Sandra"J.'RosenthaI' 1
David W. Wright  Editors




METHODS IN MOLECULAR BiloLogy™

Series Editor
John M. Walker
School of Life Sciences
University of Hertfordshire
Hatfield, Hertfordshire, AL10 9AB, UK

For further volumes:
http://www.springer.com/series/7651


http://www.springer.com/series/7651




NanoBiotechnology Protocols

Second Edition

Edited by
Sandra J. Rosenthal and David W. Wright

Department of Chemistry, Vanderbilt University, Nashville, TN, USA



Editors

Sandra J. Rosenthal David W. Wright
Department of Chemistry Department of Chemistry
Vanderbilt University Vanderbilt University
Nashville, TN, USA Nashville, TN, USA
ISSN 1064-3745 ISSN 1940-6029 (electronic)

ISBN 978-1-62703-467-8 ISBN 978-1-62703-468-5 (eBook)

DOI 10.1007,/978-1-62703-468-5
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2013938838

© Springer Science+Business Media New York 2013

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation,
computer software, or by similar or dissimilar methodology now known or hereafter developed. Exempted from this
legal reservation are brief excerpts in connection with reviews or scholarly analysis or material supplied specifically for
the purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the work.
Duplication of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from Springer. Permissions
for use may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to prosecution
under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and
regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of publication, neither
the authors nor the editors nor the publisher can accept any legal responsibility for any errors or omissions that may be
made. The publisher makes no warranty, express or implied, with respect to the material contained herein.

Printed on acid-free paper

Humana Press is a brand of Springer
Springer is part of Springer Science+Business Media (www.springer.com)



Preface

Nanobiotechnology holds the promise of providing revolutionary insight into aspects of
biology ranging from fundamental questions such as elucidating molecular mechanisms of
brain disorders to extraordinary applications such as the detection of a single cancer cell in
apopulation of a million cells. Since the publication of the first volume of Nanobiotechnology
Protocols 6 years ago, this relatively new field at the intersection of nanoscience and bio-
technology has advanced from childhood to adolescence. It is already clear, though, that
nanobiotechnologies have found a permanent place in the laboratory. To that end, it is
essential that the underlying approaches be based on solid, reproducible methods. It is the
goal of NanoBiotechnology Protocols 11 to provide novice and experienced researchers alike
a cross section of the methods employed in two foundational areas of nanobiotechnology:
imaging and detection. NBPII also explores new nano-bio constructs and examines the
toxicology of nanomaterials.

Nowhere has nanobiotechnology made a more significant impact than in the area of
biological imaging and detection. Chapters 1-9 address different nanoprobes and methods
for imaging or detection. The substances that make up these probes range from semiconduc-
tors to noble metals to carbon and can offer signals several-fold brighter and substantially
more stable than traditional organic probes. Additionally, these imaging approaches can be
translated to diagnostic approaches for the detection of important pathogens or disease
states. Nanobiotechnology is also embracing the interface between hard inorganic materials
and the soft functional biology through important designs using amino acids, peptides, and
nucleotides (Chapters 10-13). These building blocks afford the research a variety of
approaches that not only can be tuned to control the shape, habit, and properties of a nano-
particle but also allow the self assembly of these particles into larger, functional constructs.
Finally, in any emerging technology, there are important safety concerns about the materials.
This is especially true in an emerging field such as nanobiotechnology, where truly new
materials will be interacting in a biological context. For that reason, establishing the toxicol-
ogy of these materials is an important “next step” in their development and two protocols
for toxicity studies are presented in Chapters 14 and 15. Together, these chapters highlight
important current areas of development and directions of the field for the future.
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Chapter 1

High-Aspect-Ratio Gold Nanorods: Their Synthesis
and Application to Image Cell-Induced Strain Fields
in Gollagen Films

Davin J. Chernak, Patrick N. Sisco, Edie C. Goldsmith,
Sarah C. Baxter, and Catherine J. Murphy

Abstract

Gold nanoparticles are receiving considerable attention due to their novel properties and the potential
variety of their uses. Long gold nanorods with dimensions of approximately 20x400 nm exhibit strong
light scattering and can be easily observed under dark-field microscopy. Here we describe the use of this
light-scattering property to track micrometer scale strains in collagen gels and thick films, which result
from cell traction forces applied by neonatal heart fibroblasts. The use of such collagen constructs to model
cell behavior in the extracellular matrix is common, and describing local mechanical environments on such
a small scale is necessary to understand the complex factors associated with the remodeling of the collagen
network. Unlike other particles used for tracking purposes, gold nanorods do not photobleach, allowing
their optical signal to be tracked for longer periods of time, and they can be easily synthesized and coated
with various charged or neutral shells, potentially reducing the effect of their presence on the cell system
or allowing selective placement. Techniques described here are ultimately applicable for investigations with
a wide variety of cells and cell environments.

Key words Gold nanorods, Fibroblasts, Cells, Cell culture, Strain, Collagen, Particle tracking,
Nanoparticles

1 Introduction

Gold nanoparticles are heavily discussed in modern nanomaterial
literature due to their many unique properties and potential uses,
including cancer therapy, drug delivery, Raman signal enhance-
ment, imaging, and chemical sensing [ 1-6]. Such a variety of uses
is ultimately due to the electronic nature of the gold nanoparti-
cles; these particles are metallic, containing conduction band elec-
trons, and thus they exhibit collective oscillations of these electrons
called plasmons upon irradiation with the proper wavelengths of
light [7, 8]. In the case of gold, this translates into strong absorp-
tion and elastic scattering in the visible and near-infrared portions

Sandra J. Rosenthal and David W. Wright (eds.), NanoBiotechnology Protocols, Methods in Molecular Biology, vol. 1026,
DOI 10.1007/978-1-62703-468-5_1, © Springer Science+Business Media New York 2013
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of the electromagnetic spectrum [7, 8]. Nanospheres of gold,
~4-50 nm diameter, absorb and scatter at ~520 nm one plasmon
band. Gold nanorods show two plasmon bands; one band is at
~520 nm, corresponding to the short axis of ~4-50 nm, and the
long axis band is tunable from ~600 nm to ~1,500 nm or longer
wavelengths depending on the aspect ratio (length /width ratio)
of the nanorods [7, 8]. Thus, the optical properties of these nano-
materials are controlled by nanoparticle shape. In addition, the
position of the plasmon band is affected by local dielectric con-
stant, and degree of aggregation of the nanoparticles [7, 8].

The versatility of these nanoparticles for biological applications
also stems from the relative ease with which the particles can be
coated with various biocompatible shells. An electrostatic layer-by-
layer method can coat gold nanorods in aqueous solution with
many commercially available polyelectrolytes in about 30 min;
other coating methods (e.g., silica) can be used to enable more
specific surface characteristics, such as those which are advanta-
geous for in vivo targeting for medical applications [9-11].

The efficient light-scattering properties of gold nanorods
make them easy to visualize in complex wet matrices, including
those that contain cells. This chapter is focused on using the light-
scattering properties of gold nanorods to quantitatively measure
the strain fields associated with cells as they interact with their soft
environment. In particular, we focus on cardiac fibroblasts.
Fibroblasts are connective tissue cells of the extracellular matrix
(ECM), and are key players in wound healing and the formation
of scars. Their migration, proliferation, and remodeling activities,
associated with wound healing, have been extensively studied
[12]. During the healing process, fibroblasts use a variety of meth-
ods to remodel their collagenous ECM environment [13].
However, persistent fibroblast activity can be detrimental, leading
for example to hypertrophic scarring. Beyond aesthetic concerns,
excessive scar formation can cause functional impairment. Scar
formation after a heart attack, while initially necessary, can, over
time, result in heart tissue that cannot sustain normal cardiac func-
tion [14]. While advances in procedural and medicinal treatments
have helped reduce scar formation, there is still a great need to
understand a complete picture of fibroblast activity in the ECM
and allow researchers to control the mechanisms of scarring. To
fully understand the complex mechanochemical transductive path-
ways associated with fibroblast activity (during scar formation or
other remodeling activity), it will be necessary to have a better
understanding of how ECM remodeling by fibroblasts is triggered
by changes in the local mechanical environment [15].

Investigating such biomechanical events has been done through
avariety of methods [16]. These methods often use collagen matri-
ces or films as proxies for the more complex ECM; a number of
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100,000 neonatal heart fibroblast cells on top of upper film of collagen
750,000 long gold nanorods (=20 nm by 400 nm) within upper film of collagen

~100 ulL film
/ith rods
w1 rods le -

oA |
~100 uL film !
without rods

(Before cell movement) (After cell movement)

i = - Z ( = = ,

-

(No strain or compression) (Calculated strain fields shown)

Fig. 1 Fibroblast cells are plated onto a film of collagen embedded with gold nanorods (a), and the rods closely
associate with the fibers of the collagen network. An image at this initial time serves as a reference state with
no strains (b). Within hours, the cells attach to the collagen and apply forces, testing and remodeling the local
collagen network (c). This results in movement of the gold nanorods. Image correlation software tracks the
light scattered from the rods, measures the displacement of the nanorods, and calculates the resulting strain
fields. The strain fields are illustrated using contour maps (d)

techniques involve particle tracking [17, 18]. We have developed a
method, using dark-field microscopy, to track the movement of the
light scattered from individual gold nanorods in two-dimensional
collagen films as the network is remodeled by neonatal cardiac
fibroblasts [19]. Using image correlation techniques, this provides
us with a measurement of local displacements and approximations
of local strain fields within the films. By simultaneously imaging
the cells using fluorescent microscopy, these deformations can be
matched to cell spatial position and morphology. While cell trac-
tion forces can cause strains in collagen gels on the order of
20-36 %, our method has correlated cell movements with collagen
strains of less than 0.3 % using image correlation software
(VIC-2D®) [20]. An illustration of this process is shown in Fig. 1.
The bottom layer of film, without gold nanorods, and the upper
layer of film, with gold nanorods, both contain approximately
100 pl of collagen. There are ~750,000 long gold nanorods
(20x400 nm) embedded within the upper film and approximately
100,000 neonatal heart fibroblasts from rats oz top of the upper
film.

The advantage of using gold nanorods in this type of experi-
ment, over other optically active particles, is their relative ease of
synthesis and resistance to photobleaching [21]. Herein, we pro-
vide details of the technique associated with using gold nanorods
as optical trackers of local mechanical fields in cell-tissue constructs,
including the synthesis and characterization of long gold nano-
rods, the isolation and culturing of neonatal heart fibroblast cells,
and the preparation and imaging of films of collagen populated
with the rods and cells. We describe the interpretation of results
using the image correlation software VIC-2D®.
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2 Materials and Instrumentation

2.1 Materials

2.2 Instrumentation

1.

O 00 N O\ Ul

Ascorbic acid (Acros Organics or Sigma), cetyltrimethylammo-
nium bromide (CTAB) (Sigma), HAuCl, (Aldrich), and
NaBH, (Sigma-Aldrich) for gold nanorod synthesis are used as
received. Deionized and purified water (Barnstead Nanopure
II) is used in all solutions.

. Purecol® Bovine Collagen Product (Advanced Biomatrix) is

used for the creation of collagen films.

. HEPES bufter (pH=9.0, from Sigma), 10x Minimum Essential

Medium (MEM) (Sigma), culture media*, trypsin solution,
* Lab-Tek chamber slides (Thermo Fisher Scientific), and cell
culture flasks are required for cell culturing.

. 70 % by volume ethanol solution.
. 10 % by volume bleach solution.

. Serological pipettes.

. Sterile plastic micropipette tips.

. Sterile glass aspiration pipette tips.
. 2 mL cryovials.

10.
. Freezing media*.
12.

15 mL centrifuge tubes.

5-chloromethylfluoresceindiacetate (CMFDA) or other cell-
straining fluorescent dye (Invitrogen).

*See Subheading 4 for a description of the components of these

mixtures.

|92 B NI B NS R

)}

. Stir plate.

. Centrifuge.

. Class I or class II biosafety cabinet.
. Transmission electron microscope.

. Zeta potential phase-analysis light-scattering instrument

(e.g., Brookhaven Instruments Zeta PALS).

. UV—vis spectrophotometer.
. VIC-2D® Software (Correlated Solutions, http://www.

correlatedsolutions.com).

3 Methods

3.1 Synthesis
and Characterization
of Long Gold Nanorods

Difterent syntheses of gold nanorods are possible, including those
requiring and not requiring different types of seed than what is
presented here, those requiring and not requiring silver, those
which produce short and long rods, and other photochemical



3.1.1 Preparation

of Gold Seeds Capped with
Cetyltrimethylammonium
Bromide

3.1.2 Synthesis

of Long Gold Nanorods
from Seeds Capped with
Cetyltrimethylammonium
Bromide

High-Aspect-Ratio Gold Nanorods... 5

methods [9, 22-25]. Long gold nanorods scatter more light than
smaller gold nanorods and so have an advantage when compared
to the smaller rods with dark-field imaging. The procedure for the
synthesis of the long gold nanorods using gold seeds capped with
cetyltrimethylammonium bromide, CTAB, is therefore presented
below. A solution of gold seeds is first prepared as described in
Subheading 3.1.1, and this solution of seeds is used in the prepara-
tion of the long gold nanorods capped in CTAB as described in
Subheading 3.1.2. CTAB-capped long gold nanorods greatly
decrease cell viability when in the direct presence of cells, and gold
nanorods coated with various other polyelectrolytes can potentially
induce phenotypic changes in cells [26, 27]. However, the films of
collagen used in this procedure maintain rods and cells in different
layers, as described in Subheading 3.3, and so use of gold nanorods
as is after synthesis, regardless of surface characteristics, has no
effect on cell viability.

1. Add 250 uL of 0.01 M HAuCl, solution to 9.75 mL of 0.1 M
cetyltrimethylammonium bromide (CTAB) in a 50 mL centri-
fuge tube, and stir this solution.

2. In a separate 15 mL centrifuge tube, add 0.0378 x4 of sodium
borohydride to 10 mL ofice-cold, deionized water (18 MQ is
preferable) as quickly as possible. The concentration is now
1.0 M NaBH,.

3. Transfer 1.0 mL of the 1.0 M sodium borohydride solution
into 9.0 mL of’ice-cold, deionized water (18 MQ is preferable)
in a separate 15 mL centrifuge tube as quickly possible. The
concentration is now 0.1 M NaBH,.

4. Transfer 600 puL of the 0.1 M sodium borohydride solution to
the 50 mL centrifuge tube containing HAuCl, and CTAB as
quickly as possible. Stir this solution for several minutes, and
then stop.

5. Leave this solution undisturbed and unstirred for at least 1 h as
the gold seeds are formed. This seed solution must be used for
preparation of long gold nanorods within several hours. Typical
seeds are approximately 4 nm in diameter.

1. Add 9.0 mL of 0.1 M CTAB to two separate 15 mL centrifuge
tubes and 90 mL of 0.1 M CTAB to a 125 mL Erlenmeyer
flask.

2. Add 250 pL of 0.1 M HAuCl, solution to each 15 mL tube
and add 2.5 mL of 0.1 M HAuClI, solution to the Erlenmeyer
flask, and mix each solution thoroughly.

3. Add 50 uL of 0.1 M ascorbic acid solution to ecach 15 mL tube
and add 0.5 mL of 0.1 M ascorbic acid solution to the
Erlenmeyer flask, and mix each solution thoroughly until com-
pletely colorless.
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3.1.3 Characterization
of Long Gold Nanorods
After Synthesis

4. Add 1.0 mL of'seed solution as synthesized in Subheading 3.1.1
to one of the 15 mL centrifuge tubes, and mix thoroughly.

5. Fifteen seconds after adding seed solution to the first 15 mL
centrifuge tube, immediately transfer 1.0 mL of solution from
the first centrifuge tube into the second centrifuge tube, and
mix the solution in the second centrifuge tube thoroughly.

6. Thirty seconds after adding solution from the first centrifuge
tube into the second centrifuge tube, immediately transfer the
entire contents of the second centrifuge tube into the
Erlenmeyer flask, and mix thoroughly.

7. Cover the Erlenmeyer flask with an upside-down beaker as a
lid, and let it sit undisturbed overnight to allow the long gold
nanorods to settle to the bottom of the flask.

8. The following day, warm the flask from the outside in a warm
water bath to dissolve crystallized CTAB. Ensure that the flask
is not heavily disturbed to prevent rods from being resuspended
into the supernatant. Decant the supernatant by pouring out
the entire contents of the flask. The thin film remaining on the
bottom of the flask will be composed almost entirely of the
long gold nanorods.

9. Forcefully wash rods from the bottom of the flask with
10-20 mL of deionized water. The presence of the rods will be
indicated as the water becomes a pale brown color, and this
10-20 mL we call the 1x solution of gold nanorods. Typical
syntheses yield nanorods with diameters of approximately
20 nm and lengths of approximately 400 nm.

Three common ways to characterize gold nanorods after synthesis
are transmission electron microscopy (TEM), ultraviolet—visible
(UV-vis) spectroscopy, and zeta potential (effective surface charge)
analysis. Here we discuss how these techniques are most commonly
used to characterize long gold nanorods.

TEM is used to determine the lengths and widths of nanorods
with high precision. Long gold nanorods are prepared for TEM
imaging by drop-casting solutions containing the gold nanorods
onto a copper TEM grid with lacey or holey carbon mesh and
allowing the solution to evaporate. Figure 2 shows a typical TEM
image of the nanorods, synthesized using the methods in
Subheading 3.1.2.

UV-vis spectroscopy can be used to determine whether high-
aspect-ratio rods have been successfully synthesized (rather than
short rods or other geometric shapes), as well as the concentration
of the rods. However, water absorbs at ~1,200 nm, similar to the
longitudinal plasmon band of long rods, so the location of the
longitudinal band of long rods becomes difficult to determine with
this solvent. Fully deuterated water, D,0, can be used to suspend
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Fig. 2 Typical long gold nanorods as seen under TEM. Dimensions of the rods are
near 20 nm by 400 nm

long rods for UV-vis spectroscopy. Centrifuge the rods at 4,000
rcf for 6 min and resuspend them in D,O. Repeat this centrifuga-
tion once more. After the second resuspension in D,0, quickly
take a UV-vis measurement in order to obtain a clean spectrum
and avoid the D,O exchange with humidity in the air that converts
it over time to H,O. Successful synthesis of long nanorods will be
indicated by a longitudinal plasmon band near 1,400 nm, although
TEM will be necessary to determine the dimensions of the nano-
rods more precisely.

UV-vis spectroscopy is also used to determine the concentra-
tion of gold nanorods by use of the absorbance of the transverse
plasmon band at ~520 nm. The usual Beer’s law applies:

A=ebc A=gxbxc (1)

In Eq. 1, A is the absorbance of the transverse plasmon band
in the UV—-vis spectrum, defined as —log(T), where T, the transmit-
tance, is the ratio of incident intensity of light over transmitted
intensity of light. The path length of solution of gold nanorods, &,
is 1.0 cm for most UV-vis spectrometer cuvettes but of course
depends on the dimensions of the cuvettes used, and the molar
extinction coefficient of long gold nanorods, & @ is
1.4x10" L mol™ cm™ at ~520 nm (use the peak maximum near
that wavelength, in water).

The concentration, ¢, of mol of rods per liter, is then solved by
dividing the absorbance of the solution by & and &. Typical con-
centrations of rods after syntheses are on the order of 10-!? mol of
rods per L.
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3.2 CGulturing
of Neonatal Heart
Fibroblast Cells

3.2.1 Thawing of Frozen
Fibroblast Cells and
Promotion of Their Growth
by Plating and Incubation

Zeta potential analysis is used to approximate the surface
charge of the synthesized nanorods. The nanorods are coated with
a bilayer of CTAB after synthesis and therefore will bear positive
charge. Layer-by-layer assembly of polyelectrolytes is a common
procedure used with many applications of nanorods (especially for
in vivo uses), and measurement of alternating surface charge with
each additional layer is used to confirm the application of these lay-
ers [9]. However, for our purposes, we will simply use this tech-
nique to confirm that the rods are stabilized in solution by a
positively charged surface. Zeta potential will vary by solution, but
for long gold nanorods suspended in water, typical zeta potential
measurements are near +20 mV to +60 mV. Greater magnitudes of
zeta potential lead to less aggregation of the rods due to greater
repulsions between them.

Neonatal heart fibroblast cells from rats are a biosafety level one
hazard, meaning that these nonhuman cells are not known to reg-
ularly infect humans and that the cells can be handled in regular
laboratory settings with minimal extra precaution. For more details
about such safety precautions, we refer readers to Biosafety in
Microbiological and Medical Laboratories: Fifth Edition. Sterile
environments are preferred however when culturing fibroblast cells
in order to avoid contamination of cell cultures and thus acquisi-
tion of inadvertently altered data. We therefore recommend that all
cell culture procedures, except for centrifugation, thawing of mate-
rials in heated baths, freezing of cells in nitrogen, and incubation,
be performed in a class II biosafety cabinet. Only presterilized
tubes or other containers should be used in this cabinet, pipette
tips should be autoclaved before use, and gloves should be sprayed
with 70 % by volume ethanol solutions before handling of sensitive
materials. Anytime this cabinet is used, it should also be allowed to
circulate air for at least 15 min prior to use to sterilize the environ-
ment, and work surfaces should be rinsed with 70 % by volume
ethanol solutions. Further details about proper use of biosafety
cabinets can be found in Primary Containment for Biohazards:
Selection, Installation and Use of Biological Safety Cabinets: Third
Edition. When culturing cells, decant or remove solutions using a
water aspirator with a bleach trap and sterile glass pipette tips.
When adding or transferring solutions, use serological pipettes for
quantities greater than 1 mL and micropipettes with sterile pipette
tips for quantities less than 1 mL.

We receive frozen neonatal heart fibroblast cells from colleagues at
the University of South Carolina, and these cells are thawed before
use. It is also necessary to thaw cells when removing them from
long-term storage in liquid nitrogen (this cryopreservation process
is described in Subheading 3.2.4).
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Thaw cells quickly by immersing the vial in which they are
stored in a heated 37 °C bath until most of the solution is liquid.
Our cells are suspended in 1 mL of freezing media containing 10 %
dimethyl sulfoxide (DMSO), and so it is preferable to remove them
from this solution quickly after thawing to minimize cell death.
Transfer the solution of cells into a 15 mL tube prefilled with
12 mL of culture media. The exact volume of culture media is not
especially important however; the volume of culture media used is
typically around 10 to 15 times greater than the volume of freezing
media that is being thawed. Close the tube, and centrifuge it for
8 min at 800 rpm. After centrifugation, remove supernatant, leav-
ing a pellet of fibroblast cells in the bottom of the centrifuge tube.
Be careful not to press into the pellet when adding or removing
media, as this may kill a large portion of the cells. Add a few mL of
media into the tube, and resuspend the pellet entirely by succes-
sively redispersing the media with moderate force. Avoid produc-
ing bubbles within the solution during this (and any other) process
involving cells. After the pellet is dissolved, fill the tube with media
to approximately 12 mL.

Open a cell culture flask, and transfer the entire solution from
the 15 mL tube into the flask. As best as possible, only dispense the
solution onto flask surfaces where cells will plate to maximize cell
yield. This may require tipping the flask on its side when dispens-
ing the solution (the flask rests on its side, rather than standing
upright, when cells are plating or incubating). When the solution
is spread evenly onto the plating surface, incubate the flask at 37 °C
and 5 % CO, to allow cells to attach and grow. It will take 2-3 days
before cells become confluent and nearly cover the plating surface,
and it is at this point when the cells can be passaged as described
later to increase cell numbers or used for an experiment.

Cells are considered 100 % confluent when they appear extended
and attached to the entire plating surface and there is no more
room for cells to grow. At this point cells are ready for use. If cells
are too sparse based on the number of cells necessary for the exper-
iment, replace culture media with new media and allow cells to
grow for more time to increase cell yield. This is especially impor-
tant if cells are using up the media and it is turning slightly orange
(media is normally red). Overgrowth of cells may result in difficulty
removing the cells from the plating surface and the presence of cell
clumps rather than individually dispersed cells.

During cell culture, first remove media by standing the flask
upright and removing media with a pipette that is inserted into the
flask away from the cells. The plated cells will remain attached to
the plating surface after removing media. Trypsin is used to lift the
cells off of the culture surface, but the serum in the residual media
will deactivate the trypsin. Therefore, the residual media is washed
out before trypsinization using 1x PBS. Add enough trypsin to
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3.2.3 Short-Term
Storage and Multiplication
of Fibroblast Cells by
Replating, Splitting Flasks

cover the cell culture area (this is approximately 2 mL of trypsin for
a 250 mm cell culture flask) while tilting the flask and dispensing
directly onto the plating surface. Gently swirl the flask to ensure
that trypsin entirely covers the plating surface, close the flask, and
incubate it at room temperature for 5 min.

After 5 min of incubation of the flask with trypsin, look at the
cells under optical microscope. Cells will be balled up and floating
in the trypsin rather than extended and held rigidly on the plating
surface. If some cells still remain attached to the flask, incubate the
flask for more time and possibly elevate incubation temperature to
37 °C, but be careful to not leave cells in this state for too long,
because they are currently not suspended in nourishing media and
are very stressed by the combination of trypsin and increased tem-
perature. Overexposure to trypsin can kill the cells. Gently tap the
flask to detach any cells still stubbornly attached on the plating
surface into the trypsin. Also ensure that cells do not experience
trypsinization 2 days in a row, i.e., passage cells at most every 2
days.

Add approximately 5 mL of media for every 1 mL of trypsin
into the flask, and wash it around to ensure that all cells are washed
into media. Transfer the entire contents of the flask into a 15 mL
centrifuge tube, and centrifuge the tube for 8§ min at 800 rpm.
After centrifugation, remove supernatant, leaving the pellet of
fibroblast cells in the bottom of the centrifuge tube. Be careful not
to press into the pellet and kill cells when adding or removing
media. Add a few mL of media into the tube, and break up the pel-
let entirely by moderately forceful redispersion of the media. Do
not add any more media to the tube after breaking up the pellet
until after counting the cells.

A hemacytometer is used to count the cells. Transfer 10 pL of
solution from the 15 mL tube into the hemacytometer. The solu-
tion spreads across several regions in the hemacytometer, and the
cells in five of these regions are counted. Count the total number
of cells in these five regions, divide this number by five, and multi-
ply it by 10* to find the number of cells per mL in the 15 mL tube.
With the concentration of cells known, the cells are ready for use
in films of collagen, each of which will contain approximately
100,000 cells. We refer readers to Subheading 3.3 for a description
of the preparation of films of collagen containing gold nanorods

and fibroblast cells.

After using cells for films of collagen as described in Subheading 3.3,
it is likely that a considerable number of cells from a culture will
remain unused. Large confluent cell culture flasks contain millions
of fibroblast cells, while each film of collagen uses only 100,000-
200,000 cells. Unused cells can be replated for future use as
follows.
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Add media into the tube that contains cells until about 12 mL
of solution are in the tube. Invert the tube a few times to evenly
disperse the cells, and transfer the entire solution of the tube into
a cell culture flask. As best as possible, only dispense onto surfaces
onto which cells will be plating to maximize cells yield. When the
solution is spread evenly on the plating surface, place it into incu-
bation at 37 °C and 5 % CO, to allow the cells to attach and grow
into a large number of new cells.

The number of cells in the flask at this point depends on the
number of unused cells remaining after preparation of films, so the
length of incubation time before confluence occurs will vary. A
greater number of cells become confluent more quickly than a
smaller number of cells. Ensure that media which is being used up
and turning orange is replaced with fresh media. When cells are
confluent, one can trypsinize them as described in Subheading 3.2.2
and then use them for an experiment as in Subheading 3.3 or pre-
pare them for cryopreservation as described in Subheading 3.2.4.

An additional option to increase the number of cells is to split
one flask into multiple flasks. In this case, simply trypsinize cells
from a flask surface, and suspend them into a few mL of media in a
15 mL centrifuge tube as usual. Now however, transfer half (or a
third or fourth) of this solution into another 15 mL centrifuge tube
(or two of three tubes), and fill each tube up to 12 mL with media.
Now plate the cells from each different tube as usual by dispensing
each different solution into a separate flask. By splitting flasks, you
can dramatically increase the number of cells in your possession, but
be aware that cells should not be used for experiments if they are
passage 5 or greater (i.c., if they have experienced trypsin five or
more times). Cells with progressively higher passage numbers above
five behave progressively more different than lower passage cells.
Additionally, only split from one flask into two to five flasks; split-
ting them to lower concentrations leads to significantly greater
incubation time before confluence and often reduced viability.

Cells that will not be split into new flasks or used within several
days can be stored indefinitely in liquid nitrogen. In order to freeze
cells, first culture them using the method described above in
Subheading 3.2.2; however, after counting the cells split the cells
into multiple tubes containing 4—6 million cells. These tubes
should be centrifuged at 800 rpm for 8 min. and the resulting pel-
let is redispersed in 1 mL of freezing media. Transfer this solution
of cells and freezing media into a cryovial and store it at -80 °C for
at least 24 h. After at least 24 h of storage, place the vial into a
liquid nitrogen storage unit. Pertinent information with which to
label the cryovial includes the type of cell, its passage number, and
the date of storage. Cells can be stored indefinitely at this tempera-
ture, and removal of the cells from cryopreservation can be done
using the thawing procedure described in Subheading 3.2.1.
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3.3 Preparation

of Films of Collagen
Gontaining Long Gold
Nanorods and
Fibroblast Cells

The following procedure is used to produce approximately 1 mL
of neutralized collagen, which can be used to create several films,
each of which uses between 50 and 250 pL of neutralized collagen.
The procedure for making neutralized collagen can easily be scaled
up for production of greater numbers of films by using larger quan-
tities of reactants and larger tubes. Produce as much neutralized
collagen as needed to create the desired number of films, as well as
1 mL extra to account for the stickiness of the collagen to the sides
of tubes in which it is produced.

1. Add Purecol® bovine collagen product to a 1.5 mL centrifuge
tube, HEPES buftfer (pH=9) to a second 1.5 mL centrifuge
tube, and 10x MEM to a third 1.5 mL centrifuge tube. By
placing adequate amounts of each product into these tubes,
you can now handle the tubes in order to acquire each product
and thus reduce the need to continually handle and possibly
contaminate the larger stock products. Replace the Purecol®
product to refrigeration immediately when the stock bottle is
not in use.

2. Combine 100 pL of ice-cold HEPES buffer with 100 puL of
ice-cold MEM in a 1.5 mL centrifuge tube.

3. Layer 800 uL of ice-cold Purecol® product on top of the
HEPES/MEM solution and invert rapidly, without introduc-
ing air bubbles, to mix the solutions. If prepared properly the
solution will turn from a dark pink/fuchsia color to a light rose
color. If this color change does not occur, discard and prepare
again. The pH of this final collagen solution is near 7.0 and
should be kept on ice while preparing films as quickly as pos-
sible to avoid collagen polymerization.

Evenly spread 50-250 uL of neutralized collagen into a square
film within the chamber of a Lab-Tek chamber slide. Ensure that
collagen does not contact the side of the chamber to prevent dis-
turbance of collagen deformation. After the collagen is spread,
slightly tilt the slide to collect excess collagen to one corner of the
film, and remove this excess collagen with a micropipette. Cure the
film in an incubator for a minimum of 2 h at 37 °C and 5 % CO,
before addition of further layers.

After at least 2 h of incubation of the collagen film, apply
another identical layer of neutralized collagen on top of the first
layer. Before additional incubation however, add 25 uL of a gold
nanorod solution which is synthesized as in Subheading 3.1.2 but
concentrated by a factor of three by centrifuging 1x nanorod solu-
tion and resuspending it into one third of its original volume. This
volume of 3x concentrated solution of gold nanorods typically
contains hundreds of thousands of rods. Precise numbers of rods
can be used if desired by finding the concentration of rods from
Eq. 1 and using the appropriate volume. An easy way to add the
gold nanorod solution is to add one drop to each quadrant of the
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collagen film and one in the center. A small volume of highly
concentrated rods is used to minimize the volume of solution
added to the collagen [26]. After the nanorods have been added,
cure the film in an incubator overnight at 37 °C and 5 % CO,.

The following day, add 100,000 cells onto the collagen film.
The cells will plate onto the collagen film within an hour, so place
the chamber slide into incubation as this plating occurs. Time point
zero is considered to be when cells are adhered to the film surface,
which is typically around 1 h after the addition of cells to the film.
Thirty minutes before fluorescent imaging of the cells they must be
stained with 5-chloromethylfluoresceindiacetate fluorescent dye
(CMEDA, excitation wavelength 450-490 nm). Details regarding
imaging of cell activity are described in Subheading 3.4.

Before imaging, all media should be removed from the chamber
slide. Some residual media will necessarily remain, but this will sus-
tain cells during the imaging process. The walls of the chamber
slide can then be removed as well as any adhesive holding them in
place. A cover slip should then be placed over the collagen film
making sure to avoid trapping bubbles between the coverslip and
the film; this will protect the collagen gel and cells as well as micro-
scope components. The slide is then ready for imaging. The time
resolution that is desirable during imaging will depend on the cells
and actions being imaged; 10-20 min proved to be an appropriate
time interval to produce a relatively coherent time sequence of
deformation due to the cell traction forces applied by the fibroblasts
described here. In order to track movement of cells and the cor-
responding strain in the collagen, two methods of imaging are used
concurrently. Dark-field imaging is used to observe the movement
of the random pattern of scattered light produced by the long gold
nanorods. Fluorescent imaging is used to image the movement of
cells, specifically their spatial position, morphology, and spreading
or retracting of their processes. The excitation wavelength of 5-ch
loromethylfluoresceindiacetate (CMFDA) dye used for the
fluorescent imaging is 450-490 nm. By overlaying the dark-field
and fluorescent images for each time point, VIC-2D€ software can
be used as described below to track rod movement and infer evolving
strain fields over time, thus associating cell position and morphology
with the local strain fields.

