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SUMMARY

We introduce novel, truly non-ionic hydrogen-bonded layer-by-layer (LbL) coatings for
cell surface engineering capable of long-term support of cell function. Utilizing the LbL
technique imparts the ability to tailor membrane permeability, which is of particular
importance for encapsulation of living cells as cell viability critically depends on the
diffusion of nutrients through the artificial polymer membrane. Ultrathin, permeable
polymer membranes are constructed on living cells without a cationic pre-layer, which is
usually employed to increase the stability of LbL coatings. In the absence of the
cytotoxic PEI pre-layer utilized in traditional LbL shells, viability of encapsulated cells
drastically increases to 94%, as compared to 20-50% in electrostatically-bonded shells.
Engineering surfaces of living cells with natural or synthetic compounds can mediate
intercellular communication, render the cells less sensitive to environmental changes, and
provide a protective barrier from hostile agents. Surface engineered cells show great
potential for biomedical applications, including biomimetics, biosensing, enhancing
biocompatibility of implantable materials, and may represent an important step toward

construction of an artificial cell.
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CHAPTER 1

INTRODUCTION

Benefits of Cell Encapsulation

Engineering surfaces of living cells with natural or synthetic compounds can
mediate intercellular communication, render the cells less sensitive to environmental
changes, and provide a protective barrier from hostile agents (Fig. 1)."* The natural
membrane, a selectively permeable phospholipid bilayer, is a good regulator of materials
allowed in and out of the cell. However, for researchers to have control over this diffusion,
an artificial environment is required.

Surface engineered cells show great potential for biomedical applications, including
biomimetics, biosensing, enhancing biocompatibility of implantable materials, and may

represent an important step toward construction of an artificial cell.>®

Stimuli Therapeutic agent

Antibodies and
immune cells

Figure 1: Cell encapsulation. Nutrients, oxygen, and stimuli diffuse across the membrane,
whereas antibodies and immune cells are excluded.’



Motivations for engineering nanomaterials for cell encapsulation include protecting
the cell through the use of semi-permeable membranes with tunable permeability while
maintaining cell function by using materials which are non-toxic and do not limit the
transport of nutrients. Cells enclosed in artificial membranes can be easily incorporated into
artificial scaffolds used for engineering tissues or other parts of the body. Additionally,
artificial membranes around cells can serve as a nurturing environment in which the
encapsulated cells would essentially lie dormant until placed into appropriate “reviving”
media with their function and viability restored.

Next, we will review methods of cell encapsulation, their benefits and drawbacks,

and introduce our method and discuss its advantages.

Methods of Cell Encapsulation

Bulk Hydrogels

Hydrogels are a well-known and widely used method of cell encapsulation. They
are of interest in biomaterials research because their watery structure provides a tissue-
like environment for cells and promotes transport, enabling long-term survival of cells.
The viscoelastic nature of hydrogels brings about some advantages: an injectable matrix
can be implanted in the human body with minimal surgical wounds, and bioactive
molecules or cells can be incorporated simply by mixing before injection.” A schematic
of the typical hydrogel formation process is shown in Fig. 2. Thermosensitive hydrogels
are especially attractive as specific injectable biomaterials due to their spontaneous

gelation at physiological conditions, which does not require any extra chemical treatment.
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Figure 2: Schematic diagram of a typical hydrogel formation (poly(2-methacryloyloxyethyl
phosphorylcholine-co-n-butyl methacrylate-co-p-vinylphenylboronic acid/polyvinyl alcohol)
and fabrication of cell-containing hydrogel.®

Despite these benefits, hydrogels are also beset with a number of issues when
used for cell encapsulation. To achieve desired mechanics, hydrogels are often
crosslinked by high-energy irradiation, the application of addition and condensation
reactions, and the use of aldehydes, all of which are incompatible with cell
encapsulation.”'® Their innate nature as bulk materials result in slow diffusion through
the hydrogel. These limitations seriously impede their practical and widespread use in
cell-based assays.® Additionally, once the hydrogel network is formed, the structure and
properties are fixed. This means that the solid biomaterial must be in its useful form
(molecular weight, functionality, and architecture) upon conversion of the liquid

precursors. ?

