymer-
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coated substrates. It is critical to emphasize, even though the IgG antibody also contains an amine
group, under our conjugation conditions, IgG antibodies bind only in the presence of the primary
antibodies, as shown in Figure 4-4A. More lentivirus was observed to be attached to polymer-
coated Ti surface than non-polymer substrate in Figure 4-4B, confirming the binding between
anti-lentivirus and lentivirus, which can be a benefit for further material transformation. The
transduction efficiency (TE) is determined from the fraction of fluorescent or antibiotic-resistant
cells in the population, which reflects the efficiency of cell communication. TE of cell
communication in the supernatant was utilized as a positive control, as the free virus can always
find a way to bind to cells freely in 3-D. The TE in the region of interest on different samples was
calculated and shown in Figure 4-4C. The results show that CVVD-coated Ti samples have higher
TE than all the other negative controls, confirming the function of CVD-coated Ti on biomolecule
immobilization. Besides, no significant TE difference was found between supernatant samples and
CVD-coated samples, indicating the surface modification methods did not affect the virus binding
to the cells. Moreover, the TE of samples that incubated after 5 days was also calculated and was
compared with the 3-day result, shown in Figure 4-4D. It indicates that the substrates were still

functional after long-time incubation.
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Figure 4-4: Viral binding and transduction confirmation. (a) Mean fluorescence intensity within
the region of interest (ROI) of polymer-coated and non-coated discs with/without following
incubation in anti-lentivirus antibody and Alexa fluor 488-conjugated secondary antibody. (b)
Quantification of viral particle number (PN) on different samples by SEM imaging. (c)
Transduction efficiency (%) of lentivirus on different sample surfaces/solutions after 3 days
incubation. (d) Transduction efficiency (%) of lentivirus on polymer-coated Ti samples after 3
days (left) and 5 days (right) incubation. Values are reported as means = SD, n = 5. ROI = 50pum?.
*:<0.5; **: <0.05; ***:< 0.005; ***: <0.0005.

We then evaluated the function of the MSCs-binding peptide after immobilization. To confirm

the simultaneous surface conjugation of both the peptide and antibody was feasible, microcontact
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printing (uCP) was used to enable the interaction between the peptide and reactive substrate
surface (Scheme 4-1C). uCP is the process that protein can be transferred from an engineered
PDMS stamp to a substrate and has been widely used to produce arrays of biologically active
proteins quickly and easily.[134] Material surface topology, such as roughness, is a critical
parameter that affects the cellular response, such as adhesion and stabilization.[135] Previous
research found an increase in histone acetylation in MSCs grown on uCP modified surfaces, which
is an important epigenetic modification that can increase gene expression.[136] Therefore, uCP is
utilized in this study to enhance the adhesion and viability of MSCs.[137] TRITC-conjugated
peptides were utilized to confirm the binding efficiency of uCP methods. 100 mg/ml TRITC-
peptide in PBS solution was prepared as ink to print onto copolymer-coated Ti sample surfaces.
The peptide was immobilized onto copolymer coating through the rapid reaction between the thiol
group and maleimides. The same peptide system was used as a control method to assess the peptide
binding onto the surfaces in the solution. Figure 4-5 demonstrates clear fluorescence patterns on
the sample surface after pCP (Figure 4-5B), while rarely fluorescence peptide had been detected
by solution immobilizing method (Figure 4-5A), indicating that pCP provides a more intimate
contact between peptide and surface that enables a higher efficiency compared with the reaction
in solution. After that, the TE in the region of interest for samples that bond with peptide, scramble
peptide, and no peptide was calculated. As shown in Figure 4-6A, the DPI peptide that was
immobilized via pCP increased the TE from 60% to 82%. Moreover, there was a 2.7x fold increase
in cell binding with uCp immobilized peptide samples as shown in Figure 4-6B, confirming the

MSC-binding function of DPI peptide.
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Figure 4-5: Fluorescence image of TRITC-DPI-GGC peptide binding on CVD-coated substrates,
using puCP for 4 hr at room temperature. Scale bar = 275 nm.
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4.3.4 Conclusion

Immobilized lentivirus particles transduce MSCs at a comparable level to lentiviral particles
in suspension, both at levels above 60%, a common benchmark for lentivirus transduction
efficiency (TE). If any components of the coating are missing, the TE falls below the benchmark.
Transduction is followed by a 2x fold increase in Cx43 expression and a 1.8x fold increase in cell
communication. When DPI, the MSC binding peptide, is microprinted onto the surface, as opposed
to adsorbed onto the coating, the number of cells attached to the surface increases 3x fold. With
the addition of DPI, the TE increases allowing for a lower multiplicity of infection (MOI), which
is beneficial for cell health and genetic stability. These results confirmed the usage of CVD
polymer coatings as a transferred biomaterial and its ability to precisely immobilize different
biomolecules.