A number of software programs, e.g., the proprietary programs
MatLab, PhotoShop, and Mathematica and NIH’s Image], pro-
vide automated methods of image registration. Image registration
is the process of transforming different data sets—in the form of
digital images—into the same coordinate system. Image registra-
tion is a fundamental tool in many aspects of optical measurement
and analysis. Depending on the differences between the pairs of
images, the software will try to find an optimal match using a set of
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34.2 How VIC-2D°
Image Correlation Works

mathematical rules. Medical imaging has taken advantage of these
techniques to register images taken, for example, at different times,
from different perspectives or with different imaging techniques,
in order to consolidate information, or build in depth and perspective
or capture three dimensionality. If translational or rotational
motion (rigid body motion) is described, then image registration
can be used to measure displacements of the pattern or features.

Ifthere is deformation, e.g., stretching, as in the work described
here, then in addition to positional motion, a more complex analy-
sis of the transformational techniques for alignment may be
required to determine differences between the images. It may be
possible to use one of these image registration techniques, with
additional computational tools to measure spatial displacements,
though the authors have not attempted this. Reviews of many of
the types, applications, and extensions of registration algorithms
exist [28, 29]. For biological applications, similar to the experi-
ments described above, a number of groups have used small num-
bers of micro-beads to examine how single cells deform their
surroundings; the smaller number of particles facilitates calcula-
tions of displacements by hand. Engineering strains can then be
easily approximated along lines of deformation [30-32].

Optical measurements of deformation are by examining pictures
(digital images) taken during mechanical loading. If, on a plane of
a material (2D), a random pattern (light scattered from gold nano-
rods) is displayed, then any movement or planar distortion will be
evident in a corresponding movement or distortion of the pattern.
By tracking how the elements of the pattern move, deformation of
the surface can be quantified. Computationally, this tracking, or
pattern matching between pairs of images, is based on evaluations
of the numeric values of grayscale intensities corresponding to sur-
face pattern. In a grayscale image, pixels exhibit grayscale intensi-
ties between 0 (black) and 255 (white); intermediate values produce
shades of gray.

The basis of 2-D image correlation is the matching of a digital
image of a planar surface before loading, the reference imayge (in our
case the undeformed image at time point zero), to an image taken
of the surface after loading, a target image (in our case a deformed
image). The surface must have a visibly distinguishable random
pattern (the light scattered from the gold nanorods), where difter-
ent grayscale levels are associated with individual pixels. The rods
attach to the collagen fibers and so the visible pattern of light scat-
tered from the rod moves as the collagen shifts position under the
influence of cell movement and migration.

The underlying concept is very simple. If individual pixels in
the first image can be tracked to their new location in a second
image based on the same coordinate system, then the displacement,
the distance the pixel in question has shifted, can be calculated.
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In this work, the image correlation software VIC-2D® (Correlated
Solutions, http://www.correlatedsolutions.com), developed at
the University of South Carolina [33, 34 ], was used. The particular
strength of this software is that it is capable of efficiently tracking
pixels and measuring a displacement field over a large and detailed
patterned area. Additionally, the software approximates the strain
fields, gradients of displacements. Details of this software and a
comprehensive discussion of digital image correlation can be found
elsewhere [35].

Given an initial guess, VIC-2D® matches points in images by
comparing grayscale intensities and doing an efficient computational
search of the surrounding area. It determines matching positions by
minimizing a correlation function. To illustrate this concept, Fig. 3
illustrates an idealized pattern and example intensities associated
with the pattern. Figure 4 shows the same pattern after a rigid body
translation; translation is considered the trivial deformation.

Pixel 100
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Fig. 3 Idealized undeformed image, with pixel grayscales corresponding to pattern elements registering either
0 (black) or 100 (white) in intensity (lllustration courtesy of Dr. S.R. McNeill)
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Fig. 4 Idealized deformed image, with pixel grayscales corresponding to pattern elements registering either 0
(black) or 100 (white) in intensity (lllustration courtesy of Dr. S.R. McNeill)
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While it is fairly easy to track the deformation between these
two images, mapping pixels from Fig. 3 to Fig. 4 by inspection, a
method of automating this matching process is obviously required
for larger images, more detailed patterns, or more complex defor-
mations. In VIC-2D® this is done by selecting a sequence of small
subsets which raster over the original image and calculating a cor-
relation function between each of these areas and all possible simi-
larly sized areas in the deformed image. The region with the
minimum correlation value, calculated between each pair of
regions, corresponds to the deformed location of the original sub-
set. The correlation function is given in Eq. 2:

n/2
C(x, y,1,v) = Z (I(x+i,y+ )T (x+u+i,y+v+7))7°. (2)

ivj=—n/2

In Eq. 2, Iis the numeric value of the intensity of the unde-
formed image at each pixel location, done here at integer locations.
I* is the intensity in the deformed image. The variables x and y
correspond to the location of the pixel, and the variables # and v are
the displacements of the comparing subset area in the x and ydirec-
tions. Performing this calculation on the sample shown in Figs. 3
and 4 might lead to a comparison of the two subsets shown in Fig. 5.
Note that Fig. 5 shows subset matching between Figs. 3 and 4 which
is less than ideal, and a better match is shown in Fig. 6, as is seen by
smaller correlation function associated with Fig. 6.

In the case of Fig. 5, the correlation function for the 5 x 5 subset,
centered at pixel

x=5, y=5, is given by Eq. 3 as follows:

2
C(5,5,-2,-2) = z (IG+4,5+7)—T (5-2+i,5-2+ 7). (3)

i,j==2

The (-2)’s correspond to the relative position (the center
point) of the subset to which the undeformed region is being com-
pared. Expanding this out yields the following:

(100 = 0)* + (0 —0)> + (0 —0)> + (0 — 0)* + (100 — 0)° +
(0—100)* +(0—100) + (0 —100)? + (0 —100)> + (0 — 0)* +
(0—100)* +(0—100)* + (0 —100)? + (0 —100)> + (0 — 0)* +

(4)

(0—=100)* + (0 —100)> + (0 —100)> + (0 — 100)> + (0 — 0) +

(100 —100)* + (0 —100) + (0 —100)* + (0 —100) + (100 — 0)> = 18,000

Since it is possible to find the deformed position in this exam-
ple by inspection, and it is clearly not the one illustrated in Fig. 5,
it is not surprising that this subset has a high correlation value. In
this idealized example, the correlation function for the real
deformed position of this subset is exactly zero, as seen in Fig. 6.
Zero is the absolute minimum for the sum of squared numbers.
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Fig. 5 Image analysis compares correlation function values of subsets in deformed image to find match in
undeformed image. The undeformed subset (with circled center) is compared to an arbitrary subset in deformed
image. Arbitrary deformed area is shifted 2 to the left and 2 down from the circled center point of the unde-
formed subset. Figure 6 illustrates a better match between these deformed and undeformed images than the
one in this figure (lllustration courtesy of Dr. S.R. McNeill)
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Fig. 6 Image analysis compares a correlation function of subsets in a deformed image to find a match in an
undeformed image. Subset with minimum correlation function value, ¢(5,5,1,1)=0 (lllustration courtesy of Dr.
S.R. McNeill)

In real life, the numbers are not as clean and exact as described
above. A more realistic example might be more like the one shown
in Fig. 7, which includes both image signal and noise.

Although it is still possible to visually track the deformation
using the grids shown in Fig. 7, the correlation function value for
the match can no longer be exactly zero, as seen in Eq. 5.

C(5,5,1,1) = (99 —103)> + (3—-2)* + (2 - 2)* + (2~ 1)* + (102~ 101)* +

Q-1 +(1-22+0-1+1-2)+3-3+
0-0Y+(B-07+2-1+2-1+2-1)+
1-4Y+1-2+2-3+B-1+(1-2)+

(101-104)* +(3-0)* +(0-1)> +(0—0)* +(99 -101)* = 71. (5)

Once pixels have been matched, displacements can be calcu-
lated. If the coordinate of the first pixel was (1,1) and its position
after deformation is (2,3), then its horizontal displacement
u=(2-1)=1 and its vertical displacement »=(3-1)=2. VIC-2D®
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Fig. 7 Image analysis compares subsets between undeformed and deformed images to find a match in the
undeformed image. Intensities illustrated here include signal and imaging noise (lllustration courtesy of Dr. S.R.
McNeill)

Fig. 8 L-R Grayscale bitmap of pattern of light scatted from gold nanorods, fluorescent image of cells, and
vertical strain field map. The field of view is approximately 1 mm

fits an optimal surface through the fields of displacements. Strains,
normalizations of displacement, are defined in terms of gradients
of displacements which are easily calculated from the surface.

After image acquisition and analysis is complete, information
gained from a typical experiment involving collagen remodeling by
fibroblast cells is similar to what is seen in Fig. 8 above. The figure
shows, from left to right, the grayscale image (deformed) of light
scattered from the gold nanorods, a “simultaneous” fluorescent
image of cell position and morphology, and the vertical g strains
at this time step, as compared to a previous one. '

By comparing fluorescent images of cells at different time points,
it becomes readily apparent which cell movements are responsible
for the correspondingly developed strain fields in the collagen.
The collagen strain fields themselves are represented quantitatively
in the strain field map, with difterent colors representing with good
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precision the amount of strain the collagen experiences. The resolution
of this technique is also apparent due to the fact that collagen strains
seen here were found to be less than 0.3 % [19]. This fact further
demonstrates the sensitivity and applicability of the technique to
even minute cell-environment interactions involved with a wide
variety of cells and cell environments.

In principle, one could use the optical properties of any submi-
cron particle to track strain fields as described herein. Gold nano-
rods have the advantage in that their elastic light-scattering
properties are not subject to photobleaching and can be broadly
excited throughout the visible—in fact, we generally use a simple
white light source.

1. Culture media is composed of Dulbecco’s Modified Eagle
Medium (DMEM), 10 % newborn calf serum (NBCS), 5 %
fetal bovine serum (FBS), and penicillin—streptomycin solution

2. Trypsin solution, referred to in this chapter as simply trypsin,
is composed of 0.25 % trypsin and 1 mM ethylenediaminetet-

3. Freezing media is composed of 60 % DMEM, 30 % FBS, and

4 Notes
(pen. strep).
raacetic acid (EDTA).
10 % dimethyl sulfoxide (DMSO).
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Chapter 2

Imaging Intracellular Quantum Dots: Fluorescence
Microscopy and Transmission Electron Microscopy

Craig J. Szymanski, Hong Yi, Joshua L. Liu, Elizabeth R. Wright,
and Christine K. Payne

Abstract

Quantum dots (QDs) and other nanoparticles require delivery and targeting for most intracellular
applications. Despite many advances, intracellular delivery and targeting remains inefficient with many
QDs remaining bound to the plasma membrane rather than internalized into the cell. The fluorescence
resulting from these extracellular QDs results in a background signal that competes with intracellular
QDs of interest. We present two methods for the reduction and discrimination of signal resulting from
plasma membrane-bound QDs. The first method, a photophysical approach, uses an extracellular
quencher to greatly reduce the fluorescence signal from extracellular QDs. This method is compatible
with fast, widefield, fluorescence imaging in live cells. Results are presented for two extracellular
quenchers, QSY-21 and trypan blue, used in combination with 655 nm emitting QDs. The use of an
extracellular quencher can be extended to a wide variety of fluorophores. The second method uses
transmission electron microscopy (TEM) to image thin (60-70 nm) slices of resin-embedded cells. The
use of sectioned cells and high-resolution TEM makes it possible to discriminate between plasma mem-
brane-bound and intracellular QDs. To overcome the difficulties associated with using TEM to image
individual QDs in cells, we have utilized a silver enhancement method that significantly improves the
contrast of QDs in TEM images.

Key words Fluorescence microscopy, Transmission electron microscopy, Quantum dot, Quencher,
Silver enhancement

1 Introduction

One of the most exciting advances at the interface of nanoscience
and biology has been the development of quantum dots (QDs),
semiconductor nanoparticles, for applications in cellular imaging
[1-6]. QDs are ideal fluorescent probes for cellular imaging due
to their brightness, photostability, and ability to be functionalized.
Unlike traditional organic or protein fluorophores, QDs ofter the
possibility of single-molecule imaging, over long timescales, inside
living cells. In addition to their use in fluorescence microscopy,
the relatively electron-dense core of QDs allows for their use in
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electron microscopy [7, 8]. Despite these benefits, fluorescent
proteins have a considerable advantage for cell imaging as they are
highly specific, expressed fused to a protein of interest [9]. In
comparison, QDs must be delivered and targeted for most intrac-
ellular applications [10—12]. This remains a highly inefficient pro-
cess with many highly fluorescent QDs remaining bound to the
plasma membrane. Overall, this leads to a significant technical
concern, how to reduce the fluorescent signal resulting from QDs
or other fluorescent nanoparticles that remain bound to the plasma
membrane and obscure the intracellular dynamics of interest.

Conventional methods used to exclude the signal from extra-
cellular fluorophores include confocal microscopy and specific
washing steps to remove surface-bound fluorophores. Confocal
microscopy usesan aperture to remove the out-of-plane fluorescence
from an optical slice of a cell [13]. Confocal microscopy requires
raster scanning a laser beam or the use of a spinning disc, which
limits temporal resolution or z-resolution, respectively. The use of
enzymes, such as trypsin, or low pH to remove surface-bound
fluorophores has the advantage that these methods can be com-
bined with widefield fluorescence microscopy [14-17]. However
these methods are highly dependent on the mechanism by which
the fluorophore binds to the cell and are not applicable to all func-
tionalization approaches [18]. Fluorogenic nanoparticles that only
emit following binding to a target or within a specific intracellular
environment may also remove the extracellular signal, but the
design of fluorogenic nanoparticles requires highly specific func-
tionalization for each application [19-24].

While TEM cannot be carried out on live cells, it, unlike
fluorescence microscopy, has the resolution to determine the loca-
tion of individual QDs relative to the plasma membrane. For imag-
ing intracellular QDs, TEM also benefits from standard sample
preparation. Cells are routinely processed for TEM by embedding
them in a resin and then slicing them into 60-70 nm sections on
an ultramicrotome. While the use of gold nanoparticles is well
established for cellular TEM, images of QDs in cells have suffered
from poor contrast [7, 8]. The semiconductor core of quantum
dots has a sufficient electron density for TEM, but this is a rela-
tively low density when competing against the metal salt-stained
cellular structures that result following fixation and staining for
TEM.

This chapter presents two methods for the improved visualiza-
tion of intracellular QDs or other suitable fluorescent nanoparti-
cles. Common to both methods is the overall goal of rejecting the
signal resulting from QDs that remain on the cell surface. The first
method is a photophysical approach using two different extracel-
lular quenchers, QSY-21 and trypan blue (TB), for use with
widefield fluorescence microscopy [25, 26]. This enables rapid
imaging of QDs without the inclusion of signal from extracellular
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QDs. The second method is a physical approach using cell sectioning
and silver enhancement for use with TEM. The physical method
requires ultramicrotoming of resin-embedded fixed cells to gener-
ate thin, 60-70 nm, cell sections. Silver nucleation onto the QDs
is used to enhance the QD visibility for high-contrast TEM
images.

2 Materials

2.1 CGell Culture
and Quantum Dots

2.2 Photophysical
Method: Extracellular
Quencher and
Fluorescence
Microscopy

2.3 Physical Method:

Ultramicrotoming and
Transmission Electron
Microscopy

1. BS-C-1 cells (ATCC) grown on glass bottom dishes (MatTek
Corp., Ashland, MA, USA).

2. Standard cell culture reagents including Minimum Essential
Medium (MEM, Invitrogen, Carlsbad, CA, USA) and Fetal
Bovine Serum (EBS, Invitrogen, Carlsbad, CA, USA).

3. QTracker 655 Cell Labeling Kit (Invitrogen, Carlsbad, CA,
USA).

1. Quencher. QSY-21 carboxylic acid, succinimidyl ester
(Invitrogen, Carlsbad, CA, USA, Cat#: Q-20132) or Trypan
Blue (TB, Sigma-Aldrich, St. Louis, MO, USA).

2. Imaging medium of choice.

3. Widefield fluorescence microscope. Images in this chapter were
acquired using an Olympus IX-71 with 75 W xenon lamp;
Olympus 60x 1.20 NA, water-immersion objective; and an
Andor iXon+-enhanced CCD camera. QDs were imaged with
a QDLP-A filter set (Semrock). DAPI was imaged with a
DAPI-1160A-000 filter set (Semrock).

1. Fixative. 2.5 % glutaraldehyde buffered in 0.1 M sodium phos-
phate (pH 7.4) and stored at 4 °C.

2. Rinse buffer. 0.1 M sodium phosphate bufter (pH 7.4).

3. Aurion Enhancement Conditioning Solution (ECS, Electron
Microscopy Sciences, Hatfield, PA, USA, Cat# 25830).

4. Silver enhancement solution. Aurion R-Gent SE-EM Kit
(Electron Microscopy Sciences, Hatfield, PA, USA, Cat#
25521).

5. Enhancement termination solution. 0.03 M sodium thiosul-
fate in ECS.

6. Post-fixative. 0.5 % OsO, in 0.1 M sodium phosphate buffer
(pH 7.4).

7. Ethanol series. Ethanol solutions at 25, 50, 70, 95, and 100 %
by volume ethanol in water.

8. Epoxy resin. Eponate 12 resin kit (Ted Pella Inc., Redding,
CA, USA, Cat# 18010).
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9. First counterstain solution. 5 % uranyl acetate in water.
10. Second counterstain solution. 2 % lead citrate in water.
11. Ultramicrotome and glass/diamond knives.

12. Hitachi H-7500 or comparable TEM.

3 Methods

3.1 Binding
and Internalization
of Quantum Dots

3.2 Fluorescence
Microscopy

3.2.1 Spectral Overlap
of Quantum Dot and
Quencher

3.2.2 Optimal Quencher
Concentration

QDs (655 nm emission, Cell Tracker, Invitrogen) were prepared
for cellular delivery according to the manufacturer’s instructions.
For binding to the plasma membrane, cells were cooled to 4 °C
and then incubated with QDs at 4 °C for 10 min. The low tem-
perature prevents internalization of the QDs [27]. For intracellular
imaging, cells were incubated with QDs for 1 hat 37 °Cina 5 %
carbon dioxide environment which resulted in 60 % internalization

of QDs (unpublished data).

QDs were imaged using the fluorescence microscope described
above. The use of an extracellular quencher requires no additional
optical components. Selection of the proper QD-quencher pair is
critical. The selection methods described below can be easily
extended to other fluorophores and fluorescent nanoparticles.
Issues that must be considered include spectral overlap between
fluorophore and quencher, concentration, and cytotoxicity.

The largest factor in determining which quencher to use is the
overlap of the fluorophore emission with the quencher absorption.
The emission spectrum of the 655 nm emitting QDs is highly
overlapped with the absorption spectrum of QSY-21 and, to a
lesser extent, TB indicating that there should be efficient energy
transfer from the fluorophore to either of these quenchers (Fig. 1).
For QDs or fluorophores that emit at shorter wavelengths, possible
quenchers include QSY-7 (Invitrogen) and QSY-14 (Invitrogen).

The optimal concentration of quencher in the extracellular medium
will vary depending on the experiment and the imaging setup. For
the experiments described below, 95 % quenching was chosen as
the required quenching efficiency. Quenching efficiency is deter-
mined as a function of concentration by measuring the fluorescence
emission of a constant concentration of fluorophore in the pres-
ence of increasing concentrations of quencher (Fig. 2). From this
measurement it can be seen that 1 pM QSY-21 is a highly efficient
quencher with >99 % quenching of the emission of the 655 nm
QDs. TB is a somewhat less effective quencher with 93 % quench-
ing at 1 uM TB.

The upper limit of the quencher concentration is determined by
solubility, cytotoxicity, and cost (see Note 1). TB is water soluble
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Fig. 1 Normalized emission spectrum of 655 nm QDs (green, solid) plotted with
the normalized absorption spectra of QSY-21 (blue, dotted) and TB (red, dashed)
in PBS. The greater overlap of the absorption of QSY-21 with QDs leads to more
efficient energy transfer than with TB

at a concentration of 100 mM, much higher than those needed for
nearly complete quenching of the QDs. QSY-21 is much less soluble
in aqueous media and 70-300 nm diameter aggregates can be
detected via dynamic light scattering in 1 uM solutions of QSY-21
in PBS. It is not known whether aggregates play a role in the QSY-
21 quenching mechanism of QDs, but the aggregates observed in
the 1 and 10 uM solutions (300-1,000 nm diameter aggregates)
do not generally interfere with imaging. Higher concentrations of
QSY-21 in PBS (100 uM) produce large aggregates that are visible
by the eye. These aggregates can enter the field of view and inter-
fere with imaging.

Quencher concentration is also limited by the possible
fluorescence of the quencher itself. QSY-21 in PBS emits in the
region of 670-710 nm (Fig. 3). This emission could be blocked by
a 670 nm short-pass filter in the emission pathway. TB is emissive
over a much larger range that is highly overlapped with the emis-
sion of 655 nm QDs. This signal cannot be filtered out without
also filtering the QD signal. This places an upper limit on both the
TB concentration and the volume of the quenching medium that
can be present above the cells, as it will contribute to out-of-focus
fluorescence.

Cytotoxicity can also place an upper limit on quencher concen-
tration. Cell viability studies indicate that neither 10 pM QSY-21
nor TB is cytotoxic for periods of up to 1 h. Additionally, TB is a
well-established reagent for the measurement of cell viability.
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3.2.3 Verification of QD
Internalization and
Quenching

3.3 Transmission
Electron Microscopy
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Fig. 3 Emission from 4 nM QDs (blue, solid), 10 uM QSY-21 (green, dashed, 10x
scale), and 10 uM TB (red, dotted, 100x scale) in PBS

For this application it is commonly used at millimolar concentrations,
further suggesting that cytotoxicity is negligible.

1. Incubate cells with QDs for either binding (4 °C, 10 min) or
internalization (37 °C, 1 h).

2. Aspirate cell culture medium and wash with imaging medium.

3. Add 1 mL of imaging medium and quencher to desired con-
centration. For the images in Fig. 4, 1 pM QSY-21 was used.

For cold-bound QDs on the plasma membrane, the addition
of quencher eliminates the fluorescent signal (Fig. 4a, b). If the
QDs are internalized by the cell, the addition of quencher elimi-
nates the out-of-plane fluorescence from the QDs that remain on
the cell surface, leading to a more clear image, while QDs inside the
cell remain visible (Fig. 4c, d). This is accomplished without the use
of a pinhole to exclude out-of-plane fluorescence allowing full-
frame images to be acquired in real time.

The electron-dense core of QDs offers the possibility of using QDs
as probes for correlative electron and fluorescence imaging.
Additionally, the routine sectioning of cells for TEM provides a
straightforward approach to distinguish intracellular QDs from
plasma membrane-bound QDs. However the relatively low electron
density of QDs, coupled with the presence of relatively electron-
dense regions of the cell following fixation and staining, has made
it difficult to image QDs with TEM [7, 8].
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Fig. 4 (a) QDs (red) bound to the plasma membrane of BS-C-1 cells. Incubation at 4 °C prevents internaliza-
tion. Nuclei are stained with DAPI (blue). (b) The addition of 1 uM QSY-21 quenches the QD signal. (c) QDs
incubated with BS-C-1 cells at 37 °C for 1 h. (d) The addition of 1 uM QSY-21 does not affect QDs within the
cell, but does quench fluorescence from QDs remaining on the plasma membrane

To obtain high-quality TEM images of QDs, we have extended
the use of a standard silver enhancement method for use with QDs.
Silver enhancement has been widely used to increase the size of gold
particles used in immunogold labeling [28-33]. In this technique,
metallic silver derived from reduced ionic silver nucleates around the
gold particles in the presence of a reducing agent. This increases the
particle size such that subnanometer gold particles can be easily visu-
alized on a TEM. In the published literature describing the silver
enhancement technique, silver lactate is often used as a source of
silver ions. Its low dissociation constant allows it to be reduced more
evenly in the sample. Hydroquinone is often used as a reducing
agent. A protective colloid can also be used to inhibit the reaction
between the silver ions and the reducing agent. The silver enhance-
ment technique is here employed to coat QDs for imaging with
conventional bright-field TEM imaging (Figs. 5 and 6).
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Fig. 5 TEM images of QDs on the cell membrane. (a) Silver enhancement, (b) control in the absence of silver
enhancement. Surface binding of QDs was confirmed by fluorescence imaging of fixed cells with widefield
fluorescence microscopy prior to preparation for TEM

Fig. 6 QDs localized in endocytic vesicles. (a) Silver enhancement. The endocytic vesicle contains a combination
of individual and aggregated QDs. (b) Control in the absence of silver enhancement

3.3.1  Binding See Subheading 3.1.

and Internalization

of Quantum Dots

3.3.2  Preparation This protocol describes volumes used for 3.5 cm cell culture dishes
of Cells for TEM and can be scaled as necessary.

1. Fix cells by adding 1-2 mL of the fixative to the cell culture
dish at room temperature. Store at 4 °C for at least 2 h, until
ready for step 2.

2. Remove fixative and rinse with rinse buffer 2 times for 2 min.

3. Remove rinse buffer and rinse with ECS 4 times for 2 min.
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3.3.3 Cell Sectioning
and Staining

3.3.4 Transmission
Electron Microscopy

4. Prepare silver enhancement solution according to the manu-
facturer’s instructions immediately prior to use. Remove ECS
and apply 1 mL of freshly mixed silver enhancement solution
to the cell culture dish, cover the dish with aluminum foil, place
the dish on a shaker, and shake for 1 h at room temperature.

5. Terminate the enhancement process by removing the enhance-
ment solution from the dish and adding 1 ml enhancement
termination solution. Continue shaking for 5 min followed by
three rinses with ECS for 2 min each.

6. Remove ECS and rinse with rinse buffer three times for 2 min.

7. Postfix cells by adding 1 mL of post-fixative and let sit for
15 min at room temperature.

8. Remove post-fixative solution and briefly rinse with deionized
water.

9. Dehydrate the cells through a series of rinses with increasing
concentrations of ethanol in water. For each rinse, add 2 mL of
ethanol solution and shake for 2 min. Successive rinse concen-
trations are 25, 50, 70, 95 %, and 3x 100 % ethanol in water.
Perform one final rinse with fresh 100 % ethanol for 2 min
while shaking.

10. Remove the final ethanol solution. Add a freshly prepared
solution of resin-absolute ethanol (50/50 by volume) to the
cells and incubate for 2 h at room temperature.

11. Replace the resin-ethanol solution with 100 % resin and incu-
bate for 8 h. Replace with 100 % resin until ready for resin
curing.

12. When ready for curing, fill a plastic capsule with resin and
invert it onto the cells.

13. Cure the resin-embedded cells in an oven at 60 °C for 48 h.

Remove the resin block with the embedded cells from the culture
dish, and saw the block into the desired sizes. Glue the small blocks
onto a resin stub with the cell side facing up, so cells can be sec-
tioned horizontally. Cut sections with a diamond knife on an ultra-
microtome at a 60-70 nm thickness and collect the sections onto
200 mesh copper grids. After sectioning the cells and collecting the
sections onto copper grids, counterstain the sections with 5 % ura-
nyl acetate for 5 min. Rinse thoroughly with double-distilled water,
followed by 2 % lead citrate for 10 min. Rinse again thoroughly
with double-distilled water.

TEM images (Figs. 5 and 6) were acquired under a 75 kV acceler-
ated voltage and a 20 um objective aperture on a Hitachi H-7500
TEM. Figure 5 shows a comparison of plasma membrane-bound
QDs with (Fig. 5a) and without (Fig. 5b) silver enhancement.
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As described in Subheading 3.2.3, steps 1 and 2, cells were incubated
with QDs at 4 °C to prevent internalization. The silver-enhanced
QDs are visible as distinct, individual QDs on the plasma mem-
brane. In comparison, no QDs are visible in the absence of silver
enhancement. Both cells were incubated with the same concentra-
tion (4 nM) of QDs from the same sample. The cells were treated
identically with the exception of the silver enhancement.
Additionally, the cells were imaged with fluorescence microscopy
after fixation, but before further TEM preparation steps, to confirm
QD binding (data not shown). Figure 6 shows QDs localized in
endocytic vesicles with (Fig. 6a) and without (Fig. 6b) silver
enhancement. QDs are highly concentrated and visible in both
vesicles, but have much higher contrast in the silver-enhanced
image. The QDs are largely visible in the non-enhanced image only
where QDs overlap. QDs in the non-enhanced image have an aver-
age size of 9.1 x 6.4 nm while QDs in the enhanced image have an
average size of 10 x 8.6 nm. The much larger, darker features in the
enhanced image contain several QDs and likely aggregated silver.

4 Note

1. The cost of the quencher can also be considered. At the time
of publication, the cost of 1 mL of 1 uM solution (one cell
plate from the assay described in this chapter) of QSY-21 is
$0.031, as compared to TB for which the cost is $1.1x10°
(purchased as a solid). This factor of ~28,000 in cost may be
trivial for some experiments, but for large-scale applications of
this method, such as flow cytometry, it may be a considerable
expense.

Acknowledgments

References

C.K.P. gratefully acknowledges financial support from NIH
RO1-GMO086195.

1. Chan WC, Nie S (1998) Quantum dot bio- 3. Alivisatos AP, Gu W, Larabell C (2005)

conjugates for ultrasensitive nonisotopic detec-
tion. Science 281:2016-2018

. Michalet X, Pinaud F, Bentolila L, Tsay J, Doose
S, LiJ, Sundaresan G, Wu A, Gambhir S, Weiss S
(2005) Quantum dots for live cells, in vivo imag-
ing, and diagnostics. Science 307:538-544

Quantum dots as cellular probes. Annu Rev
Biomed Eng 7:55-76

. Medintz IL, Uyeda HT, Goldman ER,

Mattoussi H (2005) Quantum dot bioconju-
gates for imaging, labelling and sensing. Nat
Mater 4:435-446



32

&

7.

10.

11.

12.

13.

14.

15.

16.

17.

Craig J. Szymanski et al.

Gao X, Cui Y, Levenson RM, Chung LWK,
Nie S (2004) In vivo cancer targeting and
imaging with semiconductor quantum dots.
Nat Biotechnol 22:969-976

Chan W, Maxwell D, Gao X, Bailey R, Han M,
Nie S (2002) Luminescent quantum dots for
multiplexed biological detection and imaging.
Curr Opin Biotech 13:40-46

Lagerholm BC, Wang M, Ernst LA, Ly DH,
Liu H, Bruchez MP, Waggoner AS (2004)
Multicolor coding of cells with cationic pep-
tide coated quantum dots. Nano Lett
4:2019-2022

Nisman R, Dellaire G, Ren Y, Li R, Bazett-
Jones DP (2004) Application of quantum dots
as probes for correlative fluorescence, conven-
tional, and energy-filtered transmission elec-
tron microscopy. ] Histochem Cytochem 52:
13-18

Tsien RY (1998) The green fluorescent protein.
Annu Rev Biochem 67:509-544

Pinaud F, Clarke S, Sittner A, Dahan M (2010)
Probing cellular events, one quantum dot at a
time. Nat Methods 7:275-285

Delehanty JB, Bradburne CE, Boeneman K,
Susumu K, Farrell D, Mei BC, Blanco-Canosa
JB, Dawson G, Dawson PE, Mattoussi H,
Medintz IL (2010) Delivering quantum dot-
peptide bioconjugates to the cellular cytosol:
escaping from the endolysosomal system.
Integr Biol 2:265-277

Frasco MF, Chaniotakis N  (2009)
Bioconjugated quantum dots as fluorescent
probes for bioanalytical applications. Anal
Bioanal Chem 396:229-240

Pawley J (2006) Handbook of biological
confocal microscopy, 3rd edn. Springer, New
York, NY

Kameyama S, Horie M, Kikuchi T, Omura T,
Tadokoro A, Takeuchi T, Nakase I, Sugiura Y,
Futaki S (2007) Acid wash in determining cel-
lular uptake of Fab/cell-permeating peptide
conjugates. Pept Sci 88:98-107

Haigler HT, Maxfield FR, Willingham MC,
Pastan I (1980) Dansylcadaverine inhibits
internalization of 125I-epidermal growth fac-
tor in BALB 3 T3 cells. J Biol Chem
255:1239-1241

Kamen BA, Wang MT, Streckfuss AJ, Peryea
X, Anderson RG (1988) Delivery of folates to
the cytoplasm of MA104 cells is mediated by a
surface membrane receptor that recycles. J Biol
Chem 263:13602-13609

Leamon CP, Low PS (1993) Membrane folate-
binding proteins are responsible for folate-

protein conjugate endocytosis into cultured
cells. Biochem ] 291:855-860

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Shoji Y, Akhtar S, Periasamy A, Herman B,
Juliano RL (1991) Mechanism of cellular
uptake of modified oligodeoxynucleotides
containing methylphosphonate linkages. Nucl
Acids Res 19:5543-5550

Xu C, Xing B, Rao J (2006) A self-assembled
quantum dot probe for detecting B-lactamase
activity. Biochem Bioph Res Co 344:931-935
Tomasulo M, Yildiz I, Raymo FM (2006) pH-
Sensitive quantum dots. J Phys Chem B 110:
3853-3855

Chen C, Cheng C, Lai C, Wu P, Wu K, Chou
P, Chou Y, Chiu H (2006) Potassium ion rec-
ognition by 15-crown-5 functionalized CdSe/
ZnS quantum dots in H,O. Chem Commun
263-265

Dyadyusha L, Yin H, Jaiswal S, Brown T,
Baumberg JJ, Booy FP, Melvin T (2005)
Quenching of CdSe quantum dot emission, a
new approach for biosensing. Chem Commun
3201-3203

Somers RC, Bawendi MG, Nocera DG (2007)
CdSe nanocrystal based chem-/bio- sensors.
Chem Soc Rev 36:579-591

Oh E, Hong M, Lee D, Nam S, Yoon HC,
Kim H (2005) Inhibition assay of biomole-
cules based on fluorescence resonance energy
transfer (FRET) between quantum dots and
gold nanoparticles. ] Am Chem Soc 127:
3270-3271

Howarth M, Liu W, Puthenveetil S, Zheng Y,
Marshall LF, Schmidt MM, Wittrup KD,
Bawendi MG, Ting AY (2008) Monovalent,
reduced-size quantum dots for imaging recep-
tors on living cells. Nat Methods 5:397-399
Jablonski AE, Kawakami T, Ting AY, Payne
CK (2010) Pyrenebutyrate leads to cellular
binding, not intracellular delivery, of polyargi-
nine quantum dots. ] Phys Chem Lett 1:
1312-1315

Payne CK, Jones SA, Chen C, Zhuang X
(2007) Internalization and trafficking of cell
surface proteoglycans and proteoglycan-binding
ligands. Traffic 8:389—401

Danscher G (1981) Histochemical demonstra-
tion of heavy metals. Histochemistry 71:1-16

Danscher G, Norgaard J (1983) Light micro-
scopic visualization of colloidal gold on resin-
embedded tissue. ] Histochem Cytochem 31:
1394-1398

Danscher G, Stoltenberg M (2006) Silver
enhancement of quantum dots resulting from
(1) metabolism of toxic metals in animals and
humans, (2) in vivo, in vitro and immersion cre-
ated zinc—sulphur/zinc—selenium nanocrystals,
(3) metal ions liberated from metal implants and
particles. Prog Histochem Cyto 41:57-139



31.