Covalently Bonded Shells

Surface modification of living cells has also been achieved through covalent

conjugation of polymers to amino groups of membrane proteins.'"'*'* This method is



used because the wide variety of membrane proteins to which polymers can be covalently
bonded means the method can be applied to many different cell types.'"* However, the
strength and stability usually imparted by covalent bonding is not present here; coatings
are not stable and polymers dissociate from the cell surface over time.'*"? Additionally,
the presence of these thick synthetic materials can adversely affect cell function by

hindering the diffusion of nutrients."*

Shells via Hydrophobic Interactions with Amphiphilic Polymers

Cell surface modification using polyethylene glycol (PEG) and polyvinyl alcohol
(PVA) conjugated amphiphilic polymers has been achieved by spontaneously anchoring
the hydrophobic alkyl chains into the lipid bilayer of cell membranes.'"'*'® This
spontaneous anchoring can be achieved by simply incubating the amphiphilic polymers
in the cell suspension. The hydrophobic chains will embed themselves into the cell
membrane to escape the aqueous environment. Despite being incorporated into the cell
membrane, amphiphilic polymers do not remain attached to the cell surface and

dissociate into the surrounding medium.

Shells via Electrostatic Interactions

The innate negative charge on the cell surface is exploited in methods using
electrostatic interactions. Cationic polymers interact with the cell surface, which is

further modified using the layer-by-layer (LbL) technique.'""

Typically, a cationic pre-
layer is deposited onto the cell surface. Next, anionic and cationic polymers are

alternately adsorbed onto the surface until the desired number of bilayers (i.e. thickness)

is achieved (Fig. 3).



Figure 3: Vignette of the encapsulation process: consecutive adsorption of the polycation
PAH (red) and the polyanion PSS (blue) onto a single living cell. To provide evidence of a
successful coating, one or two layers are FITC-labeled PAH (green)."

Conformal coating of geometrically diverse templates, a precise control of the
membrane thickness, and the ability to tune the membrane functionalities and properties
are among the main advantages of the LbL approach.'®** The ability to tailor polymer
membrane permeability is of particular importance for encapsulation of living cells, as
cell viability critically depends on the diffusion of nutrients through the artificial polymer
membrane.

Despite examples of successful applications of the LbL assembly for encapsulation
of living cells (Fig. 4), cytotoxicity of the polycations used in conventional LbL
assembly—poly(styrene sulfonate) (PSS) and poly(allylamine hydrochloride) (PAH)—pose
severe limitations on the potential application of the LbL approach to cell surface
engineering.”®*’ It has been suggested that overall toxicity of the polyelectrolytes originates
from the positive charge of polycations. This charge results in pore formation within the

cell membrane, causing its damage and, eventually, cell death.”®>?



Figure 4: Yeast cells coated with PAH/PSS for immunoprotection.'

Hydrogen-Bonded Shells

In contrast to traditional ionically paired polyelectrolyte LbL multilayers,
hydrogen bonded shells facilitate gentle encapsulation using non-toxic, non-ionic, and
biocompatible components.”’ Hydrogen-bonded LbL assembly also facilitates facile
production of films responsive to environmental pH and/or temperature at mild pH
values.”” Thus, the hydrogen-bonded LbL assembly of films and shells allows for
incorporation of uncharged biocompatible functional polymers, such as poly(N-
vinylpyrrolidone) (PVPON).>***

Research in this area by Kozlovskaya et al. began with LbL construction of
hollow multilayer shells on silica microparticles used as sacrificial templates.”> A
schematic of this process is shown in Fig. 5a. Hydrogen-bonded (tannic acid/non-ionic
polymer) coatings can be formed either through deposition on poly(ethyleneimine) (PEI)-

treated silica particles (1A) starting from tannic acid (TA) or through direct deposition of



the (non-ionic polymer/TA) multilayer starting from a neutral polymer (1B). When a
desired number of the bilayers is achieved (2), silica cores are etched out leaving behind

hollow capsules (3).

Figure 5: General schematic of the LbL (TA/non-ionic polymer) capsule formation based on
hydrogen bonding.™

Shell thickness and permeability could be controlled by changing the molecular

weight of the shell components, a simpler method than is necessary in ionically

assembled LbL shells, where deposition conditions, e.g., pH or ionic strength, must be

changed to achieve a similar effect.” In Fig. 6 we see a confocal laser scanning

microscopy (CLSM) image of PEI(TA/PVPON); capsules in aqueous solution, with an

inset of bare silica microparticle templates.