These data demonstrate the utility of gene delivery coating with immobilized biomolecules
to recruit and bind target cell populations to the surface. This co-immobilization approach reduced
the drawbacks of gene therapy, poor TE, and off-target effects, thus broadening the utility of
lentiviral gene therapy for a variety of tissue engineering purposes. Future work includes using the
coating to amplify MSC differentiation, and its use in vivo as a coating on orthopedic internal

fixation devices to expedite bone fracture healing.
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Chapter 5 Conclusion and Future Direction

5.1 Conclusion

The work described in this dissertation serves as an extension to previous work on CVD
polymerization described in [9], [27], [44], [128], [129]. Specifically, this dissertation further
addressed the mechanistic studies into interfacial interactions, utilizing reactive poly(p-xylylene)
coating. In Chapter 2, the fundamental mechanism of area-selective CVD polymerization was
analyzed. It addressed that working pressure and deposition temperature have an effect on the
deposition process. These two thermodynamic parameters have the ability to switch selective
properties. Deposition of area-selective polymer on unfavored substrates revealed that the
monomer follows the same deposition/polymerization behavior under suitable deposition
conditions. Furthermore, Chapter 4 addressed that mass is also an influencing parameter of
selectivity and demonstrated the ability of area-selective CVD polymerization onto 3-D complex
geometries, suggesting the potential use of area-selective CVD as a bottom-up fabrication strategy.
Moreover, this dissertation also demonstrated the use of CVD polymer coating as a surface
modification method for biological applications. Chapter 4 describes the ability of CVD
polymerization to form an initiator coating, followed by an ATRP process to form polymer brushes
that prevent the adhesion of cells. Besides that, Chapter 4 also introduced a bio-orthogonal polymer
film that is copolymerized by CVD polymerization, allowing simultaneously the precise
conjugation of multiple functional biomolecules. Lentivirus and MSC-binding peptides can be co-
presented on this polymer surface and worked together for efficient viral-based gene delivery

therapy.
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5.2 Future Direction

5.2.1 Future Mechanism Study Directions for Area-selective CVD

Temperature, pressure, and mass study on patterned substrates

It has been demonstrated in Chapter 2 and 3 that deposition temperature, working pressure,
and feeding mass are all parameters influencing the area-selective property of functional PPX.
However, only flat substrates were used to detect the area-selective properties. In order to study
the effects of these engineering parameters on 3-D nanostructures with complex geometry,
different deposition conditions should be used in future studies to evaluate their influence and
extend the application from flat substrates to hybrid substrates consisting of two or more materials
in close proximity to each other with complex geometries. Meanwhile, it will be essential to
understand the mechanism of CVD polymerization on 3-D geometry and compare it with the 2-D

mechanism that we described in this dissertation.

Height study of polymer on patterned substrates

In Chapter 3, the feature size or spacing of patterned substrates has been demonstrated does
not affect the selectivity of polymers on the 3-D nano-structure surfaces. However, polymer films
that were deposited on the substrates were lower than the height of metal substrates. To investigate
if the reactive monomer/polymer would diffuse from one substrate surface to another, a future
prospect would be to examine the area-selectivity of polymer films on patterned substrates with

higher thickness than the pattern height.
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Screening of effects of substituted PPX side-functional groups

The previous study has demonstrated that the side functional groups of substituted PPX have
a function on the selective property. The side functional groups on PPX have been found to help
form different films, including hydrophilic films,[138] hydrophobic films,[139] superhydrophobic
films,[139] pattern chemical groups on surfaces,[11] linear chemical gradients of multiple
monomers,[140] photo-patternable coatings,[141] and as a means of promoting further bio-
functionalization.[11] In this case, a future outlook would be to screen the interaction between
different side functional groups and metal substrates and provide an operating guidance of area-

selective deposition.

5.2.2 Future Directions for Bio-orthogonal CVD Polymer Coatings

Developing a 3-D matrix for cell precisely adhesion

As shown in Chapter 4.2,[100] a 2-D biomaterial fabrication strategy has been developed by
combining the CVD-initiated ATRP and OVJP process, which can be used to decide the adhesion
points of cells. We can also extend this strategy into the 3-D matrix to mimic the real extracellular
matrix environment with surface modification for the precise adhesion of cells. Lahann Lab has
recently demonstrated a modified electrospinning process, 3-D jet writing, which offers
customizable pore geometries and scalability of scaffolds.[142] A future outlook would be to apply

our fabrication strategy to different scaffolds and examine their use in biological applications.

Developing 3-D biomaterial for gene therapy
Reactive co-poly(p-xylylene) coatings prepared by CVD polymerization can be utilized to
surface modify and conjugate biomolecules on a broad range of materials, as demonstrated in

Chapter 4.3. However, the flat substrates used in this work limited the application of biomaterial
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in biomedical applications that require biomaterials with different shapes. A future study would
be to examine the coating process on 3-D materials, such as Ti rods with small diameters, in in-
vitro and in-vivo studies to apply CVD-based gene delivery therapy to different biomedical

applications.
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