32.

Imaging Intracellular Quantum Dots: Fluorescence Microscopy... 33

Chou LYT, Fischer HC, Perrault SD, Chan
WCW (2009) Visualizing quantum dots in
biological samples using silver staining. Anal
Chem 81:4560-4565

Burry R, Vandre D, Hayes D (1992) Silver
enhancement of gold antibody probes in

33.

pre-embedding electron microscopic immu-
nocytochemistry. J Histochem Cytochem
40:1849-1856

Javois L (1999) Immunocytochemical meth-

ods and protocols, 2nd edn. Humana Press,
Totowa, NJ






Chapter 3

Imaging of Cell Populations in Atherosclerosis Using
Quantum Dot Nanocrystals

Joshua R. Trantum and Ashwath Jayagopal

Abstract

Atherosclerosis, a leading cause of morbidity and mortality worldwide, is characterized by the accumulation
of lipid deposits inside arterial walls, leading to narrowing of the arterial lumen. A significant challenge in
the development of diagnostic and therapeutic strategies is to elucidate the contribution of the various
cellular participants, including macrophages, endothelial cells, and smooth muscle cells, in the initiation
and progression of the atheroma. This protocol details a strategy using quantum dot nanocrystals to moni-
tor homing and distribution of cell populations within atherosclerotic lesions with high signal to noise
ratios over prolonged periods of analysis. This fluorescence-based approach enables the loading of quan-
tum dots into cells such as macrophages without perturbing native cell functions in vivo, and has been used
for the multiplexed imaging of quantum dot-labeled cells with biomarkers of atherosclerotic disease using
conventional immunofluorescence techniques.

Key words Nanotechnology, Quantum dots, Nanocrystals, Macrophages, Atherosclerosis, Vascular
biology, Fluorescence imaging, Leukocytes

1 Introduction

A major objective in efforts to achieve early detection and effective
treatment of atherosclerotic disease is to identify the major cellular
and molecular mediators of the disease [1, 2]. For achieving this
goal, nanotechnology offers promising approaches for targeting
imaging agents to specific biomolecules. Nanoparticles may be
used to identify important constituents of the atherosclerotic
plaque, including endothelial cells, macrophages, and lymphocytes
[1, 3]. An emerging challenge is to develop imaging strategies for
targeting imaging agents toward multiple cell types within the
plaque such that multiplexed imaging of cellular components may
be simultaneously imaged.

Toward the goal of enabling detection of cell subpopulations
and analysis of their respective roles in plaque biology, we describe a
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preclinical nanotechnology-based optical imaging approach [4].
A technique based on this approach is described which utilizes
fluorescent quantum dot (QD) nanocrystals for the ex vivo labeling
of macrophages, and the analysis of QD-labeled cell distribution
within atherosclerotic plaques of the ApoE-deficient mouse model
of atherosclerosis (ApoE ~~). QD play an important role in this
approach due to their size-tunable distinct emission profiles to color-
code distinct cell populations, their high quantum efficiency, amena-
bility to conjugation with targeting ligands, and resistance to
photobleaching, all of which enable multiplexed long-term imaging
of QD-labeled cells and discase biomarkers within the atheroma
[5-8]. In this protocol, QD are linked to the cell-penetrating pep-
tide maurocalcine [9] to enable loading of live macrophages with
nanocrystals without toxicity or adverse effects on cell function.
Techniques for monitoring the efficiency of QD loading into cells
and the ex vivo analysis of QD-labeled macrophages within athero-
sclerotic plaques are outlined. While the macrophage is the cell
target of interest in this protocol, the techniques herein can be
applied toward ex vivo optical imaging of other cell types, such as
T lymphocytes within the atherosclerotic plaque, with similar eftec-
tiveness [4].

2 Materials

1. Sterile distilled deionized water (Millipore, Inc.).

2. Maurocalcine, 33-amino-acid custom-synthesized peptide
(several custom peptide synthesis services, such as Biomatik,
Inc. and Genscript, Inc., can be consulted to synthesize the
maurocalcine peptide). Details of this peptide’s synthesis have
been described elsewhere [9]. Specifically, the peptide was syn-
thesized and purified such that the product was 98 % pure, as
validated by HPLC and MS verification. The N-terminus was
biotinylated to enable its conjugation to streptavidin-function-
alized quantum dots, and the C-terminus was amidated to
avoid nonspecific peptide interactions. Additionally, the ven-
dor aliquoted the peptide into single-use 1 mg aliquots to
facilitate easy dispensing of the lyophilized peptide without
unnecessary freeze-thaw cycles. Upon receipt of lyophilized
peptides, aliquots were stored at -20 °C. Important. The
potential toxicity of this peptide has not been extensively eval-
uated, and therefore, handling of this peptide should be car-
ried out according to established safety procedures for
biohazardous, nonvolatile substances.

3. 655 nm-emitting ITK QD-Streptavidin Conjugate Kit, 2 uM
solution (Cat # Q10021MP, Invitrogen Corp.), featuring 6-8
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10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

streptavidin proteins per QD. This is referred to as “QD-SAV”
in Subheading 3.

. Borate buffered saline, pH = 8.2 (Cat # 08059, Sigma-Aldrich,

Inc.).

. EppendorfProtein LoBind 1.5 mL tubes (Cat # 0030 108.116,

Eppendort North America, Inc.).

. Amicon Ultra-4 50 K MWCO spin column centrifugation

devices (Cat # UFC805008, Millipore, Inc.).

. Swinging bucket centrifuge (Allegra X-22R, Beckman Coulter,

Inc.).

. AutoMACS rinsing solution of PBS with 2 mM EDTA adjusted

to pH = 7.2 (Cat # 130-091-222, Miltenyi Biotec), diluted
with MACS BSA stock solution (Cat # 130-091-376, Miltenyi
Biotec) to achieve 0.5 % BSA concentration.

. C57 /BL6 mice, aged 8—12 weeks (Harlan, Inc.) [used for iso-

lation of mouse macrophages from spleen].

Isoflurane anesthesia with vaporizer (Terrell).

15 mL sterile conical tubes (Cat # 07-200-886, Fisher Scientific,
Inc.).

5 mL syringes (Cat # 305218, BD Biosciences) [plunger used
in isolation procedure].

Cell strainer with 70 um nylon mesh (Cat # 352350, BD
Biosciences).

INCYTO C-Chip Hemacytometer (Cat # 22-600-101, Fisher
Scientific, Inc.).

Trypan Blue (Cat # SV30084.01, Thermo Scientific, Inc.).

CD11b positive selection magnetic microbeads (Cat # 130-
049-601, Miltenyi Biotec) [one kit is used for isolation of up
to 1 x10° CD11b* mouse cells].

MiniMACS Separator Unit with MS magnetic enrichment col-
umns (Cat # 130-090-312, Miltenyi Biotec).

Thermo Scientific Barnstead LabQuake rotator (Cat #
4002110Q, Thermo Scientific).

LSR II flow cytometer with UV diode (405 nm) and argon
(488 nm) laser or equivalent excitation sources (BD
Biosciences).

Anti-mouse CD68 antibody, Alexa Fluor 488 conjugate (Cat #
MCA1957A488, AbD  Serotec, Inc.), to identify
macrophages.

Physiological saline (Cat # S77939, Fisher Scientific, Inc.).
7-month-old ApoE~~ mice (Harlan, Inc.).
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23

24.

25.
26.
27.
28.

29.
30.

31.

. Phosphate buffered saline (Cat # BP2438-4, Fisher Scientific,
Inc.).

10 % neutral buffered formalin (Cat # 22-046-361, Fisher
Scientific, Inc.).

Liquid nitrogen.
Dry ice.
OCT compound (Cat # 14-373-65, Fisher Scientific, Inc.).

TE2000U inverted fluorescence microscope (Nikon
Instruments, Inc.).

C7780 color CCD camera (Hamamatsu).

Image Pro Plus image processing software (Media Cybernetics,
Inc.).

ProLong Gold antifade mounting medium (Cat # P36930,
Invitrogen Corp.).

3 Methods

3.1 Functionalization
of QD with the
Cell-Penetrating
Peptide Maurocalcine

1.

Resuspend 1 mg of lyophilized maurocalcine in 1 mL of sterile
distilled water (= 245 uM stock solution), and incubate at
room temperature, sealed, for 2 h. This will ensure complete
dissolution of the peptide (see Note 1). Any unused stock solu-
tion may be frozen at -80 °C for long-term storage and reused
no more than twice for QD conjugations; therefore, it is
important to aliquot the peptide according to its anticipated
number of conjugations that will be required.

. For every 1 x 10° macrophages to be labeled with QD, prepare
an Eppendorf tube with 12.5 uLL QD-SAV and 3.28 pL mau-
rocalcine in 184.22 pL of borate-buffered saline. This consti-
tutes a labeling solution with 125 nM QD-SAV and 4,000 nM
maurocalcine. Allow this solution to incubate at room tem-
perature for 30 min to allow streptavidin-biotin binding inter-
actions. The concentrations of each component in the labeling
solution are utilized to ensure that maurocalcine saturates the
surface of the QD-SAV, as there are 6-8 streptavidins per QD,
with each streptavidin having 4 biotin-binding sites, and there-
fore, 32 available maurocalcine-binding sites per QD-SAV.

. Load each sample onto an Amicon Ultra-4 spin column device,
using gentle pipetting along the area of the UltraCel mem-
brane surface. Gently add to this solution 3.8 mL of AutoMACS
rinsing solution.

. In a swinging bucket centrifuge, centrifuge the devices at
4,000 x g for 15 min at room temperature. This step serves to
remove excess, unbound maurocalcine from the QD-SAV/
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3.2 Immuno-
magnetic
Isolation

of Mouse
Macrophages

maurocalcine solution using  size-exclusion  spin
chromatography.
. Recover the retentate, which is approximately 80 pL, using a

pipettor, and transfer to 1.5 mL tubes. Retain at room tempera-
ture in the dark until ready for use (see Note 2). Discard the filtrate
containing unbound maurocalcine as biohazardous waste.

It is important in this procedure to work on ice using the recom-
mended rinsing solution, to ensure preservation of CD11b anti-
gens used for isolation, and to prevent cell aggregation and
nonspecific binding to beads.

1.

Anesthesize mice with isoflurane (4 % induction) and eutha-
nize by cervical dislocation.

. Excise spleens from mice and immediately place each spleen in

15 mL conical tubes filled with AutoMACS solution with BSA
chilled to 4 °C (“AutoMACS”) (see Note 3).

. On ice, disrupt cells with the plunger of a 5 mL syringe until a

turbid cell suspension is obtained. Titurate the suspension with
a 10 mL pipet, and strain the cells three times through a 70 um
cell strainer.

. Centrifuge the cell suspension at 450 x g for 5 min at 4 °C, and

aspirate the supernatant. Resuspend the cells with 1 mL of
AutoMACS.

. Using a hemacytometer, perform a total cell count. Use trypan

blue exclusion to determine dead cell fraction and discard from
total cell count in order to calculate the live cell concentration.
In our experience, viability is >90 % at this point in the proce-
dure, and the total cell number should be between 1 and
2x 108 cells per spleen, depending on the efficiency of the tis-
sue disruption procedure. A cell count significantly below this
amount will indicate that the splenic disruption was incom-
plete and may likely need to be repeated. Keep cells on ice.

. Resuspend the cells in 1 mL of buffer for every 1x108 cells.

Add 40 pL of CD11b* microbead solution for every 1x10®
cells, and incubate for 30 min on ice, gently inverting the tube
every 5 min to ensure proper mixing.

. Rinse the cells by centrifugation at 450 x g for 5 min at 4 °C,

aspirating supernatant and resuspending the cell pellet in 1 mL
AutoMACS. Repeat this centrifugation and wash step twice,
but in the last resuspension step, resuspend cells in 500 uL of
AutoMACS.

. Place MS column within the MiniMACS separator by fitting

the column in the designated slot. Rinse the column with 500
uL of AutoMACS.
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3.3 Intracellular
Loading of
Macrophages with QD

3.4 Monitoring
of Loading Efficiency

9.

10.

11.

Carefully overlay the 500 puL cell suspension onto the MS
column.

Collect 3x500 pL fractions of unlabeled cells (CD11b") by
rinsing the MS column with 500 puL of AutoMACS each time an
entire column volume is collected. These unlabeled cells can be
retained at 4 °C for quality control purposes in Subheading 3.4.

To recover the CD11b* cell fraction containing macrophages,
remove the MS column from the MiniMACS device and place
it on an Eppendorftube for collection. Use 1 mL of AutoMACS
solution and the supplied plunger to gently expel the CD11b*
cells from the column. Retain collected cells for labeling with
QD in Subheading 3.3. Discard columns as biological waste
after rinsing with 5 mL of household bleach. A fraction of the
collected cells should be counted using a hemacytometer with
trypan blue exclusion to determine the yield of macrophages,
which is typically 2 x 10° cells per spleen.

. In 15 mL sterile conical tubes, combine collected cells from

Subheading 3.2, step 11, with QD-SAV /maurocalcine label-
ing solutions from Subheading 3.1, step 5. Next, add 10 uL. of
the anti-CD68 antibody solution, and dilute the solution to
2.5 mL using AutoMACS. Incubate the solution on a tube
rotator in a humidified cell culture incubator at 37 °C, 5 %

CO, for 30 min (see Note 4).

. Centrifuge the cells at 450 x g, aspirate the supernatant with-

outdisturbing the cell pellet,and rinse with 1 mL of AutoMACS.

Repeat thrice, resuspending the cells in the final step to 500 uL
of AutoMACS.

. Prepare to inject cells in animal models immediately for opti-

mal homing to atherosclerotic lesions (Subheading 3.5.1),
while concurrently having a fraction of the cells analyzed by
flow cytometry (Subheading 3.4). It is recommended that each
task be delegated to different personnel to minimize the time
between cell labeling and injection procedures.

. Dilute a 50 pL fraction of the labeled cells from step 2 of

Subheading 3.3 with 1 mL of AutoMACS, and analyze labeling
efficiency on a flow cytometer configured for Alexa Fluor 488
excitation and emission settings (488 nm excitation, 520,/20 nm
emission) to visualize CD11b* cells, and QD excitation and
emission settings (405 nm excitation with 655,/20 nm emis-
sion) to visualize the fraction of those cells which are QD*. In
our hands, the labeling procedure achieved >90 % labeling
efficiency of CD68* macrophages, and very few contaminating
cell types, such as lymphocytes, were present in the purified cell
mixture [4]. As a negative control, the CD11b- cell population
from the elution steps of Subheading 3.2, step 10, can be
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3.5 Analysis of
QD-Loaded
Macrophages in the
ApoE - Mouse Model
of Atherosclerosis

3.5.1 Injection of Cells

3.5.2 Tissue Collection
and Processing

analyzed using these settings following dilution in AutoMACS
and CDG68 staining to validate the purity of the procedure, and
to set background settings for measuring QD fluorescence.

. Use flow cytometry analysis software (e.g., FlowJo, Treestar,

Inc.) to analyze the percentage of QD*/CD68* macrophages,
using the region of interest function.

In our experience, injection of 1 x 10° QD-labeled cells is sufficient
to visualize macrophages within atherosclerotic plaques following
only 2 days of circulation time. However, cells can be visualized as
long as 1 month following injection of cells, and injected doses
may be varied from 1 to 5x 106 cells with similar results.

1.

Centrifuge 1 x10° cells at 450 x4 and resuspend in 100 pL of
sterile saline.

. Inject cells into retro-orbital plexus of ApoE~~ mice.

. Immediately following injection, apply firm pressure on the

injected eye using gauze pads to encourage hemostasis.

Following a circulation period of 2 days to 1 month, euthanize
mice as described in Subheading 3.2.

1.

10.

Harvest aortas of mice, which contain substantial aortic plaques
at 7 months of age (se¢e Note 5).

. Rinse aorta with PBS chilled to 4 °C to remove blood and debris.

. Place tissue into neutral-buffered formalin and fix overnight at

room temperature.

. Rinse in 4 °C PBS three times for 10 min each. During this

step, a stainless steel container should be filled with liquid
nitrogen and another container should be filled with dry ice.
Partially fill the mold with OCT.

. Transfer aorta to a clean petri dish and absorb excess PBS with

a clean tissue.

. Place tissue in pre-labeled base molds filled with OCT. Arrange

the tissue within the OCT as flat as possible, and near the
bottom of the space, to facilitate cryosectioning.

. Use a forceps to hold base mold edge and place the base mold

into the surface of the liquid nitrogen. Allow bottom of mold
to touch the surface of the liquid nitrogen. Hold until the
aorta solidifies. Immediately remove tissue once solidified to
avoid cracking of the mold.

. Place tissue block on dry ice.

. Store frozen tissue block in -80 °C freezer immediately and

maintain until sectioning.

For sectioning, attach the frozen tissue block on the cryostat
chuck. Allow tissue block to equilibrate to the cryostat temperature
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Fig. 1 Visualization of QD-labeled macrophages within atherosclerotic plaques within the aortic root. (a) DAPI
nuclear counterstaining; (b) Alexa Fluor anti-CD68 staining, to identify macrophages; (¢) QD-labeled mac-
rophages; (d) overlaid image; yellow regions correspond to CD68+/QD* macrophages. Elastin accounts for the
intense hyperfluorescence in all channels in the lower right of the image, and should be expected as part of
immunofluorescence analysis

(=20 °C) before cutting sections. For our analyses, sections are
cut at 5 um. It is recommended that a trained histologist carry
out these steps (see Note 6).

11. Dry at room temperature till the sections are firmly adhered to
the slide, and mount slide in ProLong Gold mounting media
with DAPI and cure medium to slide by overnight storage at
room temperature. Store in a dry, dark location until image
analysis. It is recommended that slides be imaged within the
week following sectioning to maximize QD fluorescence.

3.5.3 Tissue Imaging For imaging of QD in aortic atherosclerotic plaques, we used a
Nikon TE2000U inverted microscope with Hamamatsu C7780
CCD camera, in conjunction with Image Pro Plus 5.1 for image
acquisition. However, any microscope configuration designed for
fluorescence imaging using the excitation/emission settings
described below may be appropriate.

1. Locate aortic root lesions in the ascending aorta through light
micrographic imaging of 5 um sections (Fig. 1).
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2. In fluorescence mode, acquire images using DAPI (360,/40 nm

excitation, 460 /20 nm emission) and QD (405 /40 nm excita-
tion, 655/20 nm emission) settings.

. Use the “color composite” function of Image Pro Plus to over-

lay nuclear images (DAPI) with QD and light micrographs as
desired to photograph plaques. Colocalization analysis can be
performed at this point to enumerate QD* nuclei within the
plaque, representing the injected macrophages.

4 Notes

. Itis important to dissolve the peptide in water, as salt solutions

impede optimal dissolution of the peptide. This stock solution
can be diluted with saline, however, without adverse effects on
the peptide.

. The QD-SAV /maurocalcine can be stored in this manner for

same-day use. For use up to 3 days later, the conjugate should
be stored at 4 °C in the dark.

. One homogenized spleen yields approximately 10x 103 total

cells, of which 5 % of the population consists of CD11b* mono-
cyte/macrophage cells. The immunomagnetic isolation proce-
dure, in our hands, provided approximately a 40 % yield of
CD11b* cells. Therefore, as a guideline for planning isolations,
using the immunomagnetic isolation procedure one can expect
approximately 2 x10° CD11b* macrophages per spleen to be
recovered for use in subsequent QD labeling and imaging
experiments.

. This step can accommodate from 0.5 to 2 x 10° cells from step

11 of Subheading 3.2, with similar labeling efficiencies. Other
cell concentration ranges have not been tested.

5. While ApoE~~ mice fed on chow diet at 7 months of age do

feature aortic plaques, larger plaque regions may be obtained
by feeding mice on a high-fat diet and/or using older (12
months) ApoE-deficient mice.

. Cryosectioning is best carried out by a histologist. Consulting

with a histologist prior to sectioning tissues can also enable a
number of specialized techniques, such as those using oil red
O staining to visualize lipid within plaques, CD68 staining to
visualize macrophages, and CD4 /8 staining to visualize lym-
phocytes. The distinct emission spectra of QD enable multi-
plexed imaging of cell populations within the plaque, as
previously described in ref. [4].
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Chapter 4

Imaging of Endothelial Progenitor Cell Subpopulations
in Angiogenesis Using Quantum Dot Nanocrystals

Joshua M. Barnett, John S. Penn, and Ashwath Jayagopal

Abstract

Over the last decade, research has identified a class of bone marrow-derived circulating stem cells, termed
endothelial progenitor cells (EPCs), that are capable of homing to vascular lesions in the eye and contrib-
uting to pathological ocular neovascularization (NV). In preclinical and biological studies, EPCs are
frequently identified and tracked using a intracellularly loaded fluorescent tracer, 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbo cyanine perchlorate-labeled acetylated LDL (Dil-acLDL). However, this method is
limited by photobleaching and insufficient quantum efficiency for long-term imaging applications. We
have developed a method for conjugation of high quantum efficiency, photostable, and multispectral
quantum dot nanocrystals (QD) to acLDL for long-term tracking of EPCs with improved signal-to-noise
ratios. Specifically, we conjugated QD to acLDL (QD-acLDL) and used this conjugated fluorophore to
label a specific CD34* subpopulation of EPCs isolated from rat bone marrow. We then utilized this method
to track CD34* EPCs in a rat model of laser-induced choroidal neovascularization (LCNV) to evaluate its
potential for tracking EPCs in ocular angiogenesis, a critical pathologic feature of several blinding
conditions.

Key words Endothelial progenitor cells, Nanocrystals, Quantum-dots, Choroidal neovascularization,
Angiogenesis, Diabetic retinopathy, Age-related macular degeneration, Acetylated low-density
lipoprotein, Immunomagnetic cell isolation

1 Introduction

Several highly prevalent blinding ocular conditions are characterized
by angiogenesis, including diabetic retinopathy, macular degenera-
tion, and retinopathy of prematurity. A number of cellular and
biomolecular interactions contribute to the pathology seen in these
disorders [1, 2]. In 1997, Asahara and coworkers identified and
initially characterized a circulating population of cells originating
from the bone marrow, designated endothelial progenitor cells
(EPCs), that were subsequently shown to home to neovascular
lesions and contribute to the development of new pathologic ves-
sels [3—6]. Under these conditions, EPCs roll along and adhere to
the endothelial cells of the inner vascular wall of neovascular tissue
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to augment angiogenesis [7-9]. Several animal models that simu-
late these ocular diseases have been utilized to image EPCs for
elucidation of these and other functions [5, 6]. However, the
specific factors governing EPC homing to tissue and the full spec-
trum of their functions remain incompletely understood. The
emerging importance of EPCs in these diseases has motivated the
development of methods to image EPCs in tissues with high sensi-
tivity and specificity.

A majority of EPC populations described in the literature orig-
inate from the bone marrow and are defined as being CD34 posi-
tive (CD34*), and these cells incorporate acetylated low-density
lipoprotein (acLDL) [7, 10-15]. Due to the latter characteristic,
dye-labeled acLLDL incorporation is often used to label and track
these cells using the Dil-acLDL fluorophore conjugate
(Dil =1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocarbo-cyanine
perchlorate). However, this dye-based strategy is limited by low
intensity and photostability, which complicates longitudinal stud-
ies of EPCs in disease models. In this chapter, we describe an EPC
imaging strategy that incorporates quantum dot nanocrystals (QD)
as the fluorophore, rather than Dil. QD are superior to organic
dyes in photostability and fluorescence intensity, and thus enable
more specific and prolonged visualization of EPCs in tissue. Using
QD, EPCs are isolated from rat bone marrow and labeled ex vivo.
The cells are then systemically injected and imaged in a relevant
context using a rat model of laser-induced choroidal neovascular-
ization (LCNV). This animal model is widely employed to model
pathologic angiogenesis of the type that occurs in neovascular age-
related macular degeneration.

2 Materials

1. Six 4-week-old Brown Norway rats (around 100 g each) [for
cell isolation from bone marrow].

2. Isoflurane (Terrell).

3. Hank’s Buffered Salt Solution (HBSS): (1x solution): 5 mM
KCl, 0.44 mM KH,PO,, 137 mM NaCl, 0.34 mM Na HPO,,
3.3 mM NaHCO,, 5.5 mM d-glucose, pH 7.1-7.4 [easily
contaminated by bacteria if not kept in a sterile location].

4. Accutase™ (A6964, Sigma).

. Swinging-bucket centrifuge.

N Ul

. Sterile 40 nm nylon mesh (Sefar America, Inc., Fisher
Scientific).

7. EasySep® cell isolation system (18558, StemCell Technologies),
including: EasySep® FITC Selection Cocktail (18152), mag-
netic nanoparticles (18150), and EasySep® magnet (18000).
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8.
9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
28.

29.

30.

31.

Hemacytometer (BD Biosciences, Bedford, MA).

Five milliliter Falcon tube: (isolation tube): (352058, Becton
Dickinson).

Phosphate-buffered saline (PBS): (1x solution): 3.2 mM
Na,HPO,, 0.5 mM KH,PO,, 1.3 mM KCl, 135 mM NaCl,
pH74.

Isolation bufter: (1x solution): PBS, 2 % fetal bovine serum
(FBS), 1.0 mM EDTA [make fresh, important to keep this
solution Ca?* and Mg?* free to discourage cell aggregation].

FcR blocking antibody (112-001-008, Jackson Immuno
Research Laboratories, Inc.).

Rabbit anti-CD34 FITC-conjugated antibody (252268,
Abbiotec).

EGM-2 medium (CC-3162, Clonetics): contains FBS, hydro-
cortisone, epidermal growth factor, and antibiotic [keeps for a
few weeks at 4 °C].

100x antibiotic/antimycotic solution (A5955, Sigma) [keep at
-20 °C until needed].

Human low-density lipoprotein (Biomedical Technologies,
Inc.).

Sulfo-NHS-biotin (Pierce protein research products, Thermo
Fisher Scientific).

Borate buffered saline (BBS): (1x solution): 10 mM sodium
borate, 150 mM NaCl, pH 8.2.

G-25 Sephadex columns (GE Lifesciences).

Sulfo-NHS-acetate (Pierce protein research products, Thermo
Fisher Scientific).

Sephacryl 400HR (GE Lifesciences).

QD655: Quantum dots emitting 655 nm light (Invitrogen).
Dil-acLLDL (BT-902, Biomedical Technologies, Inc.).

4’ 6-diamidino-2-phenylindole (DAPT) (Sigma, D9532).
Chamber Slides™ (177429, Lab-Tek).

Light microscope similar to the AX70 (Olympus).

100 W mercury lamp and filter cubes (Olympus).

Provis system digital camera DP71 (Olympus), computer
(Dell), and DP controller software (Olympus).

Eight 100 g Brown Norway rats [for induction of LCNV and
subsequent analysis of injected QD-labeled EPCs].

General anesthetic:  80/12 mg/kg ketamine/xylazine
(K113, Sigma).

Local anesthetic: 0.5 % proparacaine drops.
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32. Dilating eye drops: 2.5 % phenylephrine and 1 % atropine
(Bausch and Lomb).

33. 2.5 % Gonak solution (Akorn) [used with glass coverslips to
help visualize the fundus of the retina and keep the eye moist
during the procedure].

34. Slit lamp (Carl Zeiss Meditec) with a laser delivery system.
35. Argon Green Laser (Coherent, Palo Alto; CA, USA).

36. 50 pl Hamilton syringe (Hamilton Co.) and a 30-gauge 19°
beveled needle (Hamilton Co.).

37. Isopropyl alcohol swabs (Fisher Scientific, Inc.).

38. Dissection equipment: scalpel, jewelers forceps, Castroviejo
scissors (Miltex, Inc., York, PA).

39. 37 % formaldehyde solution (Sigma).

40. Bovine serum albumin (BSA) (Sigma).

41. FITC-conjugated isolectin B, (L2895, Sigma).
42. Triton X-100 (Sigma).

43. Clear glass slides and Gel/Mount slide coverslipping medium
with anti-fading reagents (#M01, Biomedia).

3 Methods

3.1 Immunomag-
netic Isolation

of Endothelial
Progenitor Cells from
Bone Marrow

The methods below outline (1) immunomagnetic isolation of
EPCs from bone marrow, (2) intracellular loading of EPCs with
QD, (3) monitoring of QD loading efficiency, and (4) imaging of
QD-loaded EPCs in a rat model of LCNV. While these methods
were specifically used for imaging EPCs in LCNV, the techniques
herein could be applied toward the labeling and imaging of EPCs
in other vascular diseases, including cancer and diabetes, by selec-
tion of a relevant animal model.

Cells were isolated from six 4-week-old Brown Norway rats. The
animals were sedated with isoflurane (Terrell) vapors, and then
cuthanized by decapitation. Their tibias and femurs were removed,
and the marrow was isolated from these bones in 20 mL total vol-
ume of Hank’s Buffered Salt Solution (HBSS) [5 mM KCI,
0.44 mM KH,PO,, 137 mM NaCl, 0.34 mM Na,HPO,, 3.3 mM
NaHCO,, 5.5 mM d-glucose, pH 7.1-7.4]. The marrow tissue
was then triturated and digested in Accutase™ (A6964, Sigma) for
5 min. Following the digestion, the dissociated cells were washed
three times in HBSS followed by centrifugation to remove extra-
cellular matrix debris, and were filtered through a double layer of
sterile 40 nm nylon mesh (Sefar America, Inc., Fisher Scientific,
Hanover Park, IL). Following this step, the remainder of the pro-
cedure was carried out under a laminar flow hood using aseptic
technique.
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The cell mixture was then purified in order to enrich for CD34*
cells using an immunomagnetic purification method similar to that
employed by Su X. et al. for the isolation of CD31* endothelial
cells [16]. We used the EasySep® cell isolation system (18558,
StemCell Technologies, see Note 1). Initially, cells were counted
using a hemacytometer to ensure that no more than 2x10® cells
per milliliter were in an isolation tube (352058, Becton Dickinson).
These cells were then centrifuged and resuspended in 1.0 mL of an
isolation buffer [3.2 mM Na,HPO,, 0.5 mM KH,PO,, 1.3 mM
KCl, 135 mM NaCl, pH 7.4, 2 % fetal bovine serum (FBS), 1.0 mM
EDTA]. An FcR-blocking antibody (112-001-008, Jackson
ImmunoResearch Laboratories, Inc.) was then added at 50 pg/
ml. Next, 3.0 pg/ml of a rabbit anti-CD34 FITC-conjugated anti-
body (252268, Abbiotec) was added and the mixture was allowed
to incubate for 15 min at room temperature. Following this incu-
bation, the EasySep® FITC Selection Cocktail (18152, StemCell
Technologies) was added at 100 pl/ml cells and allowed to incu-
bate for another 15 min at room temperature. Finally, the mag-
netic nanoparticles (18150, StemCell Technologies) were mixed in
at 50 pl/ml cells and allowed to incubate for 10 min. The cell sus-
pension was then brought to a total volume of 2.5 mL with isola-
tion buffer and gently mixed in the tube to ensure a homogenous
suspension (se¢ Note 2). The cells were then placed into the
EasySep® magnet (18000, StemCell Technologies) and allowed to
sit for 5 min, before the tube contents were carefully discarded into
a waste container. This resuspension/magnetic pelleting/discard-
ing process was repeated twice. After the third repetition of this
process, the cells were resuspended in EGM-2 media (CC-3162,
Clonetics) containing 10 % fetal bovine serum, 1 pg/ml hydrocor-
tisone, 10 ng/ml epidermal growth factor, and 5 ml/500 ml of
100x antibiotic/antimycotic solution (A5955, Sigma) and plated
onto 60 mm plastic dishes to be expanded for one full passage
before further use.

Prior to in vitro imaging of QD in EPCs, EPCs were seeded at
5,000 cells per well on 4-well Chamber Slides™ (177429, Lab-
Tek, see Note 3) and incubated for 2—4 days at 37 °C until 60 %
confluence was achieved. For injection of QD-labeled EPCs in the
LCNV model (3.4), EPCs were maintained in 60 mm cell culture
dishes until detachment in Accutase and resuspension of EPCs to
the desired density.

In order to produce fluorescently labeled acLDL, 100 pl of human
low-density lipoprotein (LDL) (5 mg/mL) was added to 10 pl of
a 20 mM solution of sulfo-NHS-biotin in borate buffered saline
(pH=8.2, see Note 4). The mixture was allowed to react for 30 min
at room temperature. Following this reaction, the sample was
purified for removal of excess reagent using G-25 Sephadex gravity
column filtration with borate buffered saline as the elution buffer.
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3.3 Intracellular
Loading of EPCs
with acLDL-QD

3.4 Monitoring of
QD-Loading Efficiency

To perform this step, the column bufter is eluted by discarding the
column buffer and equilibrating the column with three column
volumes of borate buffered saline. These eluents are discarded, and
following the third elution step, the biotinylated LDL is pipetted
gently on the top of the gel matrix and allowed to penetrate the
gel. Next, the column is filled with one column volume of borate
buffered saline, and the eluent is collected in 100 plL fractions.
acLDL elutes in collections 1-3 due to its larger molecular weight
compared to sulfo-NHS-biotin. The remainder of the eluent is dis-
carded. The protein is now purified from excess labeling reagent in
preparation for the next step. Following purification, 1.0 mg of
sulfo-NHS acetate was added to the product diluted in 1.0 mL
total borate buffered saline and the solution was incubated for 1 h.
The conjugated protein was then purified using a G-25 column,
with borate buffered saline as the elution buffer, to remove excess
acetylation reagent, yielding a pure solution of biotinylated acLLDL.
The conjugated protein was then incubated with 5.0 pl of strepta-
vidin-functionalized QD655 (QD emitting 655 nm light) for
30 min at 37 °C. This solution was characterized for conjugation
efficiency by size exclusion chromatography on Sephacryl HR400
resin and was found to exhibit three acLDL molecules per QD.