Figure 6: CLSM image of hollow PEI(TA/PVPON); capsules in aqueous solution. Inset: bare
silica microparticle templates.™

In order to design individual cell-compatible synthetic shells, we recently designed
highly permeable, hydrogen-bonded LbL coatings utilizing a pre-layer poly(ethyleneimine)
(PEI) along with TA and PVPON, which result in nanocoatings responsive under
biologically and physiologically relevant conditions that are suitable for engineering cell
surfaces while increasing cell viability.>'*® Fig. 7 shows TEM images of freeze-dried bare
(7a) and cells coated in PEI(TA/PVPON) (7b). In Fig. 7c, a CLSM image of
PEI(TA/PVPON)-coated cells is seen, where the outer layer of PVPON is labeled with
Alexa Fluor 532, whose red fluorescence provides visual conformation of the polymer

membranes.



Figure 7: TEM images of freeze-dried (a) bare and (b) PEI(TA/PVPON) coated YPHS501
yeast cells. (¢) CLSM image of PEI(TA/PVPON);-coated cells with Alexa Fluor 532-
PVPON:-labelled outer layers.”

In these PEI(TA/PVPON) systems, cell viability following encapsulation was increased to
79%, as opposed to merely 20% in conventional PSS/PAH systems. This was attributed to
increased diffusion through the hydrogen-bonded shells.

In the application of the LbL technique to cell surfaces, the use of a precursor
layer such as PEI can provide several advantages. First, because cell surfaces are
negatively charged, deposition of a PEI layer reverses the surface charge and can provide
enhanced adhesion of the subsequent mutilayers. In addition, PEI is known to strongly

adsorb onto a majority of surfaces regardless of their charge, likely due to strong non-



3941 This allows the use of PEI as an

electrostatic contributions to the adsorption energy.
almost universal priming layer that eliminates many of the uncertainties associated with a
poorly defined surface charge. However, the cytotoxicity of PEI has a negative effect on
cell function.*” Consequently, an encapsulation method that would increase cell viability
without sacrificing the desired diffusion properties and mechanical stability of the shells
achieved previously would be valuable.

Therefore, we introduce novel, truly non-ionic hydrogen-bonded LbL coatings for
cell surface engineering capable of long-term support of cell function. In this study, we
show that ultrathin, permeable polymer membranes can be constructed on living cells
without a cationic pre-layer. In the absence of the cytotoxic PEI pre-layer, viability of
encapsulated cells climbs to 94%. The membranes display vastly improved diffusion

properties and their mechanical properties allow cells to grow and divide through

membrane rupture.

Electrostatic vs. PEI Hydrogen-Bonded Shell Performance

Cell Viability

To show that the presence of ionic components was responsible for LbL shell
cytotoxicity, comparative studies were conducted between hydrogen-bonded and ionic
LbL shells.’' Unlike the PAH/PSS shells, hydrogen-bonded shells exerted much lower,
5%, cytotoxicity with subsequent bilayers assembled. The initial decrease in cell viability
in the case of PEI(TA/PVPON) shells can be attributed to the PEI pre-layer. Assembly of
3- and 4-bilayer PEI(TA/PVPON) LbL shells maintained high viability up to 79% in

contrast to polyelectrolyte (PAH/PSS) shells, which caused up to 88% cell death (Fig. 8).
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These results were consistent with the PAH/PSS cytotoxicity vastly reported in

. 11
literature.

100 -
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Figure 8: Comparison of cell viability (%) for (PAH/PSS) and PEI(TA/PVPON) coatings
tested with resazurin assay.”'

Shell Thickness

Fluorescence Recovery After Photobleaching (FRAP) experiments are used to
model the permeability of nutrients through the shells. Permeability through hydrogen-
bonded shells was shown to be dramatically higher for comparable number of PAH/PSS

2 s'l, which is almost five

bilayers with diffusion coefficient reaching D = 8 x 10" cm
times higher than that known for traditional polyelectrolyte LbL shells.”' The observed
difference for diffusion coefficients between PAH/PSS and PEI(TA/PVPON) shells can
be attributed to loose, grainy morphology of the PEI(TA/PVPON) LbL multilayers (Fig.

9) characteristic of hydrogen-bonded systems. The highly permeable structure of

hydrogen-bound shells is critical for the transport of nutrients towards coated cells.
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Figure 9: 3D topographical AFM image of PEI(TA/PVPON), hollow shells dried on a silicon
wafer. Scale is 500 nm x 500 nm x 50 nm.”
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CHAPTER 2

GOALS & OBJECTIVES

The goal of the study is to develop truly non-ionic hydrogen-bonded polymer
shells in order to increase the viability of encapsulated cells. Though hydrogen-bonded
shells which utilize a cationic pre-layer are stable and result in better cell viability than
other methods of encapsulation, these pre-layers, specifically PEI, are cytotoxic to cells.
Therefore, we expect construction of these shells in the absence of a cationic pre-layer
will increase cell viability.

We will address whether hydrogen-bonded shells can, in fact, be constructed in
the absence of a pre-layer, and whether this can be done without compromising shell
stability. Additionally, we will explore whether these truly non-ionic hydrogen-bonded
shells show greatly improved cell viability, and why or why not this effect is seen. We
believe changes in cell viability may be related to the rate of diffusion through the shells
and the thickness of the shells.

In developing these polymer shells, we seek to characterize their morphology,
including surface topography, effect on cell viability, and the ability of small molecules
to diffuse through the shell.

This study will facilitate understanding the fundamentals of interfacial
organization and interactions of responsive synthetic macromolecular nanomaterials at

the cell surface for intelligent cell surface engineering.
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CHAPTER 3

METHODS

Layer-by-layer (LbL) Assembly

The LbL assembly was employed for encapsulation of individual yeast cells with
hydrogen-bonded multilayers of TA/PVPON.>>*" This process is illustrated in Fig. 10.
Before deposition of (TA/PVPON) multilayer membranes, yeast cells were harvested in
1.5 mL centrifuge tubes by centrifugation at 2000 rpm for 4 minutes and washed three
times in phosphate buffer (0.01 M in 0.1 M NaCl, pH = 6). LbL deposition of hydrogen-
bonded TA/PVPON layers from solutions of the same concentrations dissolved in 0.01 M
phosphate buffer and 0.1 M NaCl at pH = 6. During LbL deposition, cells were re-
dispersed in the appropriate solution by gentle shaking (at 225 rpm) for 15 minutes. After
deposition of each layer, cells were collected in a pellet by centrifugation and washed

three times with phosphate buffer.

Figure 10: Schematic illustrating LbL assembly of hydrogen-bonded layers.*

14



All solutions were filter-sterilized with polystyrene nonpyrogenic membrane systems
(0.22 mm pore size) (Corning filter system) before applying to the cells. When hollow
shells of (TA/PVPON) were needed for diffusion experiments, the hydrogen-bonded

. o . . . 35
multilayers were assembled onto silica particles in the same manner described above.

Atomic Force Microscopy (AFM)

AFM was used to study the morphology of coated cell surfaces. We perform these
measurements to visualize the initial roughness (signifying polymer adhesion) and
subsequent smoothing of cell surfaces (signifying uniform coverage). AFM images were
collected using a Dimension-3000 (Digital Instruments) microscope in the “light” tapping

mode according to the well-established procedure.*

C-potential

Independent measurements of (-potentials on encapsulated yeast cells after
deposition of each layer were performed on Zetasizer Nano-ZS equipment (Malvern).
Yeast cells were collected at mid-log phase (OD = 0.6-0.8), washed three times in a
solution of 0.01 M phosphate buffer and 0.1 M NaCl at pH 6.0 before depositing
subsequent layers of TA and PVPON (Mw = 360 kDa). After deposition and washing,
100 mL of encapsulated cells were combined with 900 mL of deionized Nanopure water
to obtain 1 mL of solution to perform {-potential measurements. Each value was acquired

by averaging three independent measurements of 40 sub-runs each.

Confocal Laser Scanning Microscopy (CLSM)

Confocal images of encapsulated and non-encapsulated yeast cells were obtained

with an LSM 510 NLO META inverted confocal microscope equipped with 63 x 1.4 oil

15



immersion objective lens (Zeiss, Germany). Before imaging, cells were washed three
times in deionized water to reduce background auto-fluorescence from the SMM
medium. Coated or uncoated yeast cells were seeded in Lab-Tek chamber glasses
(Electron Microscopy Sciences) for half an hour before imaging. The 488 nm excitation
from the Argon ion laser and 514 nm emission wavelengths were used for yEGFP
visualization, whereas 543 nm excitation (He—Ne laser) and 565 nm emission were used

to visualize fluorescently labeled polymer shells surrounding yeast cells.

Resazurin Assay

Cell viability was measured using resazurin assay. Control (non-treated) and
encapsulated cells were re-suspended in 1 mL of media. 100 mL of resazurin (7-hydroxy-
3H-phenoxazin-3-one 10-oxide) solution was added to cell cultures. The mixtures were

incubated at 30 °C for 2 hours. Fluorescence was measured at A = 590 nm (Agx = 560 nm).