In order to label the EPCs with QD-acLDL and Dil-acLDL (BT-
902, Biomedical Technologies, Inc.), the cells were incubated with
2.0 pg/ml of each acLDL in growth media for 6 h at 37 °C.
Equivalency between Dil-acLDL and QD-acL.DL can be achieved
by our knowledge of the 3:1 acLDL:QD ratio. Fifteen minutes
prior to ending the incubation, DAPI (Sigma, D9532), a nuclear
counterstain, was added to the cells at a concentration of 1 pg/
mL. Following the 6 h incubation, the media was removed, and
the cells were washed thrice in pre-warmed (37 °C) PBS. After the
wash, the cells were coverslipped to be visualized by fluorescence
microscopy using Gel/Mount.

The EPCs were imaged on Chamber Slides™ (177429, Lab-Tek)
labeled directly with QD-acLDL and Dil-acLDL using fluorescence
microscopy. These cells can be imaged on an upright or inverted
fluorescent confocal or wide-field microscope that has the appro-
priate filter set to distinguish the 568 nm fluorescence of the Dil,
the 655 nm fluorescence of the QD, and the 454 nm fluorescence
of the DAPI without significant spectral overlap. In our experi-
ments, we used an AX70 microscope (Olympus, Japan) containing
filter cubes with 460,40 nm (i.e., corresponding to a 440—480 nm
passband of emitted light collected by the camera), 570,/30 nm,
and 655 /20 nm emission filters. Images of the cells were captured
using a digital camera attached to the Provis system (DP71,
Olympus, Japan) coupled to a computer with image capture soft-
ware (DP Controller, Olympus, Japan). However, this analysis can
be completed with a comparable imaging system.
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Fig. 1 Imaging of CD34+ EPCs with fluorophore-acLDL conjugates. Panel (a) shows the internalized Dil-acLDL
conjugate throughout the cytoplasm. Panel (b) shows the same field of cells as (a), but with internalized, cyto-
plasmically distributed QD655-acLDL. Panel (¢) exhibits the DAPI-labeled nuclei of the cells in the same field
of view. These panels demonstrate that Dil-acLDL and QD655-acLDL are targeted to and taken up by the same
EPC populations. Subsequent analysis by fluorescence microscopy indicated that cells labeled with Dil became
dim within 6 min of continuous illumination, but that QD-labeled cells lost only 3-5 % of initial fluorescence
for every 10 min of continuous illumination during a 60 min analysis

3.4.1

Imaging of the

acLDL-Labeled EPCs

3.5 Analysis

of QD-Loaded EPCs
in a Rat Model of
Ocular Angiogenesis

3.5.1
Model

Generation of LCNV

1. Using a microscope configured for excitation with 520,/20 nm
light, excite the cells labeled by Dil-acLDL and collect an
image of resulting fluorescence emission of cells with the
570,/30 nm band-pass filter. Capture this image first, since Dil
is the most sensitive fluorophore to photobleaching.

2. Without moving the slide, capture the next image of the DAPI-
stained cell nuclei using a 360,/20 nm excitation light with the
460,/40 nm band-pass emission filter.

3. Finally, capture the QD-acLLDL-labeled cells using the 360 nm
incident light (or if not available, an excitation wavelength of
<480 nm) with the 655,/20 nm band-pass filter. Note that the
smaller wavelength incident light will produce a stronger exci-
tation of the QDs. For optimal results, illuminate the QD-loaded
cells for at least 2 min using these incident light settings to
induce maximal QD fluorescence emission.

The images shown in Fig. 1 demonstrate that EPCs can be
labeled with QD-acLDL with equal efficiency to Dil-acLDL
labeling; however, the QD-acLDL labeling results in bright and
photostable EPCs that can be tracked in culture for longer periods
of time. Specifically, we imaged EPCs labeled with QD continu-
ously up to 60 min with only a minor decrease in intensity, whereas
Dil-labeled EPCs after the same illumination period were not visible
in the Dil channel.

In this study, CNV, a subretinal form of angiogenesis in which
choroidal blood vessels are stimulated to abnormally grow beneath
the retinal photoreceptors, was produced in eight Brown Norway
rats, each weighing 100 g. This CNV was produced by administer-
ing laser radiation between the major retinal vessels of the fundus
as we and others have previously published [17-20]. The animals
were anesthetized with an IP injection of 80/12 mg/kg ketamine /



52 Joshua M. Barnett et al.

3.5.2 Injection
of QD-acLDL-Labeled
EPCs into LCNV Model

3.5.3 Characterization
of EPCs in Retinal
Neovascular Tissue

xylazine (K113, Sigma), treated with proparacaine (0.5 %) drops
for corneal anesthesia, and the pupils dilated with phenylephrine
(2.5 %) and atropine sulfate (1 %) drops. A handheld coverslip and
(2.5 %) Gonak solution (Akorn) were used as a contact lens for the
maintenance of corneal clarity during photocoagulation. Animals
were positioned before a slit lamp (Carl Zeiss Meditec, Inc.; Jena,
Germany) laser delivery system. An argon green laser (Coherent,
Palo Alto; CA, USA) was used for photocoagulation (532 nm
wavelength; 360 mW power; 0.07-s duration; and 50 um spot
size). The laser beam was focused on Bruch’s membrane with the
intention of rupturing it, as evidenced by subretinal bubble forma-
tion without intraretinal or choroidal hemorrhage at the lesion
site. Each lesion was made in the regions between the major vessels
of the retina for a total of six lesions per eye concentrically applied
approximately two optic discs from the center. The choroidal capil-
laries proliferated through the break in Bruch’s membrane into the
disrupted outer layers of the retina. Laser rupture sites that had
subretinal bleeding at the time of lesion creation were excluded
from analysis, and represented less than 10 % of total rupture sites
in each treatment group. With minor operator training, this proce-
dure can be completed efficiently and reliably such that up to 20
rats per day can be induced for LCNV.

Seven days after laser treatment, the animals received a tail vein
injection of 1 x 10° EPCs labeled with QD655-acLDL in a volume
of 40 ul (PBS vehicle) using a 50 pl syringe (Hamilton Co.; Reno,
NV) and a 30-gauge needle with a 19° bevel. These cells had been
labeled as previously described in Subheading 3.3. For the injec-
tion, the rats were anesthetized by isoflurane (Terrell) inhalation,
and the tail was wiped with an isopropyl alcohol swab. The injec-
tion was made in either of the lateral veins along the base of the
animal’s tail. As the needle was advanced for the injection, the
plunger was pulled back slightly in order to see a flash of blood in
the syringe, ensuring the needle was properly in the vein. Fourteen
days following laser application, animals were sacrificed by cervical
dislocation to prepare ocular tissues for ex vivo analysis.

After the animals were sacrificed, eyes were immediately enucleated
(removed from the orbit) and placed in fixative, and the cornea,
iris, and lens were removed. The retina was peeled away from the
fundus gently using a hemostat to reveal the choroid-sclera-RPE
section. This section was flattened on a slide, mounted in Gel/
Mount, and coverslipped. Endothelial cells and extracellular matrix
components were stained to reveal the areas of neovascularization.
Areas of abnormal vascular growth were measured via computer-
assisted image analysis using high-resolution digital images of the
stained sclera-choroid-RPE flat-mounts. The details of this process
are described below.
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Dissection
and Analysis of
Neovascularization

Fluorescence Imaging
of LCNV Lesions

1.

Enucleate the eyes and place them into labeled containers with
10 % neutral buffered fixative solution [90 % v/v PBS and 10 %
v/v 37 % formaldehyde solution] for 2 h at 4 °C.

. Isolate the choroid, sclera, and RPE. Make sure to remove the

entire retina from the RPE surface and remove the cornea,
lens, and iris.

. Place each dissected sample into a labeled 24-well plate well for

staining.

4. In the well, wash the samples with PBS for 5 min.

. Using 5 % BSA in PBS, block the samples on a shaker for 1 h

at room temperature.

. Rinse each sample with PBS three times for 5 min each.

. Completely cover and submerge each dissected sample with a

solution of PBS with 4.0 pg/ml FITC-conjugated isolectin B,
(L2895, Sigma) and 0.1 % Triton X-100, and incubate for 24 h
at 4 °C on shaker.

. Remove the staining solution and wash with PBS three times

for 5 min each.

. Mount the choroidal flat-mounts on the slides, attempting to

make them as flat as possible on the glass. Several cuts from the
periphery of the sclera toward the center of the eye will facili-
tate this process. Use Gel/Mount to prevent the FITC from
bleaching (see Note 5).

. Position slides with flat-mounts into focus using a 20x or 40x

objective designed for fluorescence analysis.

. Using 490,/20 nm of incident light, excite the cells labeled by

FITC-isolectin B, and obscure the fluorescence with the
525/20 nm band-pass filter. Capture this image first, since
FITC is the most sensitive fluorophore to photobleaching.
Isolectin B, labels all endothelial cells within blood vessels,
including EPCs.

. Without moving the slide, capture an image of the

QD-acLDL-labeled cells using the 360 nm or 490 nm cen-
tered excitation light with the 655/20 nm band-pass filter.
Note, again, that the smaller wavelength incident light will
produce a stronger excitation of the QDs. These settings will
reveal the presence of EPCs in the specimen which can be dis-
tinguished from other isolectin B, positive, mature endothelial
cells.

The results of our experiment are shown in Fig. 2 and demon-

strate that the QD-acLDL-labeled EPCs make up a large portion
(62 % of the total lesion size) of the lesions, and that they frequently
coalesce in the middle of the lesion. This observation suggests that



54 Joshua M. Barnett et al.

Fig. 2 Imaging of CD34+ EPCs labeled with QD655-acLDL in the lesions of LCNV rats undergoing angiogenesis.
Panels (a) and (b) show two different CNV lesions labeled with isolectin B,-FITC conjugate (all endothelial
cells). Panels (¢) and (d) show the QD655-acLDL-labeled CD34+ EPCs from (a) and (), respectively, that were
injected into the tail vein of LCNV model rats 7 days prior to ex vivo analysis. QD-labeled EPCs homed to the
neovascular lesions in the choroid in large masses or alternatively arrived in small numbers and proliferated
to comprise up to 62 % of neovascular lesion area. This is a clear demonstration that QD-acLDL-labeled EPCs
can be reinjected into animals, and tracked for longer periods of time relative to conventional methods, for
detailed analysis of EPC function in ocular angiogenesis

EPCs home to the developing lesions through the blood stream
and add to the growth of the lesions through their own prolifera-
tion as well as the release of growth factors, thereby encouraging
neighboring mature endothelial cells to proliferate. This method of
cell labeling can be used to efficiently track and study the effects of
these EPCs or multiple subtypes of EPCs influencing these neovas-
cular lesions.

4 Notes

1. A number of commercially available kits can be used to enrich
CD34* cell populations. Prominent vendors include Miltenyi,
Biotec and Invitrogen. Our experience is limited to the EasySep
kit, but other kits may be suitable for this technique, as well.
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2. We find that gentle flicking of the tube by hand encourages

proper mixing, but vortexing the tube on a low setting is also
suitable. Vortexing at medium to high settings is not
recommended.

. The choice of the Lab-Tek chamber slide (Nunc Brand) is

intended to allow high-resolution imaging of the labeled EPCs
using a fluorescence microscope. The key to successful image
acquisition of QD-labeled EPCs is to culture cells on German
borosilicate #1.5 glass surfaces treated for cell culture. Other
choices include MatTek glass bottom dishes (MatTek, Inc.).

. Borate buffers have long been established as the most suitable

buffers for QD-based fluorescence imaging. Substitution of
this buffer in QD conjugation reactions for others, such as
PBS, may result in degradation of fluorescence, or aggregation
of QD over time.

5. While in our experience Gel/Mount is a suitable mounting

medium for imaging QD in tissues, a new mounting media,
QMount (Invitrogen), has recently become commercially
available. The intended use of this medium is for mounting of
biological specimens in a solvent-based solution more appro-
priate for preservation of QD fluorescence. However, we have
not yet observed ocular QD-labeled specimens in QMount at
this time.
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Chapter 5

Imaging Single Synaptic Vesicles in Mammalian Gentral
Synapses with Quantum Dots

Qi Zhang

Abstract

This protocol describes a sensitive and rigorous method to monitor the movement and turnover of single
synaptic vesicles in live presynaptic terminals of mammalian central nerve system. This technique makes use
of fluorescent semiconductor nanocrystals, quantum dots (Qdots), by their nanometer size, superior
photoproperties, and pH-sensitivity. In comparison with other fluorescent probes like styryl dyes and
pH-sensitive fluorescent proteins, Qdots offer strict loading ratio, multi-modality detection, single vesicle
precision, and most importantly distinctive signals for different modes of vesicle recycling. This application
is spectrally compatible with existing optical labels for synapses and thus allows multichannel and simulta-
neous imaging. With easy modification, this technique can be applied to other types of cells.

Key words Quantum dot, Synaptic vesicle imaging, Fluorescence microscopy, Electron microscopy

1 Introduction

Recent advance in microscope, imaging acquisition and labeling
strategy have made it possible to detect, identify and monitor indi-
vidual proteins and cellular organelles with spatial precision beyond
the limit of optical resolution. A wave of ultra-resolution studies
using single molecule imaging have brought a whole new view of
biological complexity and dynamics previously obscured by ensem-
ble averaging in conventional biochemical approaches [1]. So far,
two major types of single molecular imaging techniques have gen-
erated the most interests. One is using highly specialized optics or
fluorescent probes that allows the detection of all tagged molecules
in the field of imaging. Typical examples include STochastic Optical
Reconstruction Microscope (STORM) and Stimulated Emission
Depletion microscope (STED). The other uses relatively conven-
tional optical setting and mainly relies on mathematical fitting to
locate individual fluorescent particles. One representative tech-
nique is Fluorescence Imaging with One Nanometer Accuracy

Sandra J. Rosenthal and David W. Wright (eds.), NanoBiotechnology Protocols, Methods in Molecular Biology, vol. 1026,
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(FIONA) introduced by Paul Selvin’s group [2]. Although the first
one generates extremely detailed view of all labeled molecules
regardless their density, it requires special fluorescent probes and
offers relatively poor temporal resolution. For higher temporal
resolution especially in live-cell imaging, the second approach is
more favorable so far. Introduced in 1980s, the precision of single
particle tracking has evolved quickly thanks to the development of
more sensitive photodetectors and brighter probes, both of which
significantly improve the signal-to-noise ratio (S/N). Such
improvement is essential since locating single light spots with
nanometer precision is not limited by diffraction but rather S/N
[2, 3]. For instance, newly invented Electron-Multiplying Charge-
Coupled Device (EMCCD) can significantly improve spatial reso-
lution owing to its uncomparable S/N.

One of the most exciting developments in the arena of fluorescent
probes is the introduction of fluorescent semiconductor quantum
dots (Qdots). Qdots are single particle composed of a crystal core
and shell made of semiconductor material such as cadmium selenide
and zinc sulfate, respectively. As the core size varies between 2 and
10 nm, their emission increases in parallel, also known as size-tun-
able emission. For biological applications, Qdots are coated with
hydrophilic materials to make them water-soluble and to allow con-
jugation with biomolecules such as proteins and nucleotides. Qdots
offers unique physical and optical features that particularly desired in
single-molecular imaging. First, their nanometer size allows Qdot-
based probes to access crowded cellular spaces such as the synaptic
cleft, which is only a few dozen nanometers at its widest part [4].
Second, they possess photoluminescence hundreds of times brighter
than organic fluorophores, which translates to two orders improve-
ment in precision of single particle tracking. Third, Qdots are almost
impossible to be photobleached, thereby permits much longer
period of image acquisition. Fourth, multicolor imaging is much
easier using Qdots because of their broad absorbance and narrow
emission. Fifth, Qdots are electron denser than biological structures
and therefore offer possibilities of correlated optical and electron
microscopy imaging for ultrastructural studies.

Here, we present a standard protocol of Qdot-based single
synaptic vesicle imaging that takes advantage of all the aforemen-
tioned benefits of Qdot.

So, what is a synaptic vesicle and why it is so important to
study single synaptic vesicle behavior? Chemical synapse is special-
ized cell connections conducting over 95 % of rapid communica-
tion between excitable cells. It composes with presynaptic terminal
which contains hundreds synaptic vesicles, tiny membrane-bounded
organelles filled with neurotransmitter molecules at high concen-
tration [5, 6], and postsynaptic density, which contains receptors
for those neurotransmitters. Whether the communication is neu-
ron-to-neuron or neuron-to-muscle, or excitatory, inhibitory, or
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Fig. 1 Steps in the process of chemical synaptic transmission, showing basic agreement regarding millisecond
events in neurotransmission and their molecular basis. Similar events occur at various synapses in both
vertebrates and invertebrates but are illustrated for the case of a glutamatergic synapse of the mammalian
CNS. From ref. [7]

modulatory, fundamental aspects of the unitary signaling event
appear to be similar and highly refined. The sequence of events
that underlie such quantal transmission has been studied heavily in
central excitatory synapses, typical of those that support sensation,
action, learning and memory in the brain (Fig. 1) [7]. The early
steps include the arrival of membrane depolarization at the presyn-
aptic structure (nerve terminal or synaptic bouton) and the open-
ing of voltage-gated Ca** channels. Ca?* influx through these
channels leads to a surge of Ca?* in nanodomains near the presyn-
aptic release machinery [8], which includes SNARE proteins and
the Ca?* sensors like Synaptotagmin I [9]. Conformational change
of the Ca** sensors causes the fusion between vesicular membrane
and plasma membrane, so called exocytosis, which opens vesicular
lumen to the extracellular space. The diffusional spread of neu-
rotransmitter molecules through such opening finally results in
rapid activation of ionotropic receptors residing on postsynaptic
cell membrane, which convert chemical signal (neurotransmitter)
back to the change of membrane potential. Clearly, the central
event linking the early and late steps is neurotransmitter release,
wherein synaptic vesicles discharge their contents into the narrow
cleft between the presynaptic and postsynaptic membranes. This
requires the establishment of continuity between the vesicle inte-
rior and the cleft via a passageway called the fusion pore [10, 11].
The nature of the continuity has important implications for how
the contents of the vesicle are released and for the fate of the ves-
icle membrane, topics of intensive research that is still ongoing.
Among various models on vesicle fusion, an unconventional one
known as kiss-and-run (K&R), the vesicle is thought to release its
contents, yet retain enough identity to be reused again, may carry
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different function from other models like full-collapse fusion
(FCF). However, the significance of K&R and reuse in mammalian
central nerve terminals has remained uncertain despite consider-
able effort [12-15].

Studies of fusion modes and their possible importance have
benefited greatly from fluorescent probes. Styryl dyes like FM1-43
shine when inserted in the hydrophobic membrane but not in
aqueous solution and thereby can be used to report vesicle fusion
events [16]. pHluorin, a pH-sensitive GFP, can be fused to the
luminal domain of a vesicular protein like synaptobrevin, and
reports the deacidification and reacidification of vesicle lumen,
results of vesicle fusion and retrieval respectively [ 17]. These probes
focus on particular aspects of fusion events involving lipids or vesic-
ular proteins, and have supplied valuable insights into vesicle
dynamics. However, neither FM dyes nor pHluorin fusion proteins
provide a signal that can directly distinguish K&R from FCE. FM
dye can leave the vesicle membrane by various routes, by aqueous
departitioning and escape through the fusion pore during K&R
[14, 18], or by lateral diffusion away from fused membrane upon
FCF [19]. Clusters of pHluorin fused vesicular proteins can persist
in two ways, corralled in the vesicle during K&R, or tethered by
auxiliary proteins even after FCF [20]. More importantly, these
probes do not reporting the change of vesicle shape, fundamental
to the original definitions of FCF and K&R [21-23].

To describe the dynamic properties and functional impact of
K&R, the field desires a more direct and reliable method. We
sought an approach to discriminate sharply between FCF and
K&R, focusing on this fundamental distinction: the degree of
opening of the vesicle lumen. Inspired by the finding that chromattin
granules use K&R to release small molecules (catecholamines) and
FCF to discharge their dense peptide core [24 ], we used an artificial
cargo of appropriate size: quantum dots (Qdots). Like probes for
sizing the pore regions of ion channels, Qdots could gauge the
narrowest aperture in the path between vesicle lumen and external
medium, escaping only if the vesicle undergoes drastic loss of shape,
i.e., FCF.

Other than their superior photoproperties, the emission inten-
sity of Qdots is sensitive to environmental factors such as pH [25].
Qdots emitting at 605 nm have a narrow emission spectrum that fits
neatly between the emission peaks of EGFP and FM4-64. This
allows concurrent visualization of Qdots and the other optical
probes. With an organic coating bearing carboxyl groups, the Qdots
have a hydrodynamic diameter of 15 nm, determined with quasi-
elastic light scattering [26, 27]. This size is appropriate in multiple
respects (Fig. 2): small enough for only one Qdot to fit into a synap-
tic vesicle, but large enough to be completely rejected by K&R
fusion pores (1-3 nm) [28]. According to these unique features,
single Qdots residing in individual vesicles provided two sharply
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Fig. 2 (a) Qdot-labeled single vesicles in presynaptic terminals outlined by subsequent FM4-64 staining. Scale
bar, 3 um. (b) Electron micrographs show Qdots loaded into synaptic vesicles. Scale bars, 400 nm (right) and
10 nm (left). (¢) Spectrophotometer measured Qdot fluorescence change at different pHs and hypothesized
Qdot signals corresponding to K&R and FCF. (d) Sample recordings of field stimulus (arrowhead) evoked
changes of Qdot fluorescence

distinct signals for K&R and FCF (Fig. 2), enabling us to show how
the prevalence of K&R and the duration of fusion pore opening are
regulated by firing frequency, and how vesicles are re-acidified before
undergoing reuse [27]. Furthermore, individually Qdot-labeled
synaptic vesicles can be followed with nanometer precision and thus
yield valuable information about vesicle mobility within and between
adjacent synapses prior to and immediately after fusion. Last but not
the least, correlated investigation using electron microscopy can
reveal the geometric relationship between recycling vesicles and
active zones at presynaptic terminals (i.e., labeled with Qdots), an
essential indicator for the kinetics of neurotransmitter release.

The current protocol has two major limitations. First, the
mechanism of vesicular uptake of Qdots, especially what deter-
mines the Qdots affinity to neuronal membrane is not complete
understood. We know that either a negative charge or carboxyl
group itself is necessary for such affinity. But we do not know the
target of the attachment and thus lack an effective way to control
this membrane affinity. However, by systematic adjustment of coat-
ing properties, it is possible to optimize this key parameter such
that Qdots can bind to neuronal membrane but not too tight such
that they can readily departure from the membrane after exiting
vesicles. The second limitation results from the intrinsic photo-
intermittency of Qdots, a.k.a. “blinking.” Although blinking events
provides an independent criterion to quantify unitary Qdot
fluorescence, the randomness of blinking duration and intervals
obscure fluorescence measurement. To solving this problem,
specific algorithms for overcoming blinking events are rapidly
evolving [29]. With the continuous development of Qdots and the
advancement of super-resolution imaging techniques, it is certain
that Qdot-based single molecule imaging will become a break-
through in cellular Neuroscience.
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2 Materials

2.1 Reagents

2.2 Equipment

2.3 Reagent Setup

Minimum essential medium (MEM) (Invitrogen, cat. no.
11360-039).

1 M HEPES (Invitrogen, cat. no. 15630-049).

Hanks solution (made directly from pre-mix powder, Sigma,
cat. no. H2837).

D-Glucose (Sigma, cat. no. G7021).

200 mM r-glutamine (Invitrogen, cat. no. 25030-032).
Sodium pyruvate (Invitrogen, cat. no. 11360-039).
B27 supplement (Invitrogen, cat. no. 17504-044).
Transferrin (Calbiochem 616424).

Insulin Sigma 15500.

8 UM carboxyl Qdot 605 (Invitrogen, cat. no. Q21301 MP).
1 M HCL

1 M NaOH.

NaHCO,.

NaCl.

KCIL.

1 M MgCIL,

1 M CaCl,.

Bovine serum albumin (Sigma, cat. no. A7030).
Sodium azide.

1.43 M sucrose (store at 4 °C).

Styryl dye FM 4-64: N-(3-triethylammoniumpropyl)-4-(6-(4-
(diethylamino)phenyl)hexatrienyl)pyridinium dibromide
(Invitrogen, cat. no. T3166).

CO, incubator for cell culture.
Vacuum pump for perfusion.
Cultured cells on size 0 circular glass coverslips.

Recording chamber that allows optical imaging and electrical
field stimulation (e.g., D6RG chamber and PHI1 platform,
Wanner Instrument).

Imaging software (e.g., Metamorph).
Analytic software (e.g., Image]).

Tyrode’s solution (containing, in mM, 150 NaCl, 4 KCl, 2
CaCl,, 2 MgCl,, 10 glucose, 10 HEPES (310-315 mosm),
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2.4 Equipment Setup

with pH set at 5.48 or 7.35 with NaOH). 5 pM NBQX and
50 uM D-APV are added to prevent recurrent activity and the
development of synaptic plasticity during stimulation.

* 90K Tyrode’s solution (containing, in mM, 64 NaCl, 90 KCI,
2 CaCl,, 2 MgCl,, 10 glucose, 10 HEPES (310-315 mosm),
with pH set at 5.48 or 7.35 with NaOH). 5 uM NBQX and
50 uM D-APV are added to prevent recurrent activity and the
development of synaptic plasticity during stimulation.

e Culture medium (in 500 ml MEM, 2.5 g glucose, 100 mg
NaHCO,, 50 mg transferrin, 50 ml FBS, 5 ml 0.2 M r-glu-

tamine, 12.5 mg insulin; 0.2 pm filter-sterilize and aliquot in
50 ml tubes).

Inverted microscope equipped with a high numerical aperture
(NA) objective (NA>1.3), an arc lamp or laser and appropriate
filter sets. We use inverted microscopes from Nikon (Ti-E) and an
oil-immersion objective (Nikon X60 NA=1.49). Excitation and
emission filters are as follows: D470 /40 excitation and HT605 /20
emission for Qdot, D490 /20 excitation and D660 /50 emission
tfor FM 4-64, and standard GFP filter set for EGFP and pHluorin
(all filters are from Chroma Technology Corp.).

e Field stimulation is delivered via a pair of electrodes placed above
the imaging stage and controlled by a micro-manipulator. The
electrodes are connected to a stimulation isolator (Wanner
Instruments). The input channels is connected to a Digidata
200B and controlled by P-clamp software (Molecular Device).

*Critical QDs can be excited at any wavelength. Use a wide
band-pass excitation filter to collect maximum light. Avoid excitation
with ultraviolet (UV) light, which leads to photodamage of the cells
and increased blinking of QDs. A narrow-band emission filter avoids
crosstalk of signals from different fluorophore. Sensitive image acqui-
sition system, such as a EMCCD (e.g., iXon+897 from Andor).

3 Procedure

Rat Hippocampal culture (as described in ref. [30] with little
modification).

1. Dissect hippocampi from postnatal day 0-2 Sprague-Dawley
rats and isolate CAl and CA3 region. Cut into small pieces
(Ix1 mm).

2. Wash tissue 3x with Hanks solution and digested with Trypsin
(0.025 %).

3. Wash tissue 3x with Hanks solution and titrate with fire pol-
ished glass pipette.
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4. Centrifuge for 10 min, 800 x4, 4 °C.

. Aspire supernatant and resuspend cell pellet with culture

medium.

. Plate cell on glass coverslips in culture plates or dishes.
. Add additional culture medium up to 2 ml after 1 h.
. Add mitosis inhibitor 1-2 day after cell plating and cell will be

ready after 12-18 days in vitro.

Purification of Qdot solution

1.

Centrifuge with maximum speed for 15 min at 4 °C. *This
step moves most of the Qdot aggregates.

. Gel filtration of Qdot with size exclusion column (e.g.,

Superdex 200) and collect all eluted solutions.

. Concentrate it with Vivispin 2 ml by adding all eluted solu-

tions in the concentrator chamber and spin at 10,000 x g, 4 °C
for 10 min.

. Remove collection tube and re-suspend Qdots with appropri-

ate volume of Tyrode’s to have the final stock solution of Qdot
reconstituted at 8§ uM.

Labeling synaptic vesicles with Qdots

1.

10.

Use bent-tip forceps to carefully pick up coverslips and place it
in sealed imaging chamber containing 400 pl Tyrode’s
solution.

. Place imaging chamber on the microscope stage and connect

the gravity-vacuum perfusion tubing.

. Turn on perfusion and set dripping speed at 1-2 drops/s.
. Open transmitter light and search for field of imaging. The

criterion is to avoid neuronal soma and area clustered with
dendrites and axons.

. Stop perfusion and keep coverslips submerged in ~400 pl

Tyrode’s solution.

. Dilute Qdot stock solution to 80 nM in 400 ul Tyrode’s solu-

tion for whole bouton labeling or 0.2 nM in 400 pl Tyrode’s
solution for single vesicle loading.

. Slowly drop the 400 ul Qdot-containing Tyrode’s solution in

the imaging chamber and mix gently.

. Submerge the stimulation electrodes into Tyrode’s solution.

. Deliver a train of field stimulation (e.g., 60-s resting period,

10-Hz 2-min spike train, and 60-s resting period).

Switch on perfusion and wash the cells for 15-20 min. To ensure
complete removal of unloaded Qdots, periodically examine the
Qdot signals using eyepiece. Presence of Qdots outside of den-
drite or axon areas is the sign that the wash-oft is not complete.
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Imaging

1. During the washing period, adjust imaging settings includes
exposure time (e.g., 100 ms), frame interval (e.g., 333 ms for
3 Hz imaging rate) and detector gain (i.e., electron-multiplica-
tion) such that the maximum fluorescence signal of Qdots
reaches 80 % of the dynamic range of the detection device
(e.g., EMCCD).

2. Set up the synchronization of imaging rate and stimulation
trigger. For example, if field electrical stimulation is applied, set
the trigger of field stimulation protocol as the opening of the
imaging shutter. In our experiments, we derived a TTL pulse
from imaging program upon the first opening of the excitation
shutter. This pulse behaves as an external trigger for the start
of'a 0.1-Hz 2-min field stimulation train with 30-s pre-stimu-
lation delay for baseline measurement.

3. Choose regions of interests (ROIs) for fluorescence measure-
ment. This can be done online or oft-line. If the imaging pro-
grams allow (e.g., MetaFluor), it is better to do it online so
imaging and the first step of data analysis can be conducted
simultaneously. We use circular ROIs with fixed positions and
a same size cover all synaptic boutons identified by over-
expressed vesicular proteins fused with fluorescent proteins or
co-labeled with FM4-64. The size of ROIs are ~2 um, which
is twice of the average size of CNS presynaptic terminals. In
images, the size of ROIs are measured as the number of pixels.
The size of pixels is determined by magnification and chip size
of the photon detector.

4. Start continuous imaging and store the imaging stack on the
computer RAM. Upon finishing, immediately rename the
imaging file encoding experiment information and save it on
the hard drive. If online ROI measurement is conducted,
export the fluorescence intensity data to appropriate file format
(e.g., Microsoft Excel) and save it accordingly.

Data Analysis

1. Single synaptic vesicle tracking. The trajectories of individual
Qdot-labeled synaptic vesicles are reconstructed from the
image stacks. Single vesicles are identified by its Qdot
fluorescence. A variety of open-source software packages are
available for such analysis. For example, Image] (http://
rsbweb.nih.gov/ij/) and Image]-based Fiji (http://pacific.
mpi-cbg.de /wiki/index.php /Fiji). A Qdot-specialized track-
ing program, SINEMA (http://www.lkb.ens.fr/recherche/
optetbio/tools/sinema/), is used in some of our studies. In
brief, this is a two-step process that applied successively to each
frame of the image stack. First, fluorescent spots are detected
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by cross-correlating the image with a Gaussian model of the
Point Spread Function. A least-squares Gaussian fit is employed
to determine the center of each spot and the spatial accuracy is
determined by signal-to-noise ratio. Second, Qdot trajectories
are assembled automatically by linking, from frame to frame, the
computer-determined centers from the same Qdots. If blinking
occurs, the association criterion is based on the assumption of
free Brownian diffusion and missing frames are linked by
straight line for simplification. In addition, a post-analysis
manual association step is performed to exclude wrongly asso-
ciated trajectories from neighboring Qdots.

. Distinguishing single FCF and K&R events. This is a three-

step procedure including digitizing fluorescence signal, identi-
tying stimulation-evoked fusion events and spontaneous events,
distinguishing FCF and K&R based on the pattern of
fluorescence change. First, average fluorescence intensity in
the ROIs are extrapolated and stored as absolute numbers in
data file. Background fluorescence is measured and averaged
from four non-Qdot areas of each frame. The Qdot fluorescence
change thus can be extracted by subtracting absolute values
with background fluorescence. The pre-stimulation and post-
stimulation baseline can be determined by averaging Qdot
fluorescence before and after field stimulation. Second, align
Qdot signal with field stimulation pulses along timeline. All
events that exhibit 15 % Qdot fluorescence jump within 300 ms
(i.e., one imaging frame with 3-Hz imaging rate) after field
stimulation pulse are designated as evoked fusion events and all
other events are determined as spontanecous events. Third,
manually identify FCF and K&R events, i.e., transient increase
of 15 % unitary Qdot fluorescence as K&R and 15 % transient
increase followed by unitary loss of Qdot fluorescence as FCF.
All fusion events of every Qdot-labeled can be further digitized
for raster plot or further analysis.

4 Anticipated Results

Figure 2 shows an example of cultured hippocampal neurons
labeled with Qdots. Presynaptic boutons are indentified with retro-
spective staining of FM4-64. The signal of FM4-64 and Qdots can
be separated using appropriate filter sets. The emission of Qdots
and other fluorescence dyes or proteins can also be detected simul-
taneously using optical devices like Dual-View (Photometrics).