Fluorescence Recovery After Photobleaching (FRAP)

Experiments on permeability were performed using CLSM* and the fluorescence
recovery after photobleaching (FRAP) method. The basic principle of FRAP is illustrated
in Fig. 11. Hollow capsules of hydrogen-bonded TA/PVPON with 4, 5 and 6 bilayers
were prepared as described elsewhere.”> 100 mL of hollow capsules solution was
combined with 200 mL of 1 mg mL™ fluorescein isothiocyanate (FITC) solution (pH = 6)
and allowed to settle down in a Lab-Tek chamber glass cell for three hours. Laser beam
(488 nm) was focused within a region of interest (ROI) inside a capsule, and pulsed at

100% intensity to photobleach the dye molecules.

16



Top View

Side View
(molecular detail, not to scale)
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Figure 11: Principle of FRAP A) The b

ilayer is uniformly labeled with a fluorescent tag B)

This label is selectively photobleached by a small fast light pulse C) The intensity within this
bleached area is monitored as the bleached dye diffuses out and new dye diffuses in D)

Eventually uni

Each experiment started with

bleach pulse exposures of 3 ms each

form intensity is restored.*

3 prebleached image scans followed by 25-35

within ROI. The bleaching time was adjusted to

ensure complete photobleaching of FITC inside the capsule. The fluorescence recovery

was monitored by capturing 30 scans of 3 ms exposure at 3% laser intensity. The
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recovery was considered complete when the intensity of the photobleached region
stabilized. The quantitative analysis was performed using Image] software, and curve-
fitting was conducted in Origin. The recovery curve of the fluorescence intensity, I(t), as
a function of time, t, was fit by:

1=To(1 —e™) (1)

where I and I are the equilibrium and initial fluorescence intensities, respectively. The
coefficient A is related to the diffusion coefficient, D, according to:

A =3D/th )

for FITC diffusion through a spherical wall with radius r and thickness h. In the solution,
eqn (1) obeys Fick’s law and can be written as:

dc/dt =-A(c - cp) 3)

where ¢ and c are the concentrations inside and outside the capsules, respectively, and ¢
~ 1. A typical fit of the recovery curve was obtained using eqn (1) and the coefficient A

was deduced from the fitting.****

18



CHAPTER 4

RESULTS & DISCUSSION

Morphology of LbL Shells

LbL shells of sequentially applied (TA/PVPON), were formed around the YPH501
cells. Hydrogen bonding between the hydroxyl groups of TA and the carbonyl groups of
PVPON preserve cell integrity and functioning under deposition conditions.”** Fig. 12

illustrates the LbL assembly of hydrogen-bonded shells around living cells.

ic

Figure 12: Schematic illustrating formation of hydrogen-bonded TA/PVPON shell layer-by-
layer on yeast cell surfaces and LbL assembly of hydrogen-bonded layers

19



Materials

Tannic acid (TA) (Mw = 1700 Da), poly(N-vinylpyrrolidone) (Mw = 360 000 Da
and Mw =1 300 000 Da) (PVPON), mono- and dibasic sodium phosphate, galactose, and
glucose were purchased from Sigma-Aldrich. Alexa Fluor 532 carboxylic acid
succinimidyl ester fluorescent dye was purchased from Invitrogen. Ultrapure (Nanopure
system) filtered water with a resistivity of 18.2 MQ cm was used for experiments.

The S. cerevisiae YPHS501 diploid yeast strains expressing yEGFP (yeast
enhanced green fluorescence protein) were used for this study. Cells were cultured in
synthetic minimal medium (SMM) supplemented with appropriate dropout solution and
sugar source, 2% glucose. Yeast cells were grown at 30 °C in a shaker incubator (New

Brunswick Scientific) with 225 rpm to bring them to an early exponential phase.>

Evaluation

Polymer shells were constructed around S. cerevisiae cells using LbL, as
described in the methods section. Hydrogen bonding between the hydroxyl groups of TA
and the carbonyl groups of PVPON preserve cell integrity and functioning under

33,49,50,51 .
7220 The successful formation of shells around cells was

deposition conditions.
confirmed by confocal microscopy. Alexa Fluor 532-labeled PVPON was used to
validate the presence of polymer shells. Homogeneous fluorescence from Alexa Fluor

532-fluorescently tagged PVPON, which confirms formation of the polymer membrane,

is shown in Fig. 13.