Figure 3 shows sample traces representing single K&R and FCF

evoked by field stimulation. In addition, hundreds of events from
Qdot-labeled single synaptic vesicles are summarized in digitized
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Fig. 3 (a) Raster representation of traces (n=302) from single Qdot-loaded vesicles that responded to 0.1-Hz
field stimulation for 2 min. For each stimulus and subsequent interval, Qdot signals registered as nonresponse
(gray), K&R (red), nonresponse after K&R (maroon), FCF (blue), or Qdot no longer present in region of interest
(black). Pooled traces from N=28 cover slips, three separate cultures. (b) Traces corresponding to the first 12
rasters in (a). Photoluminescence changes are color-coded for each stimulus and ensuing interval as in (a). (c)
Comparison of pooled data exemplified by insets (black symbols with error bars indicating SEM, n=43) and
averages of the two kinds of fits (gray and black). Insets: Samples taken in normal Tyrode’s solution with single
shocks; interstimulus interval, >20 s. Two types of fits were overlaid: a single-exponential decay (gray) and a
plateau followed by an exponential (black), the latter fitting significantly better even after statistical penalization
for the extra parameter (Akaike information criterion score, —60.5; P<0.001)
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raster plot to obtain an overview of the population behavior of
synaptic vesicle fusion at mammalian central nerve system. Increasing
imaging rate to 30-Hz reveals further detail of fusion kinetics such
as the duration of fusion pore open and re-acidification of retrieved
vesicles.
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Chapter 6

Quantum Dot-Based Single-Molecule Microscopy
for the Study of Protein Dynamics

Jerry C. Chang and Sandra J. Rosenthal

Abstract

Real-time microscopic visualization of single molecules in living cells provides a molecular perspective of
cellular dynamics, which is difficult to be observed by conventional ensemble techniques. Among various
classes of fluorescent tags used in single-molecule tracking, quantum dots are particularly useful due to
their unique photophysical properties. This chapter provides an overview of single quantum dot tracking
for protein dynamic studies. First, we review the fundamental diffraction limit of conventional optical
systems and recent developments in single-molecule detection beyond the diffraction barrier. Second, we
describe methods to prepare water-soluble quantum dots for biological labeling and single-molecule
microscopy experimental design. Third, we provide detailed methods to perform quantum dot-based
single-molecule microscopy. This technical section covers three protocols including (1) imaging system
calibration using spin-coated single quantum dots, (2) single quantum dot labeling in living cells, and (3)
tracking algorithms for single-molecule analysis.

Key words Quantum dot, Biological labeling, Protein trafficking, Single-molecule, Fluorescence
microscopy

1 Introduction

In recent years microscopy techniques in cell biology have seen
remarkable progress. Various new methods, such as near-field
scanning optical microscopy (NSOM) [1], single-molecule high-
resolution imaging with photobleaching (SHRIMP) [2], stimu-
lated emission depletion (STED) microscopy [3], and stochastic
optical reconstruction microscopy (STORM) [4], were developed
to achieve a significantly higher spatial resolution, which permits
discovery of subcellular structures in great detail. Despite the fact
that these imaging methods are designed to break the optical diffrac-
tion barrier, they are not very accessible to cell biology researchers.
Also, the data analyses are usually extremely complicated, requiring
well-trained experts in the field.
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Optical device

Point emitter
Airy disk diffraction
in the image plane

Fig. 1 Schematic representation of the diffraction pattern from a point emitter
passed through an optical device. Owing to diffraction, the smallest distance to
which an imaging system can optically resolve separate light sources at is limited
by the size of the Airy disk

Single-molecule fluorescent microscopy, derived from high-
speed fluorescence microscopy, is probably the most accessible
method for cell biologists to investigate single-molecule dynamics
in living cells. The basis of this method is to follow the real-time
movement of individual molecules by using fluorescent micro-
scope, resulting in a map of the dynamics upon observing many
individual events. Based on the above definition, an ultimate sensi-
tivity is required, which allows individual single molecules to be
monitored in a picoliter- to femtoliter-sized microscope sampling
volume. However, even if performed on an optimal designed
microscope equipped with a camera offering single-photon sensi-
tivity per frame, optical detection of a single molecule is still dif-
fraction limited. The diffraction pattern of a point object viewed
through a microscope, known as the Airy disk (Fig. 1), can be
modeled by an appropriate point-spread function (PSF). The theo-
retical 2D paraxial PSF of the wide-field fluorescence microscope
can be calculated as [5]

le(kemXNAXV) ’
k. xNA x7

cm

PSF=|2 (1)

where 7 is the radial distance to the optical axis, NA is the numeri-
cal aperture, J, is the first-order Bessel function, &, = 2 / A defines
the emission wave number, and A is the wavelength of light. The
smallest resolvable distance between two points of the 2D plane
corresponds to the first root of the PSF and is given by the Rayleigh

distance [6],
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As can be seen from Egs. 1 and 2, under the important prereq-
uisite in which single emitters are placed in extremely low concen-
tration to be spatially separated greater than the diffraction-limited
region, it is possible to identify the localization (x, y) of a single
molecule from an optical microscope image by fitting the PSF.
Indeed, the fundamental idea of the modern single-molecule
microscopy is reliant on PSF fitting to localize the centroid position
of single-point emitters. Typically, fluorescent intensity distribution
from a single emitter can be fit with a 2D Gaussian [7, 8]. To calcu-
late a subpixel estimate of the position from a single emitter, the
general method is to fit the intensity distribution with a 2D Gaussian
function and then calculate the local maximum intensity:

(%= )2+()’*)’U >

=A,+Axe w? (3)

b

where I is the intensity of the pixel, x, and y, are the designated
local maximum coordinates of the Gau551an A is the amplitude of
the signal with local background A4, and w is the width of the
Gaussian curve. The smallest distance at which two emitters can be
recognized and separated is roughly equal to the full width at half
maximum (FWHM) of the w:

Weww = WA/In(4) =1.177w (4)

The coordinate (x,, y,) acquired by fitting function (Eq. 3)
using chi-squared minimization is not a true position, but only an
estimate. The accuracy is strongly dependent upon the respective
signal-to-noise ratio (SNR), which is defined as [8]

SNR:I—O (5)

b
2 2
\/Obe T 07,

where I0 is the maximum signal intensity above background o, be 18
the variance of the background intensity values, and c; 1, 1s the true
variance of the maximum signal intensity above the background.
Since w width is approximately equal to the wide-field diffraction
limit (for visible light is about 250 nm), the uncertainty of the

fitted coordinate (Ac) is approximately given by

250
Ac =~
c SNR (nm) (6)

However, common organic fluorophores used in single-molecule
imaging have very limited photon yield which makes them difficult to
produce a sufficient SNR for single-molecule imaging. It is also
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important to note that organic fluorescent dyes also suffer from
narrow Stokes shift (difference in excitation and emission wave-
length). This drawback can increase background signals and further
reduce SNR. In addition, photobleaching associated with organic
fluorophores prevents long-term monitoring in single-molecule
microscopy. Hence, the shortcomings associated with organic
fluorophores place a high demand for new fluorescent materials for
single-molecule tracking.

Over the past decade, quantum dots (qdots) have shown tre-
mendous potential for in vitro and in vivo biological imaging
[9-14]. Among the fluorophores developed for single-molecule
tracking, a fluorescent qdot is, perhaps, the ideal material for its
enhanced brightness, exceptionally high quantum yield, narrow
emission profile, large Stokes shift, and, most importantly, excellent
photostability. Another interesting property associated with qdots is
the fluorescent intermittency, or blinking, phenomenon [15],
whereby a time trace of fluorescent intensity from a single qdot can
switch between two distinct on/off states. This blinking phenom-
enon is sometimes considered a minor drawback since it might
cause temporary trajectory data loss in single-molecule tracking
[16]. On the other hand, blinking is often used to identify single
molecules, providing a practical benefit [17, 18].

Using qdot-based single-molecule tracking, Dahan and coworkers
first reported the diffusion dynamics of individual glycine receptors
in living neurons [19]. By conjugating Fab fragments of antibody
to single qdots, they were able to track the movement of individual
glycine receptors for more than 20 min. Similar approaches were
then employed for various protein targets including nerve growth
factor (NGF) [20], gamma-aminobutyric acid A receptor (GABA,
R) [21], glycosyl-phosphatidylinositol (GPI)-anchored protein
[22], and serotonin transporter (SERT) [23]. In 2008, Murcia
et al. pushed the temporal resolution of single-qdot tracking up to
an amazing 1,000 frames/s by using an extremely sensitive double
micro-channel plate (MCP) image intensifiers, cooled intensified
CCD camera (dual MCP ICCD) [24]. Through demonstration of
single-qdot tracking in living mice, Tyda et al. further suggested to
use single qdots as tumor-targeting nanocarriers for in vivo drug
delivery study [25]. Recently, Zhang et al. utilized single qdots as
artificial cargo of synaptic vesicles to validate the “kiss-and-run”
model of neurotransmitter secretion [17]. Overall, qdot-based sin-
gle-molecule imaging holds the promise to reveal molecular bio-
logical mechanisms well beyond ensemble biochemical techniques.

The process of qdot-based single-molecule microscopy is
typically divided into three steps (Fig. 2). The first step is to acquire
time-lapse imaging after single target-specific labeling has been
made. Single fluorescent molecules should be able to produce
diffraction-limited blurred spots in each flame. The second step
involves imaging data processing and single-molecule localization
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Fig. 2 Approach to single-molecule microscopy. (a) Time-lapse images of single fluorophore-tagged biomol-
ecules in living cells acquired from an optical fluorescent microscope system (epifluorescence, confocal, or
total internal reflection fluorescence (TIRF) microscope). (b) Estimation of the positions of single quantum dots
with sub-pixel accuracy is accomplished by fitting the individual spot intensity values with a two-dimensional
Gaussian distribution. After the positions of single quantum dots are identified, a trajectory of the target protein
(gray line) can be subsequently derived from the time-series imaging data. (c) The final step is to analyze the
diffusional properties (displacement, velocity, and diffusion coefficient) from single-molecule trajectories

from time-lapse images and is therefore normally anticipated as a
computationally demanding step. In the third step, the diffusion
dynamics can be analyzed from the trajectories of individual mol-
ecules, e.g., Brownian motion.



76 Jerry C. Chang and Sandra J. Rosenthal

2 Materials

2.1 Reagents

2.2 Equipment,

1. Biotinylated small molecule or antibody against an extracellular
epitope.

2. Qdot Streptavidin conjugate (1 uM, Invitrogen Corporation,
Carlsbad, CA).

3. 35-mm cell culture dishes with cover glass bottom (MatTek
Corporation, Ashland, MA).

4. HelLa cells.

5. Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO,
Invitrogen Corporation, Carlsbad, CA).

6. Phenol red-free Dulbecco’s Modified Eagle Medium (DMEM)
(GIBCO, Invitrogen Corporation, Carlsbad, CA).

7. Penicillin-Streptomycin Antibiotic Mixture (100x) (Gibco,
Invitrogen Corporation, Carlsbad, CA).

8. Fetal bovine serum (FBS) (GIBCO, Invitrogen Corporation,
Carlsbad, CA).

9. 1-glutamine (GIBCO, Invitrogen Corporation, Carlsbad, CA).

1. Fluorescent microscope (see Subheading 3.1).

Software, and 2. Microscope mounted heating chamber.
Accessories . . L .
3. Microscope image acquisition and analysis software
(MetaMorph 7.6, Molecular Devices, Sunnyvale, CA).
4. Technical computing software for numerical analysis (Matlab
R2008b, MathWorks, Natick, MA).
5. Spin coater.
3 Methods
3.1 Imaging System A general strategy to identify whether the optical system is able to
Calibration Using detect individual qdots is to carry out time-lapse imaging of a very
Spin-Coated Single dilute qdot solution to avoid multiple qdots overlapping within
Quantum Dots diffraction-limited distance. Individual qdots are characterized by

their blinking properties [8, 18]. The emission intensity of a single
qdot is shown in Fig. 3, where a single qdot blinks completely on
and off during a time-lapse sequence of 80 s at a 10 Hz frame rate.
When the fluorescence is produced by an aggregate structure
consisting of several qdots, such blinking effects are completely
cancelled out. The protocol described below is based on a custom-
built Zeiss Axiovert 200 M inverted fluorescence microscope cou-
pled with a charge-coupled device (CCD) camera (Cool-Snapy,,,
Roper Scientific, Trenton, NJ). To track single qdots in real time,
the acquisition rate should be set at 10 Hz or higher. However, the
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Fig. 3 A typical intensity over time plot from a single blinking qdot. As displayed in the left panel, the intensity
trajectory of a single qdot displays two dominant states: an “on” state and an “off” state, termed blinking.
A predefined intensity threshold is shown by the dashed line. Right panel displays the probability density

distribution

3.2 Single-Quantum-
Dot Labeling in Living
Cells

imaging rate is usually limited by the frame readout time of the
camera. This particular CCD is chosen due to its adequate 60 %
quantum efficiency (QE) throughout the entire visible spectrum
range (450-650 mm) with a frame rate >20 at 512 x512 pixels
(see Note 1). And again, as we introduced in the background
section, a more advanced back-illuminated Electron Multiplying
CCD (EMCCD) with sub-millisecond temporal resolution will
be a much better choice. Imaging should be performed with a
high-resolution (63x or 100x) oil-immersion objective lens with
numerical aperture of 1.30 or greater.

The sample preparation steps are:

1. Prepare a clean microscope glass slide coverslip (or 35 mm culture
dish with a coverslip at the bottom).

2. Add one drop (20 pL) of 100 pM Qdot® ITK™ carboxyl
quantum dots solution onto the coverslip.

3. Spin casting the qdot solution on the coverslip for 30 s at
500 rpm (~30 g for common compact spin coater) is sufficient
to disperse qdot particles uniformly across the coverslip (see
Note 2).

4. Mount the coverslip on the microscope stage.

5. Qdots are excited using a xenon arc lamp (excitation filter
480,/40 BP) and detected with CCD camera thorough appro-
priate emission filter (600,/40 BP for Qdot 605). Acquire
time-lapse images (100 ms per frame, 60 s).

Single-quantum-dot labeling can be prepared through either a
direct labeling (one-step) procedure or an indirect (two-step) pro-
tocol. In the direct labeling procedure, the target-specific probe
(small-molecule organic ligand, peptide, or antibody) is directly
conjugated to the qdot’s surface to make ligand—qdot nanoconju-
gates. Therefore, the cellular labeling strategy could be performed in
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Fig. 4 Example live-cell imaging of membrane proteins labeled with single qdots: (a) bright field image, (b)
fluorescence image, and (c) surface intensity plot of (h)

one step in which the live cell sample is incubated with a target-specific
nanoconjugate prior to fluorescent imaging. In the two-step
procedure, the cell sample is first incubated with biotinylated
ligand to yield the desired specific ligand—protein binding. After
an appropriate washing step, strep-qdots are added as the fluorescent
tag of the biotinylated ligand—protein complex for the single-
molecule imaging.

We provide a general protocol for single-qdot labeling of

adherent cells which is applicable to most mammalian cell lines.
The standard protocol given below should be followed:

1.

Prepare a 35 mm coverslip-buttoned culture dish with cells
that have reached about 50 % confluence.

. Wash the cells gently three times with phenol red-free culture

medium by repeatedly pipetting out.

. Incubate cells with a biotinylated small-molecule probe

(0.5 nM-0.5 pM dependent upon the biological affinity) or
antibody (1-10 pg/mL) in red-free DMEM for 20 min at
37 °C. (For one-step labeling protocol, incubate cells with
10-50 pM ligand—qdot nanoconjugates and skip steps 4 and 5)
(see Note 3).

. Wash cells gently three times with phenol red-free culture

medium.

. Incubate the cells with qdot streptavidin conjugate (0.1-0.5 nM)

in phenol red-free culture medium for 5 min at 37 °C.

. Wash the cells at least three times with phenol red-free culture

medium.

. Place the culture dish on the microscope stage with mounted

heating chamber and heat to 37 °C.

. The labeling quality can be observed under fluorescent

microscope. Punctate qdot staining should be visible through
the eye piece or CCD detector (Fig. 4). Single qdots can be
identified by their blinking property.

. Acquire time-lapse images at 37 °C. In our experiments,

acquisition procedure typically lasts for 60 s at 10 Hz rate.
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3.3 Tracking
Programs for Single-
Molecule Analysis

Tracking and trajectory construction is a computationally demanding
step of following single-qdot-labeled biological targets through
successive images. One of the most important determinants of
modern single-molecule tracking techniques is the nanometer
accuracy, which is heavily weighted by the PSF fitting to localize
the centroid position for sub-pixel resolution, normally demon-
strated as a fitting of a 2D Gaussian function to a PSE. For practical
application, estimated background-corrected intensities of an
image are normally filtered out, a necessary step for the calculation
of centroid position (x,, y,). After locations of single molecules
are identified in each frame, the next step is to link the detected
single-molecule positions. However, single-qdot blinking brings
additional difficulties for the trajectory generation, as the spots can
temporarily disappear. A practical and most frequently used
approach is to define a tolerance limit of blinking frames (usually
<10 frames) and process an additional association step in the trajec-
tory generation algorithm to merge multiple trajectories into one
[25]. This procedure allows tracking to continue and thus com-
pensates for the transient data loss caused by qdot blinking. In
addition, qdot blinking frequency is dependent on the excitation
power; hence, it is generally recommended to perform single-qdot
tracking experiments with low-power excitation if signal intensity
is sufficiently high.

An Image] plug-in for single-molecule /particle tracking offers
several user-friendly features including an easily understandable
interface, free online tutorial, and computationally efficient pro-
cess. The program is free to download at Image] website: http://
rsbweb.nih.gov /ij/plugins/index.html (se¢ Note 4). In addition,
particle tracking using IDL, developed by Crocker and Grier, pro-
vides a total solution including 2D Gaussian fit for spot localiza-
tion, trajectory generation, as well as MSD calculation. The
algorithms with detailed tutorial are freely available at http://
www.physics.emory.edu/~weeks/idl /index.html. Matlab version
of these routines can be found at http: //physics.georgetown.edu/
matlab/ (Fig. 5). With recent advances in computing power and
numerical software, the development of tracking algorithms has
evolved rapidly during the past few years in supporting better cor-
respondence for motion detection [27], high computational
efficiency [28], or 3-D motion segmentation and localization [29].
All the tracking algorithms mentioned above may, however, require
technical training to operate since they all established under tech-
nical computing environments such as Matlab, IDL, or C*.

Below is a general tracking procedure using ParticleTracker:

1. Use the File/Open command in the Image] to import the
prerecorded TIF stack or uncompressed avi file (Fig. 6a). If
the avi file contains multichannel imaging data, use the
Image/ Color/ RGB Split to qdot data channel extraction.


http://rsbweb.nih.gov/ij/plugins/index.html
http://rsbweb.nih.gov/ij/plugins/index.html
http://www.physics.emory.edu/~weeks/idl/index.html
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Fig. 5 Snapshot of the interface of Matlab-based particle tracking program originally developed from particle
tracking using IDL algorithm. Data obtained from 600 frames of single-qdot imaging. Left panel indicates the
2D trajectory and right panel shows the MSD over time

2. Next, click the Plug-ins/ Particle Detector and Tracker command.
If RGB images or images with greater than 8 bits are loaded for
tracking, a checkable menu item will show up to ask whether the
images are converted to 8 bits. If running on a computer with
fewer than 2 GB of memory installed, it is strongly recommended
to convert to 8 bits to reduce the memory consumption.

3. As indicated in Fig. 6b, three basic parameters for particle
detection are given. Radius: Approximate radius of the parti-
cles in the images in units of pixels. Cuzoff: The score cutoft for
the non-particle discrimination. Percentile: The percentile (r)
that determines which bright pixels are accepted as particles.
Click on preview detected and then the successfully detected
spots will be circulated. Here we recommend to use radius=3,
cutoff=0, and percentile=0.1 as initial guess, but these values
might vary based on the images. Start with our recommended
parameter and change these values until most of the visible
particles are detected after clicking the preview button.

4. After setting the parameters for the detection, set up the par-
ticle linking parameters (Displacement and Link Range) in the
bottom of the dialog window (Fig. 6b). Here the Displacement
parameter means the maximum number of pixels a particle is
allowed to move between two succeeding frames. The Link
Ranyge parameter is used to specify the number of subsequent
frames that is taken into account to determine the optimal cor-
respondence matching. We recommend to use Displacement=2
and Link Range=10 as initial guess, and again, these parameters
can also be modified after viewing the initial results.
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Fig. 6 Steps of single-qdot tracking using ParticleTracker—an ImageJ plug-in. (a) A typical raw frame from a
time-lapse single-qdot-labeling movie. White arrows indicate the qdot-labeled target proteins. (b) Image con-
version and preview detection from the raw frame. Image conversion to Gray 8 is preferred to increase com-
putational efficiency. Red circle masks the successfully targeted spots for tracking after executing the Preview
Detected function. (c) Visualization of all trajectories after executing the Show Detected function. Particular
area of interest can be selected and zoomed in as indicated in yellow box. (d) Time-lapse trajectory from the
selected area of interest. Red line drawn indicates the “gaps” in the trajectory

5. Next push the OK button and the result window will then be
displayed (Fig. 6¢) after seconds to minutes computational cal-
culation (for 600 frames of 128 x 128 pixel images takes less
than 1 min on a regular dual core PC). With the Filter Options
button given on the dialog window, you can filter out trajecto-
ries under a given length. Particular trajectory of interest can
be selected by clicking it once with the mouse left button (see
yellow box of Fig. 6¢).

6. The selected trajectory can be displayed in a separate window by
clicking on the Focus on Selected Trajectory button. The visualiza-
tion of the selected trajectory can then be saved individually in .gif
format (Fig. 6d). Detected time-series trajectory coordinates can
also be exported in a single .txt file for further analyses.
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7. After exporting trajectory coordinates, MSD of a specific

trajectory can be obtained according to the formula below:

N-n

MSD(%At) = (N - n)_l [(xz-H’l - xi)z + <yz+n - .yi)z ]) (7)

i=1

where x, and y. are the position of particle on the frame 7, Az is
the time resolution, N is total number of frames, and #Azis the
time interval over which the MSD is calculated.

4 Notes

. Detailedinformationregarding Photometrics CCD specification

can be found at http://www.photomet.com.

. The spinning force is not critical in this step. In most cases, a

rotational speed as low as 500 rpm (~30 g for common com-
pact spin coater) is sufficient to achieve a uniform spread when
using common compact spin coater.

. The labeling concentration/cell type relationship should be

adjusted for the surface protein expression level. In our experi-
ments, we choose low concentrations for transfected cells. For
labeling endogenously expressing membrane proteins in living
cells, higher concentrations may be needed.

. The algorithm used in the ParticleTracker program can easily

cause false linking of different molecules/particles between
frames. This could lead to incorrect trajectory construction. It
may be improved by manual relinking with visual inspection.
However, potential problems and limitations can still be asso-
ciated with such manual relinking. Due to its respectable
efficiency, ParticleTracker program is suitable for preliminary
screening tests. For serious and in-depth analysis, we recom-
mend to perform particle tracking using IDL or the Matlab-
based tracking routines.
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Chapter 7

Three-Dimensional Molecular Imaging with Photothermal
Optical Coherence Tomography

Melissa C. Skala, Matthew J. Crow, Adam Wax,
and Joseph A. lzatt

Abstract

Optical coherence tomography (OCT) is a three-dimensional optical imaging technique that has been
successfully implemented in ophthalmology for imaging the human retina, and in studying animal models
of disease. OCT can nondestructively visualize structural features in tissue at cellular-level resolution, and
can exploit contrast agents to achieve molecular contrast. Photothermal OCT relies on the heat-producing
capabilities of antibody-conjugated gold nanoparticles to achieve molecular contrast. A pump laser at the
nanoparticle resonance wavelength is used to heat the nanoparticles in the sample, and the resulting
changes in the index of refraction around the nanoparticles are detected by phase-sensitive OCT. Lock-in
detection of the pump beam amplitude-modulated frequency and the detector frequency allow for high-
sensitivity images of molecular targets. This approach is attractive for nondestructive three-dimensional
molecular imaging deep (approximately 2 mm) within biological samples. The protocols described here
achieve a sensitivity of 14 parts per million (weight/weight) nanoparticles in the sample, which is sufficient
to differentiate EGFR (epidermal growth factor receptor)-overexpressing cells from minimally expressing
cells in three-dimensional cell constructs.

Key words Nanospheres, Microscopy, Optical coherence tomography, Gold, Contrast media,
Epidermal growth factor receptor, Fourier analysis, Equipment design, MDA-MB-435, MDA-MB-468

1 Introduction

Molecular imaging is a powerful tool for investigating biological
signaling, disease processes, and potential therapies in both in vivo
and in vitro systems. Microscopy, including confocal and multipho-
ton microscopy, has been the standard for high-resolution molecu-
lar imaging in live cells and tissues. However, these microscopy
techniques suffer from relatively shallow imaging depths. MRI and
PET have been the standard for functional imaging deep within
the body, with the caveat of relatively poor resolution. Optical
coherence tomography (OCT) fills a niche between high-resolution
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microscopy techniques and whole-body imaging techniques with
relatively good resolution (~1-10 um) and penetration depths
(~1-2 mm) in tissue. Molecular imaging in this regime would be a
powerful tool for scientists and clinicians. Two examples with
potentially high impact are imaging the effects of antiangiogenic
treatment in age-related macular degeneration, and whole-tumor
imaging of molecular microenvironments.

OCT is intrinsically insensitive to incoherent scattering processes
such as fluorescence and spontaneous Raman scattering, which are
central to optical molecular imaging, because OCT depends on
coherent detection of scattered light. Gold nanoparticles are attrac-
tive contrast agents for OCT because they are biocompatible, do not
exhibit photobleaching or cytotoxicity, and are tunable through a
broad range of wavelengths including the visible and near-infrared
regions. Gold nanoparticles currently under development for molec-
ular contrast OCT include highly scattering gold nanoshells [1],
gold nanocages [2], and gold nanorods [ 3]. Gold nanoshells are also
under development as photothermal contrast agents [4].

Photothermal imaging [5-7] provides one potential method
for increasing the molecular contrast of OCT over a highly scatter-
ing background. In photothermal imaging, strong optical absorp-
tion of a small metal particle at its plasmon resonance results in a
change in temperature around the particle (photothermal effect).
This temperature change leads to a variation in the local index of
refraction that can be optically detected with an amplitude-modu-
lated heating beam that spatially overlaps with the focus position of
the sample arm of an interferometer. Previous work has shown that
photothermal interference contrast images of gold nanoparticles
from a modified DIC microscope are insensitive to a highly scatter-
ing background [5]. We have applied this concept to OCT with the
added benefits of depth resolution and increased imaging depth.
Our photothermal OCT system has a measured sensitivity of 14
parts per million (ppm, weight/weight), and we have used this
system to measure epidermal growth factor receptor (EGFR) expres-
sion from live monolayers of cells and in three-dimensional tissue
constructs [8]. Protocols for nanoparticle conjugation, labeling of
cell monolayers and three-dimensional cell constructs, dark-field
microspectral imaging, and photothermal OCT imaging follow.

2 Materials

2.1 CGell Culture

1. Cells that overexpress EGFR (MDA-MB-468) [9] and cells that
express low levels of EGFR (MDA-MB-435) [10] were obtained
from the American Type Culture Collection (ATCC).

2. Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco/BRL,
Bethesda, MD) supplemented with 10 % fetal bovine serum
(FBS, HyClone, Ogden, UT).



2.2 Gold Nanosphere
Antibody Conjugation

2.3 Imaging
Instrumentation
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. Chambered coverglasses (Laboratory-Tek).

. Low-gelling point agarose (Sigma-Aldrich Co.).

. 24-well inserts (6.5 mm diameter, Transwell, Fisher Scientific).
. 10 % dimethyl sulfoxide (DMSO).

. Anti-epidermal growth factor receptor (anti-EGFR) mAb

(E2156, Sigma, ~1.5 mg/mL).

2. HEPES buffer.

w

. Gold colloids of 60 nm diameter (Ted Pella, Inc.).

4. Polyethylene glycol (PEG) compound (Sigma P2263).

. Dark-field microspectroscopy system [11, 12].

(a) Inverted microscope (Axiovert 200, Carl Zeiss, Inc.).
(b) Color camera (CoolSnap cf, Photometrics).

(c) Line-imaging spectrometer (SpectralPro 2150i, Action
Research).

. Photothermal optical coherence tomography (OCT) system

(see Note 1) [8].

(a) Diode pumped solid-state frequency doubled Nd:YAG
laser as the heating laser (Coherent, Verdi; see Note 2).

(b) Super luminescent diode light source (Superlum) centered
at 840 nm with a full width at half-maximum bandwidth of
52 nm (resulting in 6 wm axial resolution).

(c) 30 mm focal length focusing lens (20 um imaging spot
size on the sample; see Note 3).

(d) Two-dimensional scanning mirrors (galvos, Cambridge
Technology).

(e) Custom spectrometer with 1,024 pixel line-scan CCD
camera (ATMEL, Aviiva).

(f) Software to control lateral scanning, perform data acquisi-
tion, rescaling from wavelength to wavenumber, Fourier
Transform, two-dimensional B-scan display, and data
archiving in real time (Bioptigen Inc.).

(g) Optical chopper to amplitude-modulate the heating laser
(Thorlabs).

3 Methods

3.1 Gold Nanosphere
Antibody Conjugation
[11-14]

1.

Dilute 1 mL of the 60 nm diameter gold colloid with 125 mL
20 uM HEPES buffer.

. Dilute 30 pL anti-EGFR mAb in 20 mM HEPES buffer to

prepare a 3 % (volume/volume) anti-EGFR solution.
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3.2 CGell Monolayer
Experiments

3.3 Dark-Field
Microspectroscopy

3.4 Photothermal
OCT Imaging

3.5 Three-
Dimensional Tissue
Culture

. Adjust the pH of the colloid and antibody preparations to

7.0+0.2 by the addition of 100 nM K,CO,.

. Mix the pH-adjusted colloid and antibody preparations and

allow to conjugate at room temperature for 20 min on an
oscillator operating at 190 cycles/min.

. After verifying antibody attachment (see Note 4), add 200 puL.

of 1 % PEG compound to the remainder of the conjugated
nanoparticle suspension and allow the solution to interact at
room temperature for 10 min.

. At the end of the interaction period, centrifuge the solution at

2245 x g until a pellet is formed (~10 min) (see Note 5).

. Withdraw the supernatant and resuspend the nanoparticle pellet

in 1 mL of phosphate buffered saline (se¢ Note 6).

. Suspend 80,000 cells in 1 mL of media, plate onto 2.0 mL

chambered cover glasses, and incubate for 12-16 h to allow for
cell adhesion.

. Exchange media with a mixture of 0.5 mL antibody-conju-

gated nanosphere suspension (2.35x10' nanospheres/mL;
see Note 7) and 0.5 mL fresh media.

. Incubate at 37°°C for 20 min, remove the media, rinse cells

twice with fresh media, and add fresh media once more for
imaging immediately afterward (se¢ Note 8).

. Image labeled monolayers using dark-field microspectroscopy

and photothermal OCT (see Note 9 and Fig. 1).

. Acquire color images of cells to confirm spatial distribution

nanoparticle labeling.

. Acquire dark-field scattering spectra from the labeled cells to

confirm plasmon resonance peak of the functionalized
nanoparticles.

. Acquire multiple OCT depth scans (A-scans) at each position

in the sample.

. Calculate the photothermal signal at each point in the cross-

sectional image.

(a) Take the Fourier transform of the phase vs. time at each
point in the image.

(b) The photothermal signal is the peak at the pump laser
frequency, minus the background (Fig. 2).

. Mix 3 % low-gelling point agarose with a cell suspension in media

(100x10° cells/mL) to obtain a homogeneous cell distribution.

. Pour agarose /cell /media mixture into 24-well inserts at 2-3 mm

thickness for gelation at room temperature (sec Note 10).
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Fig. 1 EGFR expression and nanoparticle labeling was confirmed in EGFR+/nanosphere+ cells (a—d), with two
control groups that include EGFR—/nanosphere+ (e—h) and EGFR+/nanosphere— (i—-l) using dark-field micros-
copy (panels a, e, i) and microspectroscopy (panels b, f, j). The phase as a function of time in the photothermal
system is plotted for the experimental ( panel ¢) and control groups ( panels g, k), and the Fourier transform of
the phase confirms oscillations at 25 Hz (the pump laser modulation frequency) (panels d, h, I). In three
repeated experiments, the photothermal signal from overexpressing cell monolayers was at least 9 dB higher
than the highest signal from the cells that express low levels of EGFR. The repeated experiments were per-
formed at pump powers of 7.5-8.5 kW/cm?. Scale bar is 20 um. Reproduced with permission from ref. [8]
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Fig. 2 Phase of the tissue-like phantom (polystyrene spheres with u =100 cm~") with 84 ppm nanospheres
and 25 Hz pump frequency (a). The definition of the photothermal signal (b) in the Fourier-transformed phase
is the peak at 25 Hz (arrow 1, the pump beam modulation frequency in these experiments) minus the back-
ground (arrow 2, 27-50 Hz). Reproduced with permission from ref. [8]
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Fig. 3 Images of EGFR expression in three-dimensional cell constructs containing EGFR+ cells (MDA-MB-468)
with and without antibody-conjugated nanospheres (a and ¢, respectively) and EGFR— cells (MDA-MB-435)
with antibody-conjugated nanospheres (b). There was a significant increase in the photothermal signal from
EGFR-overexpressing cell constructs labeled with antibody-conjugated nanospheres (d) compared to the two
controls (EGFR+/Nanosphere— and EGFR—/Nanosphere+). N=17 images for each group, (*, p<0.0001). Pump
power 8.5 kW/cm?. Reproduced with permission from ref. [8]

3. After gelation, topically label cell constructs with antibody-
conjugated nanospheres in the same manner as the monolayer
experiment (see Subheading 3.1), except add 10 % DMSO to
the antibody-conjugated nanosphere suspension to allow the
solution to penetrate the three-dimensional construct, and
incubate for 30 min [10].