20



Figure 13: CLSM images of (TA/PVPON), coated cells. (a) Large scale confocal image of
encapsulated yeast cells with fluorescently labeled PVPON-co-Alexa Fluor 532. (b) The same
area in transmitted mode. (c) Overlapped images from both fluorescent and transmitted
modes.

Fig. 13a demonstrates large scale confocal image of encapsulated yeast cells with

fluorescently labeled PVPON-co-Alexa Fluor 532. Fig. 13b shows the same area in

21



transmitted mode. By overlapping images from both florescent and transmitted modes
(Fig. 13c), one can confirm that all the cells visible in the selected area have been coated.
We perform AFM measurements to visualize the surface morphology of coated
cell surfaces and evaluate the initial microroughness and subsequent smoothing of cell
surfaces. AFM topographical images show overall shape and dimensions of cells as well
as fine surface features for (a) bare, single bilayer with polymer concentrations of (b) 0.5
mg/mL and (d) 2 mg/mL, and two bilayers with concentrations of (c¢) 0.5 mg/mL and (e)
2 mg/mL. Average root mean square (RMS) roughness was taken from a 100nm square

measurement area on 2 um AFM scans.
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Figure 14: AFM amplitude images of (a) bare and (b)-(e) coated YPHS01 yeast cells. (b) 1
bilayer, 0.5 mg/mL; (c) 1 bilayer, 2 mg/mL; (d) 2 bilayers, 0.5 mg/mL; (e) 2 bilayers, 2
mg/mL

Figs. 14a and 14b show that deposition of (TA/PVPON) significantly increased
the roughness of uncoated cells, from 3.87 £ 2.23 nm to 9.33 £ 2.92 nm. AFM

measurements also show that roughness decreases slightly with an increase in
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TA/PVPON bilayers (Fig. 14c and 14e) by approximately 22% (from 4.64 + 2.74 nm to
3.47 £ 1.32 nm), and decreases significantly with an increase in polymer concentration
(Fig. 14d and 14e) by approximately 52% (from 7.59 + 2.84 nm to 3.47 + 1.32 nm). In
effect, the more material adsorbed onto the shell, the lower the roughness. 3D renderings
of these coated cells are shown in Fig. 15a-e, and correspond with the sample
designations in Fig. 14a-e. RMS roughness as measured by AFM is shown in Fig. 16.
Initial microroughness of 4 nm for bare cell surface increases to 9 nm for one bilayer but
decreases to 3.5 nm for two bilayers deposited from higher concentration solution. The
resulting smoothed surface is evidence of uniform, conformal and homogeneous LbL

coatings on the cells if thickness increased beyond 5 nm.
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Figure 15: 3D topographical AFM images of of (a) bare and (b)-(e) coated YPHS01 yeast
cells. Scale is 2 pm x 2pm. (b) 1 bilayer, 0.5 mg/mL; (c) 1 bilayer, 2 mg/mL; (d) 2 bilayers,
0.5 mg/mL; (e) 2 bilayers, 2 mg/mlL.
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Figure 16: RMS roughness measurements as calculated by AFM

The absence of cationic pre-layer during LbL assembly caused little change in the
surface charge of the cells in contrast to previous studies with PEI pre-layer (Fig. 17). {
potential remains the nearly constant (around -50 mV) and varies very little after
deposition of each layer thus confirming that hydrogen bonded assembly does not change
initial potential. It is worth noting that maintaining a constant, high C-potential on cell
surfaces results in good cell suspension stability and prevents severe aggregation which

further simplifies the formation of uniform cell layers and study of their viability.”
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Figure 17: {-potential of encapsulated yeast cells at pH 6

Encapsulated Cell Viability & Growth
Procedure
Encapsulated cells were incubated in 2% raffinose and 2% galactose in SMM
yeast media at 30 °C to induce the YEGFP production. Optical density at 600 nm

(OD600) and fluorescence were measured at indicated time points to assess cell growth.

Evaluation

The viability of encapsulated cells was assessed with the resazurin assay.”
Bioreduction of resazurin is achieved by reducing enzyme cofactors in viable cells and
results in the conversion of resazurin’s oxidized blue form to its pink fluorescent
intermediate, resorufin.’® The absence of such cofactors in dead cells leads to no

. 57
conversion and no fluorescence can be detected.
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Cells coated with (TA/PVPON) layers showed viability exceeding that of
PEI(TA/PVPON)-coated cells when comparing a number of variables. Fig. 18 shows
viability of cells encapsulated with and without PEI, with different molecular weights of
PVPON (360 kDa or 1 300 kDa), and with different numbers of TA/PVPON bilayers

(two or four).

100

80

60

m No PEI
m PEI

40

20

Control 360k 1300k 360k 1300k
2 bilayers 4 bilayers

Figure 18: Comparison of encapsulated yeast cell viability (%) for cells encapsulated with
and without PEI as measured by resazurin assay.

When comparing viability of cells encapsulated with and without PEI pre-layer,
those without PEI outperform those with PEI in all cases: for two and four bilayer shells
and different molecular weights of PVPON component. The highest viability was
recorded for cells encapsulated with two bilayer shells with the highest molecular weight
of PVPON component, reaching 94% vs those with PEI pre-layer with only 42% (Fig.
18). For four bilayer shells, the viability slightly decreased to 85% but still remains much

higher than that for shells with cationic PEI component. It is worth noting that higher
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molecular weight PVPON component promoted cell viability in the case of truly non-
ionic shells in contrast to shells assembled with PEI pre-layer.

To estimate the permeability of low molecular weight molecules through hollow
(TA/PVPON) capsules, the diffusion of FITC was measured by FRAP as described in the

methods section.

Figure 19: CLSM image of photobleached hollow capsules used for FRAP measurements

The fluorescence intensity I(t) of photobleached hollow capsules, like those
shown in Fig. 19, was measured using ImageJ software and plotted as a function of time.
Using Origin, a first-order exponential decay fit was performed to determine the
coefficient A from the fit equation. The diffusion coefficient D was then calculated using
A = 3D/rh, where r is capsule radius and h is capsule height. Two sample plots and their

fits are shown in Fig. 20.
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Fluorescence Intensity (a.u.)

Fluorescence Intensity (a.u.)

Figure 20: Fluorescence intensity recovery plots (I(t) vs. time) for (a) (TA/PVPON); and (b)

(TA/PVPON) shells display a diffusion coefficient approximately 1.5x higher
than electrostatically-bonded (PAH/PSS) shells, but about 2x lower than hydrogen-
bonded PEI(TA/PVPON) shells (Fig. 21). We attribute these differences to differences in

bonding between polymers, which also have an effect on the thickness of the polymer

shells (Fig. 22).

85 4

@
o
|

~J
18]
1

~
o
1

65

60

2=0.95
=751

78
76
74
724
70
68
66
64 -
62

60 —

35 40

=0.97
=7.14

Time (s)

PEI(TA/PVPON); hollow capsules

30




; 7
[}
25 -
g
i
; 2 1 * M2 mg/ml, no PEI
% ]
€15 - 0 .
2 2 mg/ml, with PEI
(8]
2
e 11 O B PAH/PSS
S
3
;E 05 N
[a]
0 T T T 1

4 bl 5 bl 6 bl

Figure 21: Comparison of diffusion coefficient of cells encapsulated with (PAH/PSS),
PEI(TA/PVPON), and (TA/PVPON).
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Figure 22: Thickness of collapsed hollow capsules as determined via AFM height measurements.
The higher thickness of shells constructed using PEI would lead one to assume
that the rate of diffusion through these shells would be lower than those constructed

without PEI. However, we see the opposite effect in our study. This can be attributed to
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the effect the PEI pre-layer has on the interatomic bonding behavior of TA and PVPON,

illustrated in Fig. 23.
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Figure 23: Schematic of interatomic bonding behavior of (a) truly non-ionic hydrogen-bonded shells,
and (b) PEI-primed hydrogen-bonded shells
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Positively charged PEI-treated surfaces result in thicker shells due to tannic acid
aggregation. Tannic acid has been shown to aggregate with its LbL counterpart (in this
case, PVPON) in hollow LbL shells.**® These aggregates give rise to the loose, grainy
morphology of PEI(TA/PVPON) shells noted previously.33 In contrast, the hydrogen
bonds between layers of PEI-free shells produce more densely packed shells. Although
the individual hydrogen bonds in this structure are weak, collectively they are a strong
barrier to FITC diffusion. This, in combination with the dense network the small FITC
molecules have to navigate, result in a lower diffusion coefficient for (TA/PVPON) shells
when compared to PEI(TA/PVPON) shells.