4. Wash construct two times with saline.

5. Place a coverslip on the construct for photothermal OCT
imaging.

6. Photothermal OCT imaging parameters included 1,000
sequential A-scans (1 ms integration time for each A-scan) at

each of 110 lateral positions across the top of the construct
(1 mm scan length in the lateral dimension). See Fig. 3.
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4 Notes

. Commercial spectral domain OCT systems can be purchased

from a variety of sources (Thorlabs, Bioptigen, Inc., etc.), and
may be used with the heating laser and chopper to perform
photothermal OCT measurements.

. The pump laser wavelength must overlap with the resonance peak

of the nanoparticle of interest, and must provide sufficient power
to produce a measurable photothermal signal. In these experi-
ments, 20 mW of 532 nm light was incident on the sample.

. The focused spot of the pump beam overlaps with the focused

spot of the imaging beam (20 wm pump beam spot size on the
sample).

. Verify antibody attachment by removing 200 pL of the result-

ing conjugated colloid and mix with 10 pL of 10 % NaCl. It is
well known that the addition of NaCl will cause nanoparticle
aggregation [15], resulting in a color change to the solution,
unless the nanoparticle surface has been well coated.

. Centrifugation step can be repeated if necessary to form a pellet.

6. Resuspend in 0.5 mL of phosphate buffered saline twice to

10.
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Chapter 8

Detecting Respiratory Syncytial Virus Using
Nanoparticle-Amplified Inmuno-PCR

Jonas W. Perez, Nicholas M. Adams, Grant R. Zimmerman,
Frederick R. Haselton, and David W. Wright

Abstract

Early-stage detection is essential for effective treatment of pediatric virus infections. In traditional
immuno-PCR, a single antibody recognition event is associated with one to three DNA tags, which are
subsequently amplified by PCR. In this protocol, we describe a nanoparticle-amplified immuno-PCR assay
that combines antibody recognition of traditional ELISA with a 50-fold nanoparticle valence amplification
step followed by amplification by traditional PCR. The assay detects a respiratory syncytial virus (RSV)
surface fusion protein using a Synagis antibody bound to a 15 nm gold nanoparticle co-functionalized with
thiolated DNA complementary to a hybridized 76-base Tag DNA. The Tag DNA to Synagis ratio is 50 to
1. The presence of virus particles triggers the formation of a “sandwich” complex comprised of the gold
nanoparticle construct, virus, and a 1 pm antibody-functionalized magnetic particle used for extraction.
Virus-containing complexes are isolated using a magnet, DNA tags released by heating to 95 °C, and
detected via real-time PCR. The limit of detection of the nanoparticle-amplified immuno-PCR assay was
compared to traditional ELISA and traditional RT-PCR using RSV-infected HEp-2 cell extracts.
Nanoparticle-amplified immuno-PCR showed a ~4,000-fold improvement in the limit of detection com-
pared to ELISA and a fourfold improvement in the limit of detection compared to traditional RT-PCR.
Nanoparticle-amplified immuno-PCR offers a viable platform for the development of an early-stage diag-
nostics requiring an exceptionally low limit of detection.

Key words Immuno-PCR, PCR, Viral detection, Respiratory syncytial virus, Gold nanoparticle,
Magnetic extraction

1 Introduction

The most important cause of severe respiratory illness in young
children and infants is respiratory syncytial virus (RSV). RSV is the
major cause of infantile bronchiolitis and the most frequent cause
of hospitalization of infants and young children in industrialized
countries [1]. In the United States, RSV is estimated to account
for over 125,000 infant hospitalizations for bronchiolitis or pneu-
monia per year [2]. Although not fatal to the majority of patients,
RSV can be deadly in immunocompromised populations, and in

Sandra J. Rosenthal and David W. Wright (eds.), NanoBiotechnology Protocols, Methods in Molecular Biology, vol. 1026,
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the USA, RSV is responsible for 10,000 deaths annually in patients
over the age of 65 [3, 4]. Additionally, naturally acquired immu-
nity to RSV is not complete, and recurrent infection can be fre-
quent [5-7].

Early attempts at developing a formalin-inactivated RSV
vaccine were hindered by an increase in disease severity upon
subsequent infection of vaccinated patients [8-10]. Because of
such problems, there is no approved vaccine for RSV [11].
Without a vaccine, treatment is typically limited to prophylactic
passive immunization with neutralizing humanized monoclonal
antibodies (palivizumab) or antivirals (ribavirin) [5, 12]. The
cost associated with monthly prophylactic passive immunization
is expensive, so it typically is only administered to premature or
other high-risk infants [12, 13]. Another option, antivirals, is
only effective when used early in the course of infection, making
early detection crucial [14].

To date, one of the most sensitive diagnostics available for the
detection of RSV has been the use of reverse transcription poly-
merase chain reaction (RT-PCR) to amplity and detect RSV
genetic material [15, 16]. However, detection of the negative-
sense RNA genome or mRNA of the virus comes with a few draw-
backs. Firstly, RNA is very sensitive to degradation by RNases and
typically has a shorter half-life than proteins [17, 18]. This, in
turn, places increased importance on preparation, pre-assay han-
dling, and storage of samples for RT-PCR diagnostics [19].
Secondly, studies have shown that RSV mRNA expressed during
infection is cyclical and can limit the amount of mRNA present to
detect at any given time; however, the surface fusion protein
(F-protein) increases monotonically with time [20]. Further, the
link between RT-PCR viral load and disease severity has yet to be
established [16]. In contrast, an immuno-PCR (IPCR)-based
diagnostic for the detection of RSV comes with two inherent
strengths. Firstly, empty viral nucleocapsids can be detected
because only the presence of a specific protein is required for a
positive result and even fragments of cell wall that have the pro-
tein of interest expressed can be detected [21]. Secondly, each
virion may contain only a single copy of RSV genomic RNA, but
the protein targets are often expressed at a higher copy number,
each one of which can act as a potential target [22].

Here, we present the protocols for the development of a
nanoparticle-amplified immuno-PCR (NPA-IPCR) assay for the
detection of RSV (Fig. 1). The diagnostic assay offers a unique
dual-amplification approach to achieve an exceptionally low limit
of detection. The first step of signal amplification is achieved by
using gold nanoparticles (AuNPs) to release multiple strands of
reporter DNA per binding event. After reporter DNA is released,
real-time PCR is used to provide a second level of amplification.
Additionally, the assay utilizes magnetic microparticles (MMPs) to
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Fig. 1 lllustration of the immuno-nanoparticle-PCR sandwich. RSV antigen (green) is captured and separated
using antibody-functionalized 1 um magnetic microparticles (gray). The magnetic bead—antigen complex is
then reacted with antibody—DNA-functionalized 15 nm AuNPs (red). Upon heating, hybridized DNA (blue) is
released from the AuNPs and is analyzed via real-time PCR

capture antigen for improved washing to enable better target
extraction. Our results suggest that the NPA-IPCR assay offers not
only >1,000-fold improvement in limit of detection over enzyme-
linked immunosorbent assay (ELISA) but also a fourfold improve-
ment over detection via real-time reverse transcription PCR
(real-time RT-PCR).

2 Materials

. Nuclease-Free Molecular Grade Water (Mediatech, Inc.).
. MagnaBind Amine Derivatized Magnetic Microparticles

(Pierce Biotechnology).

. Sulfosuccinimidyl-4-[ N-maleimidomethyl]cyclohexane-1-

carboxylate (Pierce Biotechnology).

. Coupling buffer (CB): 50 mM phosphate bufter (pH 7.0),

0.15 M NaCl, 5 mM EDTA.

. Analog vortex mixer (VWR).
6. MagneSphere Technology Magnetic Separation  Stand

(Promega).

7. Barnstead /Thermolyne Labquake Shaker/Rotisserie.
. Anti-RSV  F-protein antibodies (F-mix, clones 1269 and

1214).
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9.
10.
11.
12.
13.
14.
15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.
33.
34.
35.
36.

37.
38.
39.
40.
41.
42.
43.

Synagis Antibodies (MedImmune, Inc.).

Dithiothreitol (99 %, Acros Organics).

Dulbecco’s Phosphate Buffered Saline (1x, Mediatech, Inc.).
Tllustra NAP-5 Column (GE Healthcare Bio-Sciences Corp.).
2-mercaptoethanol (299.0 %, Sigma-Aldrich).
Oligonucleotides (Biosearch Technologies).

Tween20 (molecular biology grade, Sigma-Aldrich).

Phosphate washing bufter (PB): 10 mM phosphate buftfer (pH
7.0), 0.3 M NaCl, 0.02 % Tween20.

Microcon YM-3 Centrifugal Filter (Millipore).
Tris—-EDTA Buffer (Invitrogen).

Gold Nanoparticles (15-nm diameter, Ted Pella, Inc.).
Sodium Hydroxide (297.0 %, Sigma-Aldrich).

Sodium Chloride (299.0 %, Sigma-Aldrich).

Legend Micro 21 Centrifuge (Thermo Electron Corp.).
HEp-2 Cells (American Type Culture Collection).
Respiratory syncytial virus (strain A,).

OPTI-MEM Media (Gibco).

Fetal Bovine Serum (Atlanta Biologicals, Inc.).
Amphotericin-B (Sigma).

Gentamicin (Mediatech, Inc.).

L-Glutamine (Mediatech, Inc.).

Cell culture flasks, cell culture plates, cell scrapers, centrifuge
tubes, and serological pipette tips.

Allegra 21R Centrifuge (Beckman Coulter).
Dry ice.

Ethanol (Pharmco-AAPER).

Bovine Serum Albumin (Sigma).

655 nm Quantum Dots (Invitrogen).

BioMag 96-well Plate Side Pull Magnetic Separator
(Polysciences, Inc.).

Axiovert 200 Inverted Fluorescence Microscope (Zeiss).
UV-vis Spectrophotometer (Agilent).

Standard Heatblock (VWR).

Research Quartz Crystal Microbalance (Maxtek, Inc.).
Rotor-Gene Q 5-Plex Thermal Cycler System (Qiagen).
Rotor-Gene SYBR Green PCR Master Mix (Qiagen).
RNeasy Mini Kit (Qiagen).



Detecting Respiratory Syncytial Virus Using Nanoparticle-Amplified Immuno-PCR 97

44.
45.
40.
47.
48.

49.
50.
51.
52.

1 mL syringes and 20-gauge needles.

RNase-Free DNase Set (Qiagen).

Q-Taq One-Step qRT-PCR SYBR Kit (Clontech).
Costar UV Microtiter Plate (Corning).

Goat Anti-Human HRP Conjugate Secondary Antibodies
(Southern Biotech).

TMB One Solution (Promega).
Sulfuric Acid (EMD Chemicals).
Synergy HT Microplate Reader (BioTek).

RNase-free microcentrifuge tubes and pipette tips.

3 Methods

3.1 Preparation
of RSV-Infected
Cell Lysate

O 0 NN O v

10.
11.

12.

13.
14.

15.

16.

. Supplement 0.5 L of OPTI-MEM media with 10 mL of fetal

bovine serum (FBS), 5 mL of 250 pg/mL of amphotericin-B,
0.5 mL of 50 mg/mL gentamicin, and 5 mL of 200 mM
L-glutamine.

. Dilute respiratory syncytial virus (RSV) A, to 5 mL in supple-

mented media (see Notes 1 and 2).

. Aspirate the media off of a ~90 % confluent T-150 flask of

HEp-2 cells.

. Add diluted RSV to the T-150 flask ensuring that the virus

solution completely covers the bottom of the flask.

. Incubate the T-150 flask at 37 °C with 5 % CO, for 1 h.

. Add 35 mL of supplemented media to the flask.

. Incubate the T-150 flask at 37 °C with 5 % CO, for 4 days.
. Scrape infected cells from the surface of the flask.

. Collect the supernatant containing the infected cells in a 50 mL

centrifuge tube.
Centrifuge for 5 min at 500 x 4.

Remove the supernatant and resuspend the cell pellet in 5 mL
of supplemented media.

Freeze the cells using a slurry of ethanol and dry ice in order to
lyse cells and release virus particles.

Thaw the frozen cells in a 37 °C water bath.

Repeat steps 12 and 13 two more times to ensure the release
of virus particles from the cell wall.

Centrifuge the cell lysate at 100 xg for 5 min to pellet large
cellular debris.

Collect the supernatant, separate into aliquots of 0.5 mL, and
store at -80 °C.
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3.2 Coupling MagnaBind amine-derivatized magnetic microparticles (MMPs)
of Antibodies were activated with sulfosuccinimidyl-4-[ N-maleimidomethyl |
to Magnetic cyclohexane-1-carboxylate (Sulfo-SMCC) to facilitate the attach-
Microparticles ment of reduced antibodies.

1. Wash 200 pL of MMPs three times by extracting MMPs with
a magnetic separation stand and resuspending MMPs in 500 pL.
coupling bufter (CB).

. Resuspend washed MMPs in 200 pL. of CB.
. Activate the MMPs by adding 20 pL of 1 mM Sulfo-SMCC.

. Mix the solution and place on a rotisserie for 1 h.

[SLNN SIS I 8]

. Wash MMPs three times using the procedure described in step
1 to remove excess Sulfo-SMCC.

6. In a separate microcentrifuge tube, combine 15 pul. of 1.2 mM
dithiothreitol (DTT) and 15 pL. of 30 mg/mL anti-RSV
F-protein antibodies (F-mix) (see Note 3).

7. Mix the solution and place on a rotisserie for 0.5 h.

8. Separate reduced antibodies from DTT using a NAP-5 column
(see Note 4).

9. Combine activated MMPs with the column-purified reduced
antibodies.

10. Mix the solution and place on a rotisserie for 1 h.

11. Quench the reaction by adding 2-mercaptoethanol to a final
concentration of 100 pM.

12. After 1 h of quenching, wash the MMPs three times with
Dulbecco’s phosphate-buftered saline (PBS).

13. Resuspend washed MMPs in a final volume of 300 puLL PBS.

3.3 Antibody- Following attachment of antibodies to MMPs, a pull-down experi-
Magnetic ment can be performed to validate the attachment. The following
Microparticle protocol can be used to fluorescently label virus pulled down by
Characterization functional antibodies.

Experiment 1. Mix 10 uL of antibody-conjugated MMPs, 100 pL of RSV-

infected cell lysate, and 100 pL of 4 % bovine serum albumin
(BSA) in PBS.

2. Place on a rotisserie at room temperature for 2 h.

3. Wash the MMPs three times by extracting MMPs with a mag-

netic separation stand and resuspending MMPs in 500 pL of
PBS.

4. Resuspend washed MMPs in 200 pL of PBS.

5. Mix MMPs with 100 pL of 2 % BSA containing 12 pg/mL of
F-mix antibody with a quantum dot (QD) attached to the
antibody.
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Fig. 2 Fluorescence images of MMP-virus—QD complexes. A mixture of MMPs (a) unconjugated or (b) conjugated
to F-mix antibodies and 655 nm quantum dots conjugated to F-mix antibodies were mixed with RSV. Magnetic
particles and associated complexes were extracted and washed. Images are 20x magnification

3.4 Coupling
of Antibodies and DNA
to Gold Nanoparticles

6. Place on a rotisserie at room temperature for 2 h.
7. Wash the MMPs using the procedure described in step 3.

8. Place the solution of MMP-RSV-QD complexes in a 96-well
plate.

9. Place the 96-well plate on a BioMag® 96-well Plate Side Pull
Magnetic Separator.

10. Image the 96-well plate on an inverted fluorescence
microscope.

Figure 2 shows fluorescence images from the protocol in
Subheading 3.3. Figure 2a, which contains negligible fluorescence,
shows a control non-functionalized MMPs used in the protocol in
Subheading 3.3. Figure 2b shows MMPs functionalized using the
protocol in Subheading 3.2 and then processed using the protocol
in Subheading 3.3. The fluorescence was generated by the pres-
ence of the fluorescent quantum dot bound to the MMP-RSV
complexes. Formation of these complexes confirms that the anti-
bodies remain functional after attachment to MMPs. Examining
the average pixel intensity over the entire fluorescence images
revealed that the functionalized MMPs (33.9 average pixel inten-
sity) generated tenfold greater fluorescence over the control MMPs
(3.2 average pixel intensity).

Thiolated DNA sequences were received as disulfides and were
activated by cleaving the disulfide bond prior to coupling.

1. Resuspend lyophilized DNA in 100 mM DTT, 0.1 M phos-
phate buffer, pH 8.3.

2. Incubate the DNA at room temperature for 0.5 h to facilitate
DTT reduction of disulfide bonds.

3. Desalt the reduced DNA using a Microcon YM-3 centrifugal
filter (see Note 5).
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Table 1

Glossary of oligonucleotide sequences

Name Sequence 5’ —3'

Comp_55 [C6Thiol] TTTTT TTTTT TTTTT GCTTG TCTCG TAAGT TGAGA
TTTCG CTATG CACGG TCCTT

Tag_76 CTGCG ACGAT CTACC ATCGA CGTAC CAGGT CGGTT GAAGG

Tag primer 1
Tag primer 2
RSV primer 1
RSV primer 2

ACCGT GCATA GCGAA ATCTC AACTT ACGAG ACAAG C

CTGCG ACGAT CTACC AT

GCTTG TCTCG TAAGT TGA

GCTCT TAGCA AAGTC AAGTT GAATG A
TGCTC CGTTG GATGG TGTAT T

11.
12.
13.
14.
15.

16.

17.

18.
19.

. Resuspend purified DNA in Tris—sEDTA (TE) buffer and store

in small aliquots at -80 °C.

. Add 1 M NaOH to adjust the pH of the gold nanoparticles

(AuNPs) to 9.3.

. Add 35 pL of 0.2 mg/mL Synagis antibody diluted in water to

10 mL of 2.3 nM AuNPs (pH 9.3) (see Note 6).

. Place AuNPs on a rotisserie at room temperature for 0.5 h.
. Add 50.8 pL of 107 uM activated DNA (Comp_55; Table 1)

to AuNDPs (see Note 7).

. Place AuNPs on a rotisserie at room temperature for 0.5 h.
10.

Add 1 mL of 0.1 M phosphate butfer (pH 7.0), 2 pL of
Tween20, and 200 uL. 5.0 M NaCl to the AuNP solution
(see Note 8).

Place AuNPs on a rotisserie at room temperature for 1 h.
Add 200 pL 5.0 M NaCl to the AuNP solution.

Repeat steps 11 and 12.

Place AuNPs on a rotisserie at room temperature for 1 h.

Remove excess DNA by centrifuging the solution for 20 min
at 21,100 x g, and removing the supernatant.

Resuspend the red oily pellet of AuNPs in a stock solution of
PB.

Repeat the washing procedure described in steps 15 and 16
three times.

Resuspend the red oily pellet of AuNPs in 1 mL of PB.

Determine the concentration of the AuNDPs via UV-vis
spectroscopy (see Note 9).
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3.5 Validation
of DNA-Gold
Nanoparticle
Functionalization

3.6 Quartz Crystal
Microbalance
Validation of
Antibody-Gold
Nanoparticle
Attachment

20. Add sufficient Tag DNA (Tag_76; Table 1) to bring the molar
ratio of Tag DNA:AuNPs to 200:1.

21. Place AuNPs on a rotisserie at room temperature overnight.

22. Remove excess Tag DNA using the washing procedure
described in steps 15-17.

23. Resuspend the red oily pellet of AuNPs in 1 mL of PB.

24. Determine the concentration of the AuNPs via UV-vis spec-
troscopy (see Note 9).

25. Add PB to bring the final concentration of AuNPs to 5.0 nM.

Antibodies and DNA (Comp_55) were attached to AuNPs follow-
ing the procedure stated in Subheading 3.4, stopping at step 19
(prior to the addition of Tag DNA).

1. Add Tag DNA to 100 pL of 5 nM AuNPs at various molar
ratios of Tag DNA:AuNP (1:10, 1:25; 1:50, 1:100, 1:150,
1:200, 1:300, and 1:500).

2. As a control, add the same amount of Tag DNA used in step 1
to 100 pL of PB for each AuNP sample.

3. Place AuNPs and control samples on a rotisserie at room tem-
perature for 24 h.

4. Centrifuge all samples for 0.5 h at 16,100xy4 to pellet the
AuNPs and Tag DNA hybridized to them.

5. Collect 90 pL of supernatant from each sample (AuNDP and PB
samples).

6. Determine the absorbance at 260 nm of each supernatant on a
UV-vis spectrophotometer.

7. Calculate the difference between samples incubated with and
without AuNDPs.

Figure 3 shows quantitation of the loading of Tag DNA on
AuNPs using the validation protocol in Subheading 3.5. Figure 3
revealed that saturation of the AuNPs with Tag DNA, ~70 strands
per particle, occurred when Tag DNA was incubated at a molar
ratio >400:1 of Tag DNA:AuNP. However, a much lower concen-
tration, 200:1, still allows for the hybridization of ~50 strands per
particle, which is suitable for subsequent experiments.

All quartz crystal microbalance (QCM) experiments were per-
formed with a flow rate of 30 pL/min and 5 MHz Ti/Au quartz
crystals.

1. Allow the QCM to equilibrate for 1 h with PBS flowing over
the crystal.
2. Obtain a 5 min baseline with PBS flowing over the crystal.

3. Turn off the pump to stop the flow over the crystal and change
the sample inlet flow from PBS- to RSV-infected cell lysate.
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Fig. 3 Number of strands of Tag DNA bound per particle versus number of strands
of Tag DNA added per particle. Data shown as the mean+S.D. (n=3)

4.
5.

6.

Turn on the pump to resume the flow over the crystal.

Allow RSV-infected cell lysate to flow for 10 min while moni-
toring the frequency of the crystal.

Turn off the pump to stop the flow over the crystal and change
the sample inlet flow from RSV-infected cell lysate to PBS.

7. Turn on the pump to resume the flow over the crystal.

10.
11.

12.

13.
14.

15.

16.

. Allow PBS to flow for 5 min while monitoring the frequency

of the crystal.

. Turn oft the pump to stop the flow over the crystal and change

the sample inlet flow from PBS to 1 % BSA in PBS.

Turn on the pump to resume the flow over the crystal.

Allow 1 % BSA to flow for 10 min while monitoring the fre-
quency of the crystal.

Turn off the pump to stop the flow over the crystal and change
the sample inlet flow from 1 % BSA to PBS.

Turn on the pump to resume the flow over the crystal.

Allow PBS to flow for 10 min while monitoring the frequency
of the crystal.

Turn off the pump to stop the flow over the crystal and change
the sample inlet flow from PBS to either AuNDPs functionalized
with anti-RSV antibodies and DNA or, as a control, AuNDPs
functionalized with DNA alone.

Turn on the pump to resume the flow over the crystal.
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Fig. 4 Mass change of RSV exposed to AuNPs functionalized with either DNA alone (gray) or DNA and Synagis
antibodies (black). (a) Entire experiment showing total mass bound upon flowing RSV onto the quartz crystal,
followed by a PBS wash, blocking with 1 % BSA, a second PBS wash, and finally functionalized AuNPs. (b) The
change in mass upon flowing functionalized AuNPs over the blocked and washed RSV-infected cells

3.7 Nanoparticle-
Amplified Immuno-
PCR

17. Allow AuNPs to flow for 10 min while monitoring the
frequency of the crystal.

Using the validation protocol in Subheading 3.6, it can be
observed that when antibody-DNA-AuNPs are flowed along the
crystal, binding occurs and can be observed by an increase in mass
detected by the microbalance (Fig. 4b). However when DNA-AuNPs
which are not functionalized with antibodies are flowed along the
crystal, no significant change in mass is observed (Fig. 4b). By
comparing the addition of AuNPs with conjugated antibodies and
DNA to the addition of AuNDPs with DNA only, it is apparent that
not only do antibodies coupled to the AuNP facilitate binding to
RSV but also that AuNPs with DNA alone have very little
nonspecific binding to RSV, as evident by no change in mass under
control conditions.

1. Mix 5 pL of antibody-conjugated MMPs, 100 pL. of RSV-
infected cell lysate, and 200 pL of 5 % BSA in PBS.

2. Place on a rotisserie at room temperature for 1 h.

3. Wash the MMPs three times by extracting MMPs with a mag-
netic separation stand and resuspending MMPs in 500 pL of
PBS.

4. Resuspend washed MMPs in 200 pL of PBS.

5. Mix MMPs with 5 pL of 5 nM antibody—DNA-functionalized
AuNPDPs and 300 pLL of 5 % BSA in PBS.
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3.8 Enzyme-Linked
Immunosorbent Assay

6
7

8
9

10.
11.

12.

13.

14.

15.

. Place on a rotisserie at room temperature for 1 h.

. Wash the MMPs two times by extracting MMPs with a mag-
netic separation stand and resuspending MMPs in 500 pL of
5 % BSA in PBS.

. Wash the MMPs using the procedure described in step 3.
. Resuspend washed MMPs in 300 pL of nuclease-free water.
Place solutions on a heatblock at 95 °C for 10 min.

Immediately after heating, place MMPs on a magnetic separa-
tion stand and remove 100 pL of supernatant once the solu-
tion has cleared.

Mix 12.5 puL of 2x Rotor-Gene SYBR Green PCR Master Mix,
2.5 uL of 2 uM forward primers, 2.5 pL of 2 uM reverse prim-
ers (Tag primers; Table 1), 2.5 pL of nuclease-free water, and
5 uL of sample (supernatant collected in step 11) in a PCR
tube.

In a thermocycler, heat samples to 95 °C for 3 min to activate
DNA polymerases.

In a thermocycler, perform 40 cycles of 95 °C for 15 s to dena-
ture, 60 °C for 60 s to anneal and extend, and 72 °C for 15 s
to detect fluorescence. An example is shown in Fig. 5.

Obtain a melt curve by heating samples from 50 to 99 °C while
detecting fluorescence.

. Incubate 100 pL of 10 pg/mL F-mix antibodies in a well of a
96-well protein binding plate.

2. Incubate at room temperature for 1 h.

. Gently aspirate off antibody solution from the well.

. Turn the plate upside down and tap it on a paper towel to
remove any residual solution.

. Add 300 uL of PBS to the well.

6. Repeat the washing procedure described in steps 3-5 two

10.
11.
12.
13.

14.

more times.
. Repeat steps 3 and 4.
. Add 300 uL of 5 % BSA to the well.
. Incubate at room temperature for 1 h.
Repeat steps 3 and 4.
Add 100 pL of RSV-infected cell lysate to the well.
Incubate at room temperature for 1 h.

Perform the washing procedure described in steps 3-5 three
times.

Repeat steps 3 and 4.
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Fig. 5 RSV detection via nanoparticle-amplified immuno-PCR. (a) Real-time PCR results of NPA-IPCR per-
formed on RSV-infected HEp-2 cell lysates, uninfected HEp-2 cell lysates, and PBS. (b) Comparison of the cycle
thresholds of the same experiment. Data shown as the mean+S.D. (n=3)

3.9 RNA Isolation
and Real-Time
Reverse Transcription
PCR

15.

16.
17.

18.
19.

20.
21.

22.
23.
24.
25.
26.

1.

2.

Add 100 pL of 10 pg/mL of Synagis antibodies diluted in 5 %
BSA to the well.

Incubate at room temperature for 1 h.

Perform the washing procedure described in steps 3-5 three
times.

Repeat steps 3 and 4.

Add 100 pL of a 1:1,000 dilution in 5 % BSA of goat anti-
human HRP-conjugated secondary antibodies to the well.
Incubate at room temperature for 1 h.

Perform the washing procedure described in steps 3-5 five
times.

Repeat steps 3 and 4.

Add 100 pL of TMB One Solution to the well.

Incubate at room temperature for 10 min.

Add 100 pL of 2 M H,SO, to the well.

Determine the absorbance at 450 nm of the solution on a
microplate reader.

Isolate RNA from RSV-infected cell lysates using an RNeasy
Mini Kit (see Note 10).

Mix 12.5 pLL of 2x One-Step qRT-PCR Buffer plus SYBR,
0.5 uL of 50x QTaq DNA Polymerase Mix, 0.4 pL of 60x
qRT Mix, 2.5 pL of 2 uM forward primers, 2.5 pL of 2 uM
reverse primers (RSV primers; Table 1), 1.6 pL of nuclease-
free water, and 5 pL of sample (isolated RNA from step 1) in
a PCR tube.
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3.10 Comparison

of the Limit of
Detection of ELISA,
RT-PCR, and NPA-IPCR

3. In a thermocycler, heat samples to 48 °C for 20 min to perform
reverse transcription.

4. In a thermocycler, heat samples to 95 °C for 3 min to activate
DNA polymerases.

5. In a thermocycler, perform 40 cycles of 95 °C for 15 s to
denature, 60 °C for 60 s to anneal and extend, and 72 °C for
15 s to detect fluorescence.

6. Obtain a melt curve by heating samples from 50 to 99 °C while
detecting fluorescence.

1. Serially dilute a stock solution of RSV-infected cell lysates
threefold in supplemented media.

2. Perform an ELISA as described in Subheading 3.8 in triplicate
on serially diluted (threefold) RSV-infected cell lysates.

3. Perform an ELISA as described in Subheading 3.8 in triplicate
on uninfected HEp-2 cell lysates.

4. Using the original stock solution used in step 1, serially dilute
RSV-infected cell lysates tenfold in supplemented media.

5. Perform RT-PCR as described in Subheading 3.9 in triplicate
on serially diluted (tenfold) RSV-infected cell lysates.

6. Perform RT-PCR as described in Subheading 3.9 in triplicate
on uninfected HEp-2 cell lysates.

7. Perform NPA-IPCR as described in Subheading 3.7 in tripli-
cate on serially diluted (tenfold) RSV-infected cell lysates.

8. Perform NPA-IPCR as described in Subheading 3.7 in tripli-
cate on uninfected HEp-2 cell lysates.

9. Determine the limit of detection of each assay by calculating
three standard deviations above the background (uninfected
HEp-2 cell lysates).

The normalized signal is obtained by subtracting the back-
ground and dividing each value by the response obtained at the
highest virus concentration. Both NPA-IPCR and RT-PCR have a
substantially lower limit of detection than ELISA (Fig. 6). The
lower limit of detection for ELISA is 16,000 PFU/mL, while
RT-PCR is 17.9 PFU/mL and NPA-IPCR is 4.1 PFU/mL.
Although the dilution curves for NPA-IPCR and RT-PCR appear
similar, the lower dilutions, shown in Fig. 6b, provide additional
insight. At lower virus concentrations, <8.3 PFU/mL, RT-PCR
has more variation between replicates. While both assays give an
observable shift at 8.3 PFU/mL, only the NPA-IPCR is statisti-
cally above the limit of detection. The variability between replicates
is due in part to the amount of amplification that is required to
reach the cycle threshold but may also be due to other properties
of PCR[23]. Ata concentration of 8.3 PFU /mL, RT-PCR requires
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Fig. 6 Detection of decreasing concentrations of RSV. (a) Comparison of RSV detection using ELISA, real-time
RT-PCR, and the developed NPA-IPCR assay. (b) The number of standard deviations above background using both
RT-PCR and NPA-IPCR at low virus concentrations. The gray dashed line shows a 3 limit of detection. Data shown
as the mean+S.D. (n=3). NPA-IPCR data has been shifted to prevent overlapping with RT-PCR data

29.1 cycles to reach the threshold while NPA-IPCR requires only
19.4 cycles. NPA-IPCR effectively moved the low concentration
dilutions up 10 cycles, in turn reducing the amount of PCR-
induced variation between replicates.

4 Notes

. Respiratory syncytial virus is a human pathogen and requires

handling in a biosafety level 2 (BSL-2) facility. Use necessary
precautions.

. Virus should be stored at -80 °C and rapidly thawed in a 37 °C

water bath immediately prior to use. Once the viral titer is
determined, additional freeze/thaw cycles should be avoided
as they can resultin a change in the number of PEUs. Therefore,
it is best to store viral standards in small (<1.0 mL) aliquots so
thawed virus that is unused can be appropriately discarded.

. Antibody reduction should be coordinated so that once the

MMPs are activated, they can be immediately used.

. Care should be taken to make sure the column does not dry

out at any time during the process. Allow excess storage buffer
to flow through the NAP-5 column. Add 2.5 mL of CB to the
top of the column and allow to flow through the column.
Continue adding CB and allow it to equilibrate the column
until a total of 10 mL of CB has passed through the column.
Allow the residual CB to completely enter the bed of the col-
umn and then add the antibody solution to the top of the
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10.

column (30 pL). Allow the solution to completely enter the
bed of the column. Add 470 pL. of CB to the top of the col-
umn and allow the CB to enter the bed of the column. Finally,
add 1 mL of CB to the top of the column and begin collecting
the flow-through drop-wise in a 96-well UV transparent plate.
After all drops have been collected, read the absorbance at
280 nm of each well to determine which wells contain the anti-
bodies. Care should be taken to make sure air bubbles are not
present prior to reading the absorbance. Combine wells con-
taining antibodies together and proceed to the next step.

. Placed a YM-3 filter in the top of a microcentrifuge tube. Add

500 pL of the DNA/DTT solution to the top of the filter and
centrifuge the DNA for 75 min at 14,000 x 4. Discard the flow
through. Resuspend the concentrated DNA to a final volume
of 500 pL in 1x TE buffer and centrifuge a second time. Once
again, resuspend the concentrated DNA to a final volume of
500 uL in 1x TE buffer and centrifuge. Place the filter upside
down in a clean microcentrifuge tube and centrifuge for 3 min
at 1,000 xg. Remove the filter and dilute the DNA to the
desired concentration in TE bufter and store at -80 °C in small
aliquots prior to use.

. 15 nm AuNPs are shipped at approximately 2.3 nM. Prior to

coupling, the concentration should be verified using UV-vis
spectroscopy and a molar extinction coefficient at 520 nm of
3.64x10* M! cm™.

. Empirical evidence has revealed that a minimum of 200 strands

of DNA per 15 nm AuNP is necessary for adequate coverage
of the AuNP. At lower concentrations, coverage may be incom-
plete and result in aggregation of AuNPs. If the DNA concen-
tration used differs from the concentration in Subheading 3.4,
step 8, the volume added should be adjusted to bring the final
DNA:AuNP molar ratio to 200:1.