Cells’ ability to proliferate and express green fluorescent protein (GFP) after
encapsulation was indicative of preserved function. GFP expression is induced by the

addition of small molecule galactose (Gal) to our S. cerevisiae yeast cells with
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incorporated GFP reporters. GFP expression is determined by normalizing fluorescence
of expressed GFP to cell density as measured by optical density (OD600). Fig. 24 shows
the fluorescence intensity of cells incubated with and without galactose. Those without

galactose do not express GFP.
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Figure 24: GFP expression of cells encapsulated with and without galactose

The characteristic S-shaped growth curves of control cells, PEI(TA/PVPON)-
coated cells, and (TA/PVPON)-coated cells are shown in Fig. 24. To monitor cell growth,
we measure optical density (OD600) of cell suspensions. During the initial lag phase, cell
division (growth rate) is slow in all cases. This stage is followed by the exponential
growth mode, where cell division accelerates and a unicellular organism duplicates, i.e.,
one cell produces two in a given period of time. The exponential phase then proceeds to a
stationary phase when there is no discernible change in cell concentration.

As shown in our previous studies, there is a delay of the exponential phase for the

PEI(TA/PVPON)-coated cells, as compared to bare yeast cells, which is dependent on the
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thickness of the polymer coating (Fig. 25a). In contrast, no delay in cell growth is shown
for (TA/PVPON)-coated cells, no matter the thickness of the coating (Fig. 25b).
Similarly, GFP expression is delayed in cells encapsulated with PEIL, and there is no delay

in expression for cell encapsulated without PEI (Fig. 26).
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Figure 25: Characteristic s-shaped cell growth as measured by OD600. (a) Cells
encapsulated with cationic precursor PEI show delayed entrance into exponential phase,
while (b) cells encapsulated with no precursor show no delay of cell growth.
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Figure 26: GFP expression of cells encapsulated with and without PEI

We expected to see the opposite result here due to the higher diffusion coefficient
of shells constructed with PEIL. The explanation for this apparent contradiction lies in the
mechanical stability of the polymer shells. Cells encapsulated in PEI(TA/PVPON)
actually begin to divide within the polymer shell. Their loose, grainy morphology allows
for stretching, and thus can accommodate a budding cell. When the daughter cell is large
enough, the polymer shell is ruptured. Thicker shells (more bilayers) take longer for cells
to break through, and consequently delay the growth curve of PEI(TA/PVPON)-coated
cells. In contrast, dense, tightly packed (TA/PVPON) shells are easily ruptured by

dividing cells, and therefore show no delay in the growth curve.
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CHAPTER 5
CONCLUSIONS

Herein we discuss the benefits of hydrogen-bonded LbL shells as compared to
electrostatically-bonded LbL shells and to other methods of encapsulation.
Electrostatically-bonded LbL components demonstrate extreme cytotoxicity and limit
diffusion of nutrients into the cell. We report on an improved strategy for cell surface
modification through LbL assembly of truly non-ionic nanoscale hydrogen-bonded shells.
The elimination of the polycation PEI as a pre-layer allows encapsulated cells to maintain a
high viability (94%) as compared to cells encapsulated with the cationic pre-layer (74%).
This high cytocompatibility is a result of the cells having no exposure to the cytotoxic
polycations once presumed necessary for shell construction, and from the high permeability
of the shells. Their permeability allows for easy penetration of nutrients to the cell interior.
Additionally, the mechanical stability of the non-ionic shells is such that the shell shape is
maintained, but can be ruptured by dividing cells.

A potential next step in this area of research is to verify that these truly non-ionic
LbL shells do indeed possess tunable permeability by measuring changes in the diffusion
coefficient with pH variation. Evaluating the cell storage capability of the shells by
monitoring how long encapsulated cells remain viable will also be beneficial. It is likely
that these truly non-ionic shells will not display the same storage properties as shells
utilizing the PEI pre-layer, since the mechanical stability of the former allows for easy
rupture by dividing cells.

This research contributes to the fields of materials and polymer science by

communicating new knowledge about physical and chemical mechanisms to
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functionalize cell membranes. These methods for molecular design of materials can serve
as the building blocks for assembling responsive artificial cell membranes, which then
facilitate an understanding of responsive cell membranes’ potential capabilities in
polymer-based regulation of cell viability and role in easing cell integration into synthetic
functional matrices. This research is applicable to designing polymer-based cell coatings
which aid in the protection, prolonged storage, and controlled delivery of cells. It is also a
step toward development of robust engineered synthetic cell systems. The fields of
biomedical and biosensing sciences stand to benefit from living cell surface engineering

utilizing non-cytotoxic, potentially stimulus-responsive LbL. components.
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