. Slowly increasing the salt concentration is essential for ade-

quate loading of the AuNP. In Subheading 3.4, step 10, NaCl
should only be added after phosphate buffer and Tween20
have been added. If the solution turns from red to a shade of
purple, aggregation has occurred. Adding NaCl drop-wise
with vortexing between drops can help reduce aggregation.

. Prior to determining the concentration of AuNPs, brief sonica-

tion can be used to resuspend AuNPs that pellet during cen-
trifugation. Any pellet that does not resuspend upon sonication
has most likely irreversible aggregated.

In a typical RNA isolation, 300 pL of cell lysate was mixed
with 400 pL lysis buffer (RLT) and homogenized by passing
the sample through a 20 gauge needle cight times. 700 pL of
70 % was then added to the sample, and it was bound to an
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RNeasy spin column. On the column, DNA was digested using
an RNase-Free DNase Set. The remaining RNA was then
washed with the appropriate buffers (RW1 and RPE). After
washing, the RNA was eluted in 50 pL. of nuclease-free water
and stored in small aliquots at ~80 °C. Purified RNA samples
should be stored in small enough aliquots to avoid multiple
freeze /thaw cycles as this may lead to degradation.
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Chapter 9

Gold Nanoparticle-Oligonucleotide Conjugates
for the Profiling of Malignant Melanoma Phenotypes

John W. Stone, Reese Harry, Owen Hendley, and David W. Wright

Abstract

This chapter discusses the preparation and subsequent profiling capabilities of gold nanoparticle-oligonucleotide
conjugates for multiple melanoma mRNA targets. We will outline the attachment of DNA hairpins
modified with a thiol for facile attachment to gold nanoparticle surfaces through gold-sulfur bond forma-
tion. Furthermore, the ability of these conjugates to detect and distinguish phenotypic variations utilizing
several melanoma cell lines and the nonmalignant cell line, HEp-2, will be investigated using flow cytom-
etry and RT-PCR analytical techniques. The behavior of the housekeeping probe B-actin will also be
investigated as a control.

Key words Gold nanoparticles, Hairpin oligonucleotides, Melanoma profiling, RT-PCR, Flow
cytometry

1 Introduction

Melanoma is one of the fastest diagnosed cancers with over 70,000
new cases this year alone [1]. Early diagnosis has proven key in
long-term survival rates with an 80 % survival rate in patients diag-
nosed in early stages of the disease [2]. Current detection methods
include histological examination, reverse transcription-polymerase
chain reaction (RT-PCR), and antibody-assisted protein detection
[3-6]. However, these assays suffer from inconsistencies and
tedious sample preparation and processing [6, 7]. More recently,
live cell-imaging probes including linear oligonucleotides, hairpin
oligonucleotides, and Forster resonance energy reporters have
been investigated as alternative detection methods [8-11]. While
potentially effective, these probes require harsh transfection
reagents for cell internalization and free oligonucleotide probes are
susceptible to nuclease degradation [8, 12-16].

As a consequence of the above drawbacks to current detec-
tion methods, recent efforts have focused on nanotechnology-
driven approaches toward probe design. By coupling
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oligonucleotides to the surface of gold nanoparticles, many of the
current probe flaws may be attenuated or eliminated [17, 18].
For example, gold nanoparticle-oligonucleotide conjugates do
not require transfection reagents for cell entry and nuclease deg-
radation is reduced resulting from steric hindrances of the gold
nanoparticles [17, 18].

Tyrosinase (TYR) is the enzyme responsible for the conversion
of tyrosine to melanin as part of the melanin biosynthesis process [ 19].
Since TYR expression is largely specific to melanocytes and mela-
noma cells, it is an attractive candidate for the detection of meta-
static melanoma present in blood, lymph nodes, or other organs.
Additionally, the serological marker, melanoma inhibitory activity
protein (MIA), and S100, a protein which binds calcium in brain
astrocytes and malignant melanoma, were conjugated to the sur-
face of gold nanoparticles to highlight the versatility of these com-
posites for profiling multiple mRNA targets. This ability is critical
since multiple gene mutations will occur potentially initiating
metastasis that could alter melanoma progression. In this chapter
we will outline protocols for the preparation, characterization, and
utility of gold nanoparticle-oligonucleotide probes for the detec-
tion of three different melanoma expression markers resulting from
phenotypic variations between four different melanoma cell lines
and the non-melanocytic HEp-2 cell line.

2 Materials

1. SK-MEL-28 cells (American Type Culture Collection,
ATCC).

2. HEp-2 cells (American Type Culture Collection, ATCC).

3. Wmll5 cells (provided by Vanderbilt Ingram Cancer
Center).

4. MeWo cells (provided by Vanderbilt Ingram Cancer Center).

. HS-294T cells (provided by Vanderbilt Ingram Cancer
Center).

. 15 nm gold colloid solutions (Ted Pella, Inc., Redding, CA).
. Syto-13 nuclear dye (Invitrogen Corp, Carlsbad, CA).

(92

. Sytox Green viability dye (Invitrogen Corp, Carlsbad, CA).

O 0 NN O

. Mito-tracker Orange (Invitrogen Corp, Carlsbad, CA).

10. Sterile nuclease free phosphate buffered saline without MgCl,
and CaCl, (pH 7.4) (Invitrogen Corp, Carlsbad, CA).

11. Bovine deoxyribonuclease I (Promega, Madison, WI).

12. Molecular beacons (Biosearch Technologies, Inc, Novato,

CA).
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13.

14.
15.
16.

17.
18.

19.
20.

21.

22.

23.
24.
25.
26.
27.

28.
29.
30.
31.

32.

33.

Unmodified oligonucleotides (Biosearch Technologies, Inc,
Novato, CA). Custom oligonucleotides (Biosearch
Technologies, Inc, Novato, CA).

PCR primers (Biosearch Technologies, Inc, Novato, CA).
0.1 M dithiothreitol (DTT, Sigma Aldridge, St. Louis, MO).

1x Tris=EDTA (TE) buffer (pH 8) (Sigma Aldridge, St. Louis,
MO).
Tween-20 (Sigma Aldridge, St. Louis, MO).

10 mM phosphate buffer (pH 7) (Sigma Aldridge, St. Louis,
MO).

5 M NaCl (Sigma Aldridge, St. Louis, MO).

3K molecular weight centrifugation filters (Amicon Ultracel
3K, Millipore).

High glucose DMEM growth medium (10 % fetal bovine
serum, 100 units penicillin/streptomycin, 2 % l-glutamine).
RPMI 1540 growth solution (10% fetal bovine serum, 100 units
penicillin /streptomycin, 2 % l-glutamine).

Phenol red-free RPMI 1640 media (5 % fetal bovine serum).
35 mm Mattek microwell dish or well plates.

0.05 % trypsin—-EDTA.

RNeasy Mini Kit (Qiagen).

Nuclease reaction buffer (100 mM Tris-HCI, 5 mM MgSO,,
1 mM CaCl,, pH 8).

Malvern Zetasizer Nano ZS.
Absorption and fluorescence plate reader.
UV-vis spectrometer.

Custom Becton Dickinson five-laser LSRII analytical flow
cytometer.

Rotor-Gene Q real time cycler (Qiagen) and QTaq One-Step
qRT-PCR SYBR Kit (Clontech).

1.2 % agarose E-gel (Invitrogen).

3 Methods

3.1 Preparation
of Hairpin
Oligonucleotides

Purchased oligonucleotides maintain an unreduced 5’ thiol moiety
which is reduced prior to addition to gold nanoparticle solutions.
This step is required in order to provide available thiols for gold-
sulfur bond formation.

1.

0.1 M DTT was added to the purchased hairpin DNA result-
ingina 100 uM oligonucleotide solution and mixed for 30 min
in order to facilitate reduction at the 5’ thiol end.
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3.2 Synthesis

of Gold Nanoparticle-
Oligonucleotide
(hAuNP) Composites

3.2.1  Conjugation

of Hairpin Oligonucleotides
(51008, MIA, B-Actin)

to Gold Nanoparticles

3.3 Characterization
of Gold Nanoparticle-
Oligonucleotide
Gomposites

3.3.1  Quantitation
of Number of Hairpins per
Gold Nanoparticle

2. Reducing agent was removed via centrifugation through a 3K
molecular weight centrifugal filter and subsequently washed
three times with PBS.

3. Reduced oligonucleotides were resuspended in 1x Tris—sEDTA
(TE) buffer (pH 8) and stored at —-80 °C until ready for use.

Oligonucleotide hairpins were conjugated to 15 nm gold nanopar-
ticles through gold—sulfur bond formation via displacement of cit-
rate. The addition of phosphate buffer, Tween-20, and increasing
amounts of NaCl further stabilize the conjugates allowing for a
higher number of hairpins per particle. Once prepared gold hAuND
conjugates were stored in PBS at 4 °C.

1. To 1 mL of a 10 nM citrate-stabilized gold nanoparticle solu-
tion was added DNA at a final DNA concentration of 2 uM.
The solution was protected from light and mixed overnight at
room temperature.

2. Following overnight incubation, 110 pL. 10 mM phosphate
bufter (pH 7), 1.1 pL Tween-20 (0.1 %), and 22.2 uL 5 M
NaCl were added, mixed, and incubated for >2 h.

3. Following a minimum 2 h incubation, 22.4 pL. 5 M NaCl was
added, mixed, and incubated for >2 h.

4. Following a minimum 2 h incubation, 22.6 pL. 5 M NaCl was
added, mixed, and incubated for >2 h.

5. The resulting gold nanoparticle composites were purified via
three rounds of centrifugation with washing in PBS (30 min,
17,000 x g) and finally stored in PBS (pH 7.4) at 4 °C.

6. Concentrations of gold nanoparticle-oligonucleotide conju-
gates were determined by measuring the absorption at 520 nM
with an extinction coefficient of 3.64x 108 M~! cm™.

In order to quantitate the number of hairpins per particle, DNA
was cleaved from the nanoparticle surface via disulfide reduction
using DTT. The fluorescence of cleaved DNA was measured on a
plate reader and compared to a standard curve of DNA at known
concentrations. Knowing both the nanoparticle and DNA concen-
trations, an average number of hairpins were estimated based on a
molar ratio. Furthermore, fluorescence measurements were carried
out to assay the selectivity of the hairpin probes by monitoring
signal to noise values of the probe in the presence of target com-
plement and target mismatch (MM), respectively.

1. A reducing butfer for DNA cleavage was prepared by adding
38 mL 0.1 M dibasic phosphate buffer stock together with
2 mL 0.1 M monobasic phosphate buffer resulting in a final
buffer pH of 8.3. 0.617 g DTT was dissolved into 40 mL of
the prepared phosphate buffer.



3.3.2 Gold Nanoparticle-
Oligonucleotide Target
Selectivity

3.4 Flow Gytometry
Measurements
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2. 150 pL of'a 10 nM hAuNP in PBS was centrifuged at 17,000 x g4
for 10 min and resuspended in 30 pL. DNase-free water.

3. The above sample is then aliquoted into three tubes each con-
taining 10 pL followed by a tenfold dilution into the above
prepared phosphate buffer.

4. The samples were mixed for 1 h followed by centrifugation at
21,000 x4 for 10 min.

5. The supernatant containing the hairpin DNA is analyzed using
a fluorescence plate reader, and absorption values were mea-
sured and compared against a calibration curve of known DNA
concentrations.

1. Toa 1 nM (PBS, 0.1 % Tween-20) solution of hAuNDPs was
added target complement or target MM respectively to a final
target concentration of 1 pM.

2. The above solutions were sealed, protected from light, and
allowed to incubate for 2 h at 37 °C.

3. Signal to noise was measured by taking the ratio of target
fluorescence and MM background fluorescence.

In order to assess the ability of the different probes to discriminate
varying phenotypes of malignant melanoma, three different
probes—TYR, MIA, and S100f—and the housckeeping probe
B-actin were used in combination with the four cell lines,
SK-MEL-28, Wml15, MeWo, and HS-294T, and the non-mel-
anocytic HEp-2 cell line. Figure 1 represents hAuNDP expression
values across the multiple cell lines, indicating that TYR and MIA
expression values are higher in all malignant cell lines as compared
to HEp-2 cells with TYP expression especially high in the
SK-MEL-28 cell line. S100B, conversely, was found to possess
higher expression values in the nonmalignant HEp-2 cell line, a
finding not supported in the literature. Table 1 is a quantitative
summary of the flow cytometry results.

1. Prepare hAuNPs (see Subheading 3.2.1).

2. All cell lines were plated in 6-well plates (in complete media)
such that a cell concentration of le6 cells/well was achieved
(~50 % confluence).

3. Cells were dosed with 0.25 nM melanoma hAuNDP targets and
0.25 nM B-actin hAuNPs simultaneously and allowed to incu-
bate for 4 h at 37 °C and 5 % CO,,.

4. Following the initial incubation, cells were washed twice with
PBS and fresh media was added to each well and incubated for
an additional 12 h at 37 °C and 5 % CO,,.
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Fig. 1 hAuNP expression values for multiple melanoma cell lines. (Blue) tyrosi-
nase hAuNP expression values, (red) MIA hAuNP expression values, and (black)
S100 hAuNP expression values

Table 1
hAuNP expression values for multiple melanoma cell lines

hAuNP melanoma expression values

TYR MIA S100B
SK-MEL-28 1.94+0.29 1.19+0.04 1.01+0.19
Wml15 1.06+0.10 1.04+0.08 0.96+0.05
MeWo 1.08+0.10 1.16+0.04 1.02+0.17
HS-294T 1.13+0.26 1.19:0.16 1.04+0.17
HEp-2 1.02+0.05 0.99+0.03 1.13+0.13

5. Following the 12 h incubation, cells were lifted from the plate
with 0.05 % trypsin—-EDTA, washed twice with cold PRBS,
resuspended in 500 pL cold phenol red-free media containing
5 % FBS, and stored on ice until analysis.

6. Sytox Green was added to each well at a concentration of
50 nM in order to access cell viability in the presence of
hAuNPDs.

7. Samples were analyzed via flow cytometry measurements with
forward and side scatter. Both Sytox Green and CY five emis-
sions (associated with hAuNPs) were collected and mean
fluorescence values recorded.
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Transcription-
Polymerase Chain
Reaction (RT-PCR)

Gold Nanoparticle-Oligonucleotide Conjugates for the Profiling... 117

0.005 A

I Tyr
1 E MIA
0.004 Il s100B

0.003 A

0.002

Relative Transcript Ratio

0.001

0.000 A

Fig. 2 RT-PCR relative transcription ratios for experimental cell lines

RT-PCR measurements were performed on all cell lines in order to
assay relative expression levels for each of the melanoma markers in
an attempt to validate hAuNPs as promising probes for melanoma
mRNA detection. RT-PCR is a common technique for assaying
the presence of mRNA for a given system and so provides a reason-
able standard for comparison purposes. Data for TYR expression in
SK-MEL-28 cells correlated well with the hAuNP probes having
high expression values (Fig. 2). Neither MIA nor S1008 was found
to significantly discriminate between various phenotypes in the
remaining malignant cell lines although their expression values
were larger than those measured for HEp-2 cells. Table 2 is a quan-
titative representation of the cycle threshold (Ct) expression val-
ues. It is possible that the overall lack of expression in malignant
cells, other than SK-MEL-28 cells, may be influenced by the indi-
vidual cell types assayed and requires further investigation.

1. Cells were plated in a 6-well plate (see Subheading 3.4).

2. Cellular mRNA was extracted from each of the cell lines using
RNeasy Mini Kit following the manufacture’s protocol
(le6 cells).

3. 15 ng (5 uL) of RNA was added to a 25 pL. volume with the
following reagents: 12.5 pulL of 2x One-Step qRT-PCR Buffer
containing SYBR, 0.5 pLL 50x QTaq DNA Polymerase Mix,
0.4 uL. 60x gRT Mix, 200 nM forward and reverse primers
(see Note 1), and DNase /RNase-free water.

4. Samples were cycled as follows: 45 min at 48 °C, 3 min at
95 °C, followed by 40 1 min cycles at 55 °C, and a final cycle
for 2 min at 72 °C.
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Table 2
RT-PCR relative transcription ratios for multiple melanoma cell lines

RT-PCR melanoma Gt values

SK-MEL-28
Wmll5
MeWo
HS-294T
HEp-2

TYR

4.68+0.09E-3
1.26+0.06E-6
1.85+0.01E-5

MIA
1.59+0.04E-3
6.10+0.23E-4
2.17+0.05E-4
5.93+0.06E-4
N/A

S100B
1.96+0.06E-4
3.86+0.06E—4
3.94+0.04E-4
6.95+0.02E-4
3.89+0.03E-5

7.74+0.20E-6
N/A

5.

5 uL of TYR and B-actin PCR products were subsequently
assayed via electrophoresis on a 1.2 % agarose E-gel and imaged
under UV light.

. Relative transcript values were reported based on the equation

2-A where ACt is equal to Ct target gene-Ct B-actin gene.

4 Note

. Forward and reverse primers utilized (see Subheading 3.5) are

as follows: TYR forward (5'-ttggcagattgtctgtagee-3'), TYR
reverse (5'-aggcattgtgeatgetgett-3'), S100p forward (5'-atgtct-
gagctggagaaggccat-3'), S100B reverse (5'-actgectgecacgagt-
tetttgaa-3'), MIA forward (5'-catgcatgeggtectatgeccaagetg-3'),
MIA reverse (5'-gataagctttcactggcagtagaaatc-3'), B-actin for-

ward

(5'-gcgggaaategtgegtgacatt-3')

and B-actin reverse

(5'-gatggagttgaaggtagtttcgtg-3').
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Chapter 10

Methods for Isolating RNA Sequences Capable of Binding
to or Mediating the Formation of Inorganic Materials

Carly Jo Carter, Alina Owczarek, and Daniel L. Feldheim

Abstract

The ability of oligonucleotides to mediate the formation of inorganic materials is now well established.
RNA and DNA are proving to be capable of mediating the formation of inorganic nanoparticles with
sequence-specific control over nanoparticle size, shape, and even atomic-level crystallinity. Here we
describe methods for isolating specific RNA sequences from large random sequence libraries that either
bind to precut inorganic crystal wafers with high affinity or influence inorganic crystal growth.

Key words RNA, Biomineralization, Nanoparticles, SELEX

1 Introduction

Biological systems are capable of synthesizing a remarkably diverse
range of inorganic materials within a relatively narrow set of reac-
tion conditions: neutral pH, aqueous solutions, and near-ambient
temperatures and pressures. Biological systems have adapted within
these constraints by applying a large and dynamic combinatorial
approach to materials synthesis, resulting in protein enzymes that
catalyze inorganic reactions and direct the atomic-level structures
and macroscopic morphologies of growing crystals. In addition to
affording an organism structural integrity and protection against
predation, many materials found in nature have more sophisticated
physical properties such as magnetism and light focusing [1, 2].
The biomaterials found in nature have inspired a growing research
effort aimed at understanding the mechanisms by which these mate-
rials are assembled, and exploiting biomolecules in the synthesis of
novel materials and assembly of functional devices. In an attempt to
mimic natural evolutionary processes, in vitro selection methods
employing large random sequence RNA, DNA, peptide, and even
whole cell libraries are now being used to discover biomolecules that

Sandra J. Rosenthal and David W. Wright (eds.), NanoBiotechnology Protocols, Methods in Molecular Biology, vol. 1026,
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1. 5-G GGA GAA ATA CAA ATA GGC AGG A...(40n)...TTC GAC AGG AGG CTC ACA ACA GGC -3
2.5-TAA TAC GAC TCA CTA TAG GGA GAA ATA CAA ATA GGC AGG A-3'
3. 5-GCC TGT TGT GAG CCT CCT GTC GAA-3'

Fig. 1 Sequence 1 represents the ssDNA template with the 5’ conserved region (red) and the 3’ conserved
region (blue) highlighted. Sequence 2 shows the 5’ primer. The 3' portion (red) of the 5" primer is the exact
sequence of the 5’ conserved region of the template; however there are extra bases (black) that provide the T7
promoter sequence for later transcription. The third sequence is the 3’ primer, which is the reverse-complement
of the 3’ conserved region (when written in the 5'-3”direction)

bind to or mediate the formation of materials [3-6]. In addition to
potentially affording more environmentally friendly routes to inorganic
materials, the sometimes highly selective recognition capabilities of
biomolecules selected in vitro can facilitate their use in fabricating
advanced devices such as the viral batteries fabricated by Belcher and
coworkers [7].

In this chapter, protocols for preparing and screening large
random sequence RNA libraries to isolate specific sequences capable
of interacting with inorganic materials are described. Two general
examples are provided: (1) isolation of sequences capable of mediat-
ing the growth of nanoparticles from solutions containing Co** and
Fe?* precursor ions [8], and (2) isolation of sequences that bind to
single-crystal Pt surfaces. When performed successfully, these experi-
ments can provide interesting insights into biomolecule sequence/
structure—function relationships in addition to establishing a genomic
archive for the synthesis of new materials.

2 Materials

1. A random pool of single-stranded DNA (ssDNA) containing 7
random bases flanked by fixed sequence regions (the ssDNA
template). The random region is typically 40-80 nucleotides in
length.

2. 3" and 5’ primers: The primer that anneals to the 3’ end of the
template ssDNA must be the reverse complement (when writ-
ten in the 5-3’ direction) of the 3’ fixed region of the ssDNA
template. The 5’ primer (that which anneals to the 5’ fixed
region) must have the same sequence as the 5' fixed region of
the ssDNA template plus additional bases that code for the T7
RNA polymerase promoter. Primer solutions are typically kept
as 100 uM aqueous stock solutions at =20 °C. See Fig. 1 for a
specific example.

3. QIAquick PCR purification Kkit.
4. Taq DNA polymerase.
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. 10x Taq bufter-MgCl, (500 mM KCI, 100 mM Tris-HCI, 1 %

Triton X-100).

. 50 mM MgCl,.

. Dimethyl sulfoxide (DMSO).
. T7 RNA polymerase.

. RNase inhibitor.

10.
. 100 mM NTPs.
12.
13.
14.
15.
16.
17.
18.
19.

10 mM dNTPDPs.

0.1 M DTT (dithiothreitol).

40 % (19:1) bis-polyacrylamide.

N,N,N', N'-Tetramethylethylenediamine (TEMED).
10 % Ammonium persulfate (APS, aqueous).
Diethylpyrocarbonate (DEPC).

Milli-Q water.

Ethanol.

5x Transcription buffer (200 mM Tris—Cl pH 7.5, 6 mM
MgCl,, 10 mM spermidine, 100 mM NacCl).

2x denaturing loading buffer (90 % (v/v) formamide, 1 mM
EDTA, 0.05 % (w/v) bromophenol blue, 0.005 % (w/v) xylene
cyanol).

2x native loading buffer (see item 20; instead of formamide
add 10 % (v/v) of glycerol).

0.22 wm syringe filters and syringes.

Ethidium bromide.

Polyacrylamide gel (PAGE) equipment.

Urea.

1x Wash buffer (1 mM each NaCl, KCI, Na,PO,).

10x TBE (electrophoresis buffer).

AMV reverse transcriptase (AMV-RT).

First Strand Bufter (New England Biolabs).

Super Script IIT Reverse Transcriptase.

1 M Tris—-HCI pH 8.0.

DNA ladder.

RNA ladder.

o-*2P-ATPD.

Formamide (molecular biology grade, Sigma).

All water used should be high purity (Milli-Q), DEPC treated,
and RNase and DNase free.
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Fig. 2 Basic steps in the in vitro selection of RNA sequences capable of mediating the formation of inorganic

nanoparticles

3 Methods

3.1 The Systematic RNA sequences with desired function are obtained using multiple
Evolution of Ligands cycles of SELEX [9, 10]. SELEX requires the polymerase chain reac-
by EXponential tion (PCR), transcription, and reverse transcription in combination
Enrichment (SELEX) with a selection pressure and a partitioning method (Fig. 2). The

first step in SELEX is 2-cycle PCR that produces double-stranded
DNA containing the T7 RNA polymerase promoter sequence. The
selection should begin with 1 nmol of ssDNA, which may be
obtained from commercial sources (Integrated DNA Technologies
is an excellent source). The starting pool of ssDNA will have ca. 10
different dsDNA sequences, which upon enzymatic transcription
yields roughly the same diversity of RNA sequences.

1. Start the selection with 2-cycle PCR reaction. Combine in a
250 uL. Eppendorf tube the following reagents: 2 ul. 10 uM
ssDNA random library, 2.5 pLL 10 mM dNTPs, 1 uL. 100 puM
of both 3" and 5’ primers, 10 uL. 10x Taq DNA polymerase
bufter, 2.5 U of Taq DNA polymerase, 10 uL DMSO, and
6 uL 50 mM MgCl,. Add DEPC-treated water to obtain a
100 pL final volume. Prepare multiple 100 pL reactions so
that 1 nmol of the ssDNA template is subjected to 2-cycle
PCR. Place the tubes in a thermal cycler using the following
program, repeating steps (b—d) two times:

(a) 1 min at 95 °C.
(b) 30 sat 95 °C.

(c) 30 sat55°C*.
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(d) 30 sat 72 °C.
(e) Cool to 4 °C.

*The annealing temperature depends on the composition
of nucleotides in the primers. Usually this temperature is in the
range 50-58 °C. Check this temperature with the vendor pro-
viding the primer or calculate the annealing temperature
according to the formulas available in molecular biology hand-
books. The simplest equation for calculating annealing tem-
perature is the Wallace rule:

T,=2"C(A+T)+4 C(G+C)

T is a filter-based calculation and 4, G, C, and T are the
number of each base that appears in the sequence. This is often
used for shorter (10-20 bases) sequences. Another familiar
equation for DNA, which is valid for oligonucleotides longer
than 50 bases dissolved in pH 5-9 solutions, is

T. =81.5+16.6log M + 41(XG + XC)-500 / L — 0.62F

where M is the molar concentration of monovalent cations,
XG and XC are the mole fractions of G and C in the oligo, Lis
the length of the shortest strand in the duplex, and Fis the
molar concentration of formamide.

. DNA purification. Purify the double-stranded DNA (dsDNA)
random library after the 2-cycle PCR reaction using the Qiagen
PCR purification kit, following the Qiagen protocol exactly.
Verify that the dsDNA pool is of the correct length using native
PAGE (typically between 6 and 8 % depending upon the DNA
length) by comparison with appropriate DNA ladder. If the
dsDNA is not of the appropriate length, or multiple products
are observed, the dsDNA must be purified by native PAGE.

. ' T7 RNA transcription. Convert the dsDNA random pool into
radiolabeled RNA using enzymatic transcription in the presence
of 0-3*P-ATD. Prepare ten reactions containing the following:
0.1 nmol of random dsDNA, 1 mM of each NTP, 100 U T7
RNA polymerase, 20 uL 5x transcription buffer, 100 U RNase
inhibitor, 15 pCi o-3P-ATP (for a 100 pL reaction)**, and
10 uL 100 mM DTT. Add water to 100 uL. Incubate the
reactions at 37 °C for 6 h.

**Calculate the specific activity using the following for-
mula and the date on the bottle:

SA(Ci / mol) = 3,000¢ s

If ATP is dated the first and it is the fifth, =4, and if it is
dated the fifth and it is the first, then #=-4. Notice the following:
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3,000 is the maximum activity of uCi o-*P, and k&, for a-**P
is 0.0485/day. Use the SA to calculate the volume of puCi
0-32P-ATD:

vol(uL) = 15uCi)x (1 / SA)x (1 / [a-*P-ATP])

The RNA should be checked for purity via denaturing
PAGE (8 %). Purify the random RNA library using 8 % dena-
turing PAGE. Quantitation can be performed on radiolabeled
RNA using a liquid scintillation counter or by measuring the
OD,_, of the RNA solution.

260

The readout from your liquid scintillation counter will
likely be in counts per minute (CPM). CPM will need to be
converted into moles. Calculate a new SA if the previous SA
was from a different day. Calculate the hotness factor (HF):

HF = [ mOlCS:?TP added (fraction of ATP in sequence)
moles or-"P-ATP added J

The following equation can be used to convert CPM to moles:

1s 1 total vol RNA

xcounts 1 min
X X X
1 min 60s

3.2 Partitioning

3.2.1 Partitioning for a
Desired Property

X — X
3.7E10 decays SA  (vol RNA added x vol cocktail)

x (HF) | = moles RNA

The purified RNA is now ready to be used in the desired selection.

The partitioning step in SELEX depends upon the desired outcome.
For instance, it high-affinity RNA binders to a certain inorganic
crystal facet are desired, simple rinse protocols may be used to parti-
tion the weaker-binding sequences from the stronger binders (see
below). Particle size may also serve as a selection criterion, and
filtraion membranes and/or gels may be employed to partition
sequences that mediate the formation of and bind to inorganic nano-
particles. Here we illustrate a selection protocol designed to isolate
RNA sequences capable of mediating the formation of cobalt iron
oxide nanoparticles [8]. The partitioning step in this example was
performed with application of a magnetic field. Nanoparticles and
their RNA cognates that responded to the magnetic field were parti-
tioned from inactive sequences.

1. Incubation of RNA with the metal precursors. Combine the
following reagents in a 1 mL Eppendorf tube: 900 nM RNA,
100 mM NaCl, 100 mM KCI, 10 mM HEPES (pH 7.2),
150 uM degassed FeCl,, and 75 uM degassed CoCl,. Add
H,0 to 400 pL of final volume. Allow the reaction to incubate
at room temperature for 5 h.

2. Immediately prior to partitioning, remove the entire reaction
solution from the Eppendorf tube and place it in a new tube to
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eliminate any RNA sequences that were bound nonspecifically
to the tube.

3. Partition. Place the tube in a magnetic field (permanent magnet)
for 12 hat 4 °C.

4. Remove the solution from the tube, being careful not to touch
the sides of the tube with the pipette tip. Add 200 pL wash
buffer and remove with a pipette, and repeat washing four
times. Remove the tube from the magnetic field and resuspend
the RNA sequences remaining in the tube in 100 uL. H,O.

5. Quantify the amount of resuspended RNA via liquid scintillation
and calculate the percent of RNA resuspended after the parti-
tioning step. The percent RNA retained typically increases with
each cycle unless a selection pressure has been changed.

6. Perform the reverse-transcription on the recovered RNA.
Combine the resuspended RNA from step 3, 5x First Strand
Bufter; 0.5 mM each dATP, dCTP, dGTP, and dTTP; 2 uM 3’
primer; and 0.2 U/uL. AMV reverse transcriptase. Incubate
the reaction at 42 °C for 45 min followed by 15 min at 72 °C
(to inactivate the enzyme).

7. Skip to Subheading 3.3.

The selection of RNA sequences bound to a metal surface is illustrated
here for two single-crystal Pt surfaces (Fig. 3). The Pt crystal plates
with exposed (100) and (117) facets were purchased from MaTeck
Gmbh. The plates were 1 mm thick with a diameter of 25 mm.
A specialized reactor fabricated from Kel-f was designed to control
the amount of surface area of Pt that was available to be bound by the
RNA library. The design was based upon work by J. E. Hutchison
and coworkers. The reactor, shown in Fig. 4, has a 3 mm diameter
hole at the bottom allowing for the RNA sequences to come in
contact with the Pt surface. The bottom surface of the reactor was
highly polished so that a tight seal could be made between the reactor
and the Pt surface. The reactor was sealed to the Pt surface and a
solution containing the RNA library was placed inside. The key to
the selection process is the application of a selection pressure, in this
case applying pressure, so that the highest-affinity Pt-binding RNA
sequences were obtained. This was done by decreasing the RNA con-
centration and surface area of the Pt wafer as the selection progressed.
Decreasing the available area of Pt was accomplished by decreasing
the diameter of the bottom hole of the reactor:

1. Place the plastic reactor on the platinum plate; screw the cover to
sill the reactor to the plate, place the small stir bar inside the reac-
tor, and place the reaction vessel on the stirring/heating plate.
Wash three times the reaction vessel with the 200 uL of buffer
containing 20 mM HEPES pH 7.1, 5 mM MgCl,, and 30 mM
NaCl with stirring 5 min for each wash at room temperature.
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Fig. 3 Basic steps in the in vitro selection of RNA sequences capable of binding to solid substrates
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Fig. 4 Schematic of a cell designed to select RNA sequences capable of binding
to single-crystal wafers

2. Heat the reaction mixture containing 1 nmol of RNA with
40-nucleotide-long random region in 20 mM HEPES pH 7.1,
5 mM MgCl,, and 30 mM NaCl in the total volume of 200 pL
for 5 min at 95 °C. Then slowly cool down the mixture on ice.

3. Place the cooled RNA solution into the reaction vessel and
incubate the RNA on the platinum surface for 1 h at room
temperature with mixing.

4. Discard unbound RNA sequences by removing the reaction
solution from the reaction vessel.

5. Wash the reaction vessel three times with the reaction buffer
from step 1.

6. Elute the RNA sequences bound to the platinum surface with
200 pL of formamide (deionized, molecular biology tested,
SIGMA). Elute bound RNA sequences by stirring for 1 h at
75 °C. Pipette the eluate into a microcentrifuge tube. Repeat
step 6.

7. Precipitate the eluted RNA sequences by adding 20 uL of 3 M
sodium acetate (pH 5) and 600 pL ethyl alcohol to each tube.
Allow the RNA to precipitate at —80 °C for at least 2 h, preferably
overnight.
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8. Spin the ethanol solution at 16,363 X g for 15 min at 4 °C.
Decant and discard the supernatant, and remove the residual
of supernatant.

9. Wash the pellet with 300 uL of 70 % ethanol and vortex. Spin
at 13,200 RPM for 15 min. Discard the supernatant and
remove the residual alcohol with the pipette. Leave the tube

open for 15 min to dry the pellet in air. Dissolve the pellet in
20 uL of DEPC-treated water.

10. Reverse transcribe the eluted RNA sequences. Prepare a solution
containing (Solution A): 20 uL. of RNA from step 9, 400 pmol
of 3" primer (4 puL of 100 uM solution), and 38 uL of DEPC-
treated water. Prepare a second solution (Solution B) containing
the following: 20 uL 5x Super Script III reaction buffer, 5 puL
100 mM DTT, 10 uLL 10 mM dNTPs, and 3 pLL Super Script 111
reverse transcriptase. Transfer Solution A into a 200 ul. PCR
tube and place it in the thermocycler and apply the following
program:

(a) 5 min at 85 °C.

(b) 5 min at 42 °C.

(¢) 30 min at 55 °C.

(d) 20 min at 37 °C.

(e) 15 min at 75 °C.

(f) Hold at 4 °C.
11. When the temperature reaches 42 °C add Solution B. When

the temperature reaches 37 °C add 1 pLL of RNaseH and con-
tinue the program to the end.

Pertorm PCR pilots to determine the proper number of cycles of
PCR that are required to maximize dsDNA yield while maintain-
ing the proper length. Combine in a 250 uLL Eppendorf tube the
following reagents: 5-10 uL. cDNA from Subheading 3.2.2, step 11,
0.1 U/uL Taq DNA polymerase, 10 uL 10x Taq DNA polymerase
buffer, and 0.12 mM each dATP, dCTP, dGTP, and dTTP. Add
water to final volume of 100 pL. Place the tube in a thermal cycler
and apply following program:

(a) 2 min at 95 °C.

(b) 30 s at 95 °C.

(c) 30sat 60 °C.

(d) 30 sat 72 °C.

(e) Cool to 4 °C.

Repeat steps (b—d) for 30 cycles, taking an aliquot of the PCR reac-
tion every five cycles for gel analysis. Collect ~2 pL aliquots of the

PCRreaction at 5, 10, 15, 20, 25, and 30 cycles and run native-PAGE
to determine the appropriate number of cycles. The appropriate
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34 T7RNA
Transcription

3.5 Analysis and
Unique Identification
of Selected RNA
Sequences

number of cycles will maximize the dsDNA of the correct length while
minimizing higher molecular products. Repeat the PCR with the
determined number of cycles with several 100 pL reactions to obtain
dsDNA to carry forward to the next cycle of selection. Purify the
dsDNA using the QIAquick PCR purification kit. Dissolve the
amplified DNA in 300 pL of water.

Repeat transcription as described in Subheading 3.1, step 3. We
recommend making 5-100 pL reactions with 5-10 pL of amplified
DNA from Subheading 3.3. After 6 h incubation remove excess
o-**P-ATP, NTPs, and reaction buffer using a molecular weight
cutoff filter (Microcon 10).

Prewash the filter with 200 uL of 1x wash buffer (Subheading 2,
step 26), for 5 min at 13,200 RPM. Add the transcription reactions,
and concentrate at 13,200 RPM for 5 min. Wash the reaction on the
Microcon filter 4x with 200 pL. 1x wash bufter, spinning for 5 min
at 13,200 RPM. To recover the RNA product, resuspend in
50-100 uL H,O, invert into a clean tube, and spin at 4,000 RPM
for 5 min. (Instructions are provided with the Microcon filters.)
RNA purity should be confirmed via 6 % denaturing PAGE. (Gel
purification may be required).

The selected RNA sequences are analyzed and separated via cloning
and sequencing. The evolved pool of RNA obtained from the final
cycle of SELEX is reverse transcribed and then amplified by PCR.
The “final cycle” is somewhat arbitrary; however, a selection typi-
cally requires between 8 and 12 cycles with large increases in the
percent RNA obtained indicating convergence on specific RNA
sequences capable of performing the desired task.

1. Cloning can be performed using a PCR-Script Amp Cloning Kit
from Stratagene (or an analogous kit), following the provided
protocol exactly.

2. The plasmid is digested and individual sequences from the
evolved pool are ligated into individual plasmids.

3. The plasmids are then transformed into competent cells.

4. The competent cells are plated and grown on ampicillin-resistant
LB-Agar with Xgal/IPTG for blue/white screening. White
colonies contain the inserted sequence from the evolved pool.

5. Individual colonies are picked and grown in LB containing
ampicillin. Growing the individual colonies amplifies the
individual sequence from the evolved RNA pool. The cells can
then be pelleted at 5000 X g, decanted, and stored at —20C
until they can be sent for sequencing.

6. Sequencing of the individual sequences from the evolved pool.
(a) Sequencing by Bio-Basic or similar contract lab.

(b) The obtained sequences may be analyzed by free software
available online.
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Kinetic data for a single RNA isolate, the initial random RNA sequence library, and the evolved RNA pool

Random library Cycle 7 pool 14 26 3
k. (s7) 0.0046 0.008 0.030 0.010 0.006
stdev 0.0009 0.007 0.006 0.007 0.004

3.6 Characterization

3.6.1 Characterization
of the Binding Kinetics
and Thermodynamics of
Selected RNA Sequences

1.

(c) Sequence similarity and consensus regions may be identified
and analyzed providing insight into sequence—function
relationships of the selected RNA sequences.

The adsorption rate constant (k) can be determined for any
single RNA sequence, the random RNA pool, and the evolved
pool of RNA. For the selection of RNA sequences that bind to
Pt, a constant amount of **P-labeled single sequence RNA
(2.5 pmol in 2 pl) was dissolved in the reaction bufter (see
Subheading 3.2.2, step 2) and incubated on the single-crystal
Pt plate for varying amounts of time (5, 15, 30, 60, 150,
300 s). The Pt plate was then rinsed with mQ water, dried in
air, and exposed to a phosphor screen (Packard). The amount
of RNA bound to the Pt plate was quantified (Packard Cyclone)
and analyzed by OptiQuant software. The % , values were cal-
culated using the following formula for the pseudo first-order
adsorption at a surface with no site—site interactions:

The values of ka 4 are shown in Table 1.

Only sequence 14 had a statistically larger adsorption rate con-
stant compared to the random RNA library based upon
Student’s #-test at the 95 % confidence level. This suggests that
the selection pressure was likely not kinetic but thermodynamic
in origin. This was examined further by measuring the binding
affinities of the selected sequences.

. To characterize the binding affinities of the selected RNA sequences,

the adsorption affinity constant, %, was determined. Varying
amounts of **P-labeled RNA (3.8 nM, 7.5 nM, 14 nM, 80 nM,
160 nM, 500 nM, 750 nM, and 1.0 uM) were dissolved in the
reaction buffer (see Subheading 3.2.2, step 1) and incubated for
1 h on the single-crystal Pt plate. The plate was then rinsed with
mQ water, dried in air, and exposed to the phosphor screen. The
amount of RNA bound to the Pt plate was quantified and analyzed
by OptiQuant software using a Packard Cyclone. The %, values
were calculated using the Langmuir isotherm equation:

c 1 I [counts],

¢
J— _F ____________’
r r K. T [counts]

max eq” max

csat

The values of &, for individual RNA sequences are shown in
Table 2.
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3.6.2 Nanoparticle
Characterization

:?I:;Sing constants for random RNA library and selected RNA sequences
Random library 14 26 3 8

K, (x107) 0.3 1.3 3.7 0.8 0.9

Stdev (x107) 0.07 0.3 0.8 0.3 0.2

The values of &, for sequences 14, 26, and 8 were statisti-
cally different from the random RNA library based upon
Student’s ¢-test at the 95 % confidence level. The higher affinity
of the selected RNA sequences for the Pt surfaces suggests that
they responded to a thermodynamic selection pressure in a
way that afforded them an advantage over other members of
the random RNA library. Additional cycles of selection or a
more stringent selection pressure would be expected to yield
sequences with even higher affinities.

. Transmission electron microscopy (TEM). TEM can be used to

image particles as small as 3-5 nm. In addition to the ability to
image nanoscale materials, relatively small (W) quantities of
sample are required. Diffraction patterns and elemental analysis
are also readily performed with most transmission electron
microscopes. General sample preparation protocol using carbon-
coated copper grids (Ted Pella):

(a) Place a glass microscope slide into the bottom half of a
glass petri dish.

(b) Using fine tip tweezers, place a grid on the edge of the
glass carbon side up.

(c) Glow discharge the grid to apply a charge to the carbon
surface making it hydrophilic.

(d) Remove the grid from the slide and allow it to remain
clamped in the tweezers.

(e) Apply a 2-20 pL drop of the sample onto the grid allowing
it to adsorb for 30 s to 2 min.

(f) Wick away the solution using a piece of filter paper by gen-
tly touching the paper to the side of the grid.

(g) If desired, a 20 uL drop of water can be applied to the grid
and wicked away to remove salts present in buffers used
during synthesis.

(h) Allow the grid to dry in air, covering with a petri dish lid
to avoid contamination, for at least 15 min.

(i) Sample image obtained using this method is shown in
Fig. 5.
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Fig. 5 Sample transmission electron microscope image of Co Fe oxide nanopar-
ticles synthesized with a selected RNA sequence

Fig. 6 HR-TEM image of a cluster of 3—10 nm diameter iron oxide particles

2. High-resolution transmission electron microscopy (HR-TEM):
High-resolution microscopes provide the capability of imag-
ing features on the order of angstroms. Lattice spacings of
crystalline or polycrystalline nanomaterials can be obtained
from the images, providing another method for materials
characterization. Figure 6 shows an image of a metal oxide
particle taken using HR-TEM.

3. Dynamic light scattering (DLS): DLS uses changes in the
intensity of input light compared to output light to determine
the average size and dispersity of a nanoparticle solution.
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4. Elemental analysis tools useful in nanoparticle characterization:
(a) Electron energy loss spectroscopy (EELS).
(b) Energy-dispersive X-ray spectroscopy (EDS).
(c) X-ray photoelectron spectroscopy (XPS).
(d) Selected area electron diffraction (SAED).

4 Noteson
Optimization and
Troubleshooting

4.1 How Many
Cycles of SELEX Do We
Need to Perform?

4.2 HowDol
Increase the Selection
Pressure?

4.3 No PCR Product
or the Wrong Length
of PCR Product?

4.4 How Canl
Elute Bound RNA
from a Surface?
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cycles several times to obtain the best sequences. A typical RNA
selection requires 8—12 cycles of SELEX. To select RNA sequences
that bound Pt 100 or 117, seven cycles of SELEX were performed.
We note that increasing the number of cycles and selection pressure
would likely result in higher affinity binders than those shown in
Table 2.

Applying a selection pressure can be accomplished by decreasing
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Chapter 11

Single-Walled Carbon Nanotube-Mediated Small Interfering
RNA Delivery for Gastrin-Releasing Peptide Receptor
Silencing in Human Neuroblastoma

Jingbo Qiao, Tu Hong, Honglian Guo, Ya-Qiong Xu, and Dai H. Chung

Abstract

Small interfering RNA (siRNA) has the potential to influence gene expression with a high degree of target
gene specificity. However, the clinical application of siRNA therapeutics has proven to be less promising as
evidenced by its poor intracellular uptake, instability in vivo, and nonspecific immune stimulations.
Recently, we have demonstrated that single-walled carbon nanotube (SWNT)-mediated siRNA delivery
can enhance the efficiency of siRNA-mediated gastrin-releasing peptide receptor (GRP-R) gene silencing
by stabilizing siRNA while selectively targeting tumor tissues. Based on our recent findings, we introduce
a novel technique to silence specific gene(s) in human neuroblastoma through SWNT-mediated siRNA
delivery in vitro and in vivo.

Key words SWNT, siRNA, GRP-R, Delivery, Image, Neuroblastoma

1 Introduction

Neuroblastoma is the most common extracranial solid tumor in
infants and children. Despite recent advances in multimodality
therapy, survival rates for all stages of tumors remain a dismal 50 %.
Novel therapeutic options are, therefore, urgently needed to
improve patient outcomes [1]. Gastrin-releasing peptide (GRP),
the mammalian equivalent of bombesin, is a neuroendocrine pep-
tide that has been shown to have a growth stimulatory effect on
various cancer cell types [2—4]. We have previously demonstrated
that GRP and its cell surface receptor, GRP-R, are abundantly
expressed in human neuroblastomas [2, 5] and that GRP-R silenc-
ing significantly suppresses tumorigenesis and metastatic potential
in mouse tumor models of neuroblastoma [6]. To employ siRNA,
we relied on the silencing of GRP-R by techniques previously
described in the literature [6].

However, current applications of siRNA therapeutics are limited
by the lack of effective delivery systems. Therefore, an efficient and
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safe targeted silencing delivery system is highly desired. Recently,
single-walled carbon nanotube (SWNT)-mediated delivery systems
have garnered significant interest as a novel tool for drug delivery.
This is, in large part, due to the ability of SWNTs to cross cell mem-
branes and transport a wide range of biologically active molecules
including drugs, proteins, DNA, and RNA into cells [7-9]. The
cytotoxicity of SWNTs is mainly dependent on their surface function-
alization, where minimal toxic effects were seen in well-functional-
ized, serum-stable SWNTs. For example, phospholipid-polyethylene
glycol (PL-PEG)-coated SWNTs have been shown to be nontoxic
and are widely used in vitro and in vivo [10].

Moreover, SWNTs have emerged as one of the most promising
candidates in the field of diagnostic imaging due to their unique opti-
cal properties [ 11-15]. The emission wavelength of SWNTs is in the
near-infrared (NIR) range, where most biological tissues and cells are
transparent and have low inherent autofluorescence. The fluorescence
of SWNTsis extremely stable and can last for months, while fluorescent
proteins, which are currently used for imaging living systems, begin
to fade within hours. Thus, SWN'Ts may have significant implications
in how we approach fluorescent visualization.

With the capability of penetrating cells and emitting non-
bleaching NIR fluorescence, functionalized SWNTs offer the
potential to be used as carriers for the delivery of siRNA and diag-
nostic imaging agents in vivo. To address the aforementioned
application, we have developed a straightforward protocol for
silencing GRP-R in human neuroblastoma through SWNT-
mediated siRNA (SWNT-siRNA) delivery in vitro and in vivo.
Western blotting and immunohistochemistry techniques have been
used to confirm GPR-R silencing.

2 Materials

2.1 Single-Walled
Nanotubes (SWNTs)

2.2 Ghemicals

2.3 Biological
Reagents

1. High-Pressure CO conversion (HiPco) SWNTs.

1. PL-PEG (1,2-distearoyl-sn-glycero-3-phosphoethanolamine- N-
[methoxy(polyethylene glycol)-5000]) (Avanti Polar Lipids Inc).
2. DTT (p,L-dithiothreitol) (Sigma-Aldrich).

1. Antibodies:
(a) GRP-R primary antibody (Abcam).
(b) f3-actin antibody (Sigma-Aldrich).

(c) Secondary antibodies against mouse and rabbit IgG (Santa
Cruz Biotechnology, Inc.).

d) Rabbit polyclonal anti-human phospho-histone H3
poly phosp
(Ser10) antibody (Millipore).
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2.4 CGell Culture
Reagents

O 0 N N U B~ W

10.
. Immun-Blot PVDF Membrane (Bio-Rad).
12.

13.

14.

(e) Alexa Fluor 568 Goat Anti-Rabbit IgG (Life
Technologies).

. siRNAs were custom synthesized by Thermo Scientific

(Dharmacon):

(a) Custom siRNA Design Tool, Thermo Scientific siDESIGN
Center, http://www.dharmacon.com/PopUpTemplate.
aspx?id=2078

(b) The siRNA targeting GRP-R (NM_005314) sequence:

e Sense: 5'-thiol-UAACGUGUGCUCCAGUGGAdTJT-3'
e Antisense: 3'-dTdTAUUGCACACGAGGUCACCU-5’

(c) Luciferase siRNA (control):

e Sense: 5'-thiol- CUUACGCUGAGUACUUCGAdT
dT-3’
e Antisense: 3'-dTdTGAAUGCGACUCAUGAAGCU-5’

(d) siRNA solution can be prepared by dissolving siRNA in
RNase-free water to reach a siRNA concentration of
100 uM. Store aliquots of the siRNA solution at -80 °C,
which can be stable for up to 6 months. However, avoid
more than three freeze—thaw cycles.

. Cell-Counting Kit-8 (Dojindo Molecular Technologies, Inc.).
. Cell lysis bufter (10x) (Cell Signaling Technology).

. Protein inhibitors cocktail (Roche Applied Science).

. NuPAGE Novex 4-12 % Bis—Tris Gel (Invitrogen).

. NuPAGE MOPS Running buffer (20x) (Invitrogen).

. TG (10x) buffer (Bio-Rad).

. Western Lightning Plus-ECL, enhanced Chemiluminescence

substrate (PerkinElmer, Inc.).
X-Ray Film, Blue Basic Autorad Film (ISC BioExpress).

Agarose gels (Cambrex Bio Science Rockland, Inc., Rockland,
ME).

DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride,
Sigma-Aldrich).

DAKO EnVision +System-HRP (Dako North America, Inc.,
Carpinteria, CA).

. The human neuroblastoma cell lines SK-N-SH and BE(2)-C

(American Type Culture Collection).

. RPMI 1640 medium and 0.25 % trypsin (Mediatech, Inc.).
. Fetal bovine serum (FBS) (Sigma-Aldrich).
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2.5 Instruments

4. Phosphate-buftered saline (PBS), 10x, pH 7.4 (Invitrogen).

B 0 N

10.
11.
12.

13.
14.
15.
16.
17.
18.
19.
20.

21.

. Penicillin-streptomycin, liquid (10,000 U penicillin; 10,000 pg

streptomycin) (Invitrogen, GIBCO).

. Bath sonicator, Branson 2510.

. Cole Palmer CPX-600 cup-horn sonicator.

. Polyscience X-520 Homogenizer, 750 W.

. Sorvall Legend X1R Centrifuge (Thermo Scientific); Rotor,

FiberLite, F15-8X50C (Piramoon Technologies Inc.).

. Sorvall WX Ultra Centrifuge with Surespin 630 swing bucket

rotor (Thermo Scientific).

. Dialysis tubing 15 ml, 3,500 MWCO (Fisher Scientific).
. Amicon centrifugal filter device 4 ml, 100,000 MWCO

(Millipore).

. Microcon Ultracel YM-100filterdevice 0.5ml, 100,000 MWCO

(Millipore).

. Hlustra NAP-5 columns, Sephadex G-25 DNA Grade (GE

Healthcare).
Cary-5000 UV-VIS-NIR Spectrometer (Varian).
Cell culture plates and flasks (BD Falcon).

Cell culture incubator, Thermo Series 11, water Jacketed CO,
Incubator, HEPA class 100 (Thermo Electron Corporation).

FlexStation 3 (Molecular Devices Corp.).

Immuno blotting system (Invitrogen).

Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad).
Nikon Eclipse E600.

Leica DMI6000 B.

Inverted Microscope IX 71 (Olympus).

IR enhanced water immersion objective (Olympus).

Liquid N, Cooling 2D OMA-V 320 Detector (Princeton
Instruments).

ProEM 512B CCD (Princeton Instruments).

3 Methods

3.1 Preparation of
Functionalized SWNT

1.

Weigh 1 mg of HiPco SWNTs and 5 mg of PL-PEG into a
20 ml glass scintillation vial. Add 5 ml of water. Dissolve
PL-PEG completely by shaking.

. Sonicate the vial in an ice water bath sonicator for 120 min and

change the ice water every 30 min to avoid overheating.
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3.2 siRNA
Conjugation to SWNTs
Through Natural 7w—r
Stacking

3.3 Cell Culture and
Transfection with
SWNT-siRNA

3.

Centrifuge the SWNT suspension at 133,000 x4 and at room
temperature for 4 h, and then decant the upper 75-80 % of the
supernatant.

. Measure the concentration of the prepared PL-PEG functional-

ized SWNT (PEG-SWNT) solution using a UV-VIS-NIR
spectrometer with a weight extinction coefficient of 0.0465 | /mg/
cm at 808 nm. The final SWNT concentration normally ranges
from 20 to 30 mg/1. Store the PEG-SWNT solution at 4 °C.

. Add 4 ml of the PEG-SWNT solution from the prepared stock

in step 3 into a 4 ml Amicon centrifugal filter device with a
molecular weight cutoft (MWCO) of 100 kDa. Centrifuge the
device at 4,000 x g and at 4 °C for 10 min. The leftover volume
in the filter should be <0.5 ml. Fill the filter device with water
to 4 ml. Wash five to six times by repeating the centrifuge and
water-adding steps in order to completely remove excess
PL-PEG in the PEG-SWNT solution. After the final wash,
resuspend PEG-SWNTs in PBS and adjust the concentration
of the SWNT solution to ~40 mg/1 by adding the required
amount of water.

. Dissolve siRNA in RNase-free water to reach a siRNA concen-

tration of 100 uM. Dilute siRNA in PBS to a concentration of
3.4 uM.

. To conjugate siRNA to functionalized SWNT, mix PEG-

SWNT solution from Subheading 3.1 with the siRNA solution
in equal volumes and incubating at 4 °C for 24 h. The final
SWNT and siRNA concentrations were approximately 20 mg/1
and 1.7 uM, respectively. The SWNT-siRNA solution was
ready for cell transfection.

. Culture SK-N-SH and BE(2)-C cells in RPMI 1640 medium

supplemented with r-glutamine and 10 % FBS. Maintain at
37 °C in a humidified atmosphere of 95 % air and 5 % CO,.

. For the siRNA transfection, plate cells in a 6-well plate at a

density of 5x10° cells/well in 2 ml medium. Incubate cells
overnight under the condition described in step 1.

. To remove aggregates, centrifuge the SWNT—-siRNA solution

prepared in Subheading 3.2 at 10,000 x4 and 4 °C for 10 min.
Collect the SWNT-siRNA supernatant containing either
SWNT-siGRP-R or SWNT-siLuc conjugates, and add 500 ul
to each well containing cultured cells and 2 ml of medium.
The final SWNT and siRNA concentrations should be approxi-
mately ~4 mg/1 and ~300 nM, respectively. Incubate the cells
at 37 °C, 5 % CO, overnight.

. To examine protein expression levels, replate the transfected

cells from step 3 into 6-well plates. Simply remove culture
medium and treat the cells with 300 ul of 0.25 % trypsin for
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Fig. 1 PEG-SWNT toxicity assay. Cells treated with PEG-SWNT did not exhibit a significant inhibition on cell
proliferation when compared to a control (no SWNT treatment)

3.4 CGell Cytotoxicity
Assay

3.5 Cell Preparation
for NIR Fluorescence
Imaging

2-5 min. Then add 1 ml of RPMI medium with 10 % FBS and
spin down the cells at 200 x g for 5 min at 4 °C. Resuspend and
plate the cells into 35 mm dishes for protein extraction at various
time points.

. Plate cells in 96-well plates at a density of 5-10x 10° cells/well in

RPMI 1640 culture medium with 10 % FBS and incubate over-
night under the condition described in Subheading 3.3, step 1.

. Add PEG-SWNT solution into the well at various concentra-

tions, and culture these cells for up to 3 days after incubation
with SWNTs.

. Assess the cell numbers using Cell-Counting Kit-8 daily. The

values, corresponding to the number of viable cells, can be read at
OD450 with FlexStation 3. Set up each assay point in triplicate,
and repeat the experiment three times for each cell line (Fig. 1).

. Trypsinize and wash cells after SWNT-siRNA treatments using

culture medium via centrifugation at 200 x g and at room tem-
perature for 5 min.

. Resuspend cells at the concentration of 2x10°¢ cells/ml in

RPMI 1640 medium without phenol red.

. Mix the cell solution with equal volume of 0.8 % agarose gels

(warmed at 40 °C) to form a final semisolid cell solution with
concentration of 1 x 10° cells/ml in 0.4 % agarose gels.

. Spread the cell gel solution on the glass slide and cover it with

coverslip.
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Fig. 2 (a) A schematic diagram of the fluorescence imaging setup; (b) a NIR fluorescence image of SWNT—
siRNA-treated cells overlapped with the related optical image. The scale bar is 40 um

3.6 NIR Fluorescence
Imaging of SWNT-
siRNA-Treated Cells

3.7 Protein Western
Blotting for GRP-R

A 70 mW /785 nm laser beam (Crystalaser) is expanded by lenses
1 and 2 and then focused by lens 3 to the back focal plane of an
IR-enhanced 60x water immersion objective (Olympus; Fig. 2a).
The laser spot in the sample plane is approximately 100 um in
diameter. NIR fluorescence imaging is carried out in epifluorescence
mode, and fluorescence images (Fig. 2b) are collected by a liquid
nitrogen cooled two-dimensional InGaAs array (2D-OMA V;
Princeton Instruments). The excitation light is filtered out using
one 1,150 nm long pass filter (Thorlabs). The visible images are
collected using an EMCCD (ProEM 512B CCD; Princeton
Instruments).

1. Prepare whole cell lysate by mixing cells with lysis buffer (1x)
containing 1 mM PMSF and protein inhibitor cocktail.

2. Measure the protein concentrations using Bio-Rad Protein
Assay kit by reading OD =595 nm with FlexStation 3 and cal-
culate protein concentration. Then prepare a protein sample
with a reducing agent (1 mM DTT) and 4x LDS sample butftfer,
which is then heated at 70 °C for 10 min to denature proteins.
Such samples can be stored at —80 °C for several months.

3. Following standard Western blotting technique, electrophorese
equivalent amounts of protein (20-30 pg) on NOVEX
NuPAGE 4-12 % Bis—Tris gels, and then electro-transfer to
polyvinylidene difluoride (PVDF) membranes. Probe with pri-
mary antibodies (1:1,000 dilution) overnight at 4 °C followed
by incubation with HRP-conjugated secondary antibody
(1:5,000 dilution) for 45 min at room temperature.

4. Visualize protein levels by an enhanced chemiluminescent
substrate, such as Western Lightning Plus-ECL (Fig. 3).
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3.8 SWNT-siRNA
Delivery into
Subcutaneous
Xenograft Tumors
In Vivo

3.9 Immunohisto-
chemistry
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Fig. 3 GRP-R is silenced by SWNT-siRNA transfection. BE(2)-C and SK-N-SH
cells were treated with SWNT-siRNA for 72 h. Protein expression was detected
by Western blotting. GRP-R expression was significantly knocked down in both
cell lines. B-actin levels indicate equal sample loading. Levels of protein expres-
sion were quantified by densitometry analysis with Image J (NIH)

All experiments were approved by the Institutional Animal Care
and Use Committee in accordance with guidelines issued by the
National Institutes of Health.

1.

Maintain male athymic nude mice (4-6 weeks old) as described
[16].

. Establish BE(2)-C xenografts by injecting BE(2)-C cells

(1x10%) in 100 pl of HBSS into the bilateral flanks using a
26-gauge needle (7=3-5 per group) as described [6, 16].

. Perform SWNT-siRNA treatments from day 7 post tumor cell

inoculation in mice by injecting 50 pl of the SWNT-siRNA
PBS solution with concentrations at 20 mg/1 for SWNTs and
1.7 uM for siRNA into each tumor.

. Harvest tumors at the end point for analysis.

. Perform immunohistochemical staining using DAKO

EnVision + System-HRP Kkit.

. Fix human neuroblastoma xenografts in formalin overnight

and embed it in paraffin wax.

. Mount tumor sections (5 um) on glass slides.

. Deparaffinize sections with xylene.
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SWNT-siLuc

SWNT-siGRP-R

Fig. 4 SWNT-siGRP-R silencing in neuroblastoma in vivo. (a, b) Representative immunohistochemical staining
of GRP-R in tumors treated with SWNT-siLuc or SWNT—SiGRP-R. The expression of target GRP-R (brown stain-
ing) was significantly decreased in SWNT—siGRP-R-treated tumor sections. (¢, d) Representative H&E-stained
tumor sections from mice treated with SWNT-siLuc or SWNT—siGRP-R

11.

12.

13.
14.

. Rehydrate sections with ethanol.
. Perform antigen retrieval with 10 mM sodium citrate buffer.

. Block sections with blocking solution for 20 min at room

temperature.

. Incubate slides with GRP-R primary antibodies overnight at

4 °C.

. Wash slides with PBST buffer three times for 5 min each.
10.

Incubate slides with secondary antibodies for 30 min at room
temperature.

Develop sections with DAB reagent. The reaction was termi-
nated by immersing slides in dH,O, and sections were coun-
terstained with hematoxylin.

Dehydrate slides with ethanol and xylene. Coverslips were
mounted on slides.
Mount coverslips on the slides and leave them to dry.

Take the IHC images under microscope (Leica DMI6000 B)
(Fig. 4).
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Histone H3 (phospho-ser10) DAPI OVERLAP

Fig. 5 Mitosis detected in paraffin-embedded tumor sections from SWNT-siLuc- and SWNT-siGRP-R-treated
tumors, respectively. (a, d) Mitotic cells were stained with anti-human phospho-histone H3 (Ser10) primary
antibody and Alexa Fluor 568 (red)-labeled secondary antibody. (b, e) Nuclei were stained with DAPI (blue).

(c, f) Overlapped images. SWNT—siGRP-R treatments resulted in a reduced number of mitotic cells (d and f),
leading to decreased tumor cell proliferation and inhibition of tumor growth

SWNT-siLuc

SWNT-siGRP-R

15. For mitosis detection, stain paratfin-embedded sections with
rabbit polyclonal anti-human phospho-histone H3 (Serl0)
antibody followed by Alexa Fluor 568 Dye (red)-labeled anti-

rabbit secondary antibody staining.
16. Stain nucleus with DAPI (blue).

17. Capture images using a fluorescent microscope (Nikon Eclipse
E600) (Fig. 5).
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Chapter 12

Amino Acid Mediated Linear Assembly of Au Nanomaterials

Manish Sethi and Marc R. Knecht

Abstract

Nanoparticles possess unique properties that are enhanced due to their small size and varied shapes. These
properties can be directly manipulated by controlling the aggregation state, which can further be exploited
for applications in bio/chemical sensing, plasmonics, and as supports for catalysts. While the advantages of
controlled aggregates of nanomaterials are great, synthetic strategies to achieve such structures with preci-
sion over the final arrangement of the materials in three-dimensional space remain limited. We have shown
that ligand exchange reactions on Au nanomaterials of various shapes using simple amino acids can induce
the formation of linear aggregates of the materials. The assembly process is mediated by partial ligand
exchange on the particle surface, followed by the surface segregation of the two ligands that produces an
electric dipole across the nanomaterial from which alignment occurs in solution via dipole—dipole interac-
tions. This linear-based assembly can be used to tune the optical properties of the materials and could
represent new pathways to study the interactions between biological molecules and inorganic
nanomaterials.

Key words Au nanoparticles, Au nanorods, Amino acids, Linear assembly

1 Introduction

Au nanomaterials possess distinct properties that include facile
surface functionalization, high surface to volume ratios, and
dynamic optical properties that are augmented based upon their
solution aggregation state. These properties are based upon the
quantum confinement effects that are achieved at the nanoscale
[1-6]. The use of such materials for commercial and industrial
applications is nearly limitless, where nanomaterials have made
significant advances in catalysis, therapeutics, chemical and biologi-
cal sensors, and energy storage [7—13]. While the activity of indi-
vidual nanostructures remains important, the collection of such
materials into controlled 3D arrangements represents new path-
ways to achieve structures with additional functionality. Thus, new
methods to produce specifically designed structures through self-
assembly processes to direct the fabrication of discrete arrangements
is critically important. Asymmetric functionalization of the

Sandra J. Rosenthal and David W. Wright (eds.), NanoBiotechnology Protocols, Methods in Molecular Biology, vol. 1026,
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nanoparticle surfaces produces materials with a controlled ligand
arrangement that can be used to fabricate ordered structures
[14-18]; however, such strategies typically result in a low number
of active materials. As such, methods that control the final aggre-
gation state with a high degree of precision in a high throughput
manner remain limited and must be developed to enhance assem-
bly-based functional materials.

Recently, our research group has demonstrated that simple
amino acids such as arginine and cysteine are able to linearly assem-
ble both spherical Au nanoparticles and Au nanorods into branch-
ing, 1D nanochains. Using citrate-capped Au nanoparticles under
selected reaction conditions, the secondary amino acid partially
displaces the initial citrate molecules on the nanoparticle that leads
to the formation of a patchy, charged surface due to segregation of
the zwitterionic residues from the citrate molecules [17]. As a
result, an electric dipole is generated across the nanoparticle that
causes their linear assembly in solution [17]. This process can be
directly controlled by varying the amino acid concentration,
temperature, and solution dielectric, where selected aggregate sizes
may be achieved [18].

Using similar biomolecule displacement-based methods, we
have further demonstrated the linear assembly of anisotropically
shaped Au nanorods. Such materials are particularly interesting
due to their unique two-dimensional structure that results in the for-
mation of two plasmon resonances: one associated with the longitu-
dinal surface (LSP) and one from the transverse surface (TSP) [1].
The binding of cysteine at the Au nanorod tips assembles such
structures into linear nanochains in a tip-to-tip arrangement. The
amino acid preferentially binds at the tips due to the disruption of
the surfactant bilayer that stabilizes these materials attributable to
the high radius of curvature at this region [19]. As a result of
cysteine attachment, the amine moieties of the o headgroup are
exposed to solution, which can bind the tips of adjacent nanorods
in solution in a pH dependent manner [16].

2 Materials

2.1 Au Nanoparticle

Synthesis

1. Milli-Q water (18 MQ cm; Millipore, Bedford, MA) is used for
all experiments.

2. 19.69 mg of chloroauric acid (99.999 % HAuCl,-3H,0O; Sigma-
Aldrich, St. Louis, MO) is dissolved in 50.0 mL of deionized
H,O to prepare a 1.00 mM solution (se¢ Notes 1 and 2).

3. Sodium citrate tribasic dihydrate (ACS reagent grade; Sigma-
Aldrich; St. Louis, MO) is dissolved to a concentration of
38.8 mM in deionized water.
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Synthesis

2.3 Linear Assembly
of Au Nanomaterials
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1. Chloroauric acid (39.3 mg) is dissolved in 10.0 mL of
deionized H,O to prepare a 100 mM stock solution (see Notes 1
and 2).

2. NaBH, (=98 %, 3.8 mg; EMD; Gibbstown, NJ) is dissolved in
10.0 mL of deionized H,O to generate a 10.0 mM solution
(see Note 3).

3. Ascorbic acid (176.13 mg; J.T. Baker; Phillipsburg, NJ) is
dissolved in 10.0 mL of deionized H,O.

4. A '10.0 mM silver nitrate (ACS Grade AgNO,, VWR, Radnor,
PA) solution is prepared by dissolving 17.0 mg of AgNO, in
10.0 mL of deionized H,O. This solution container is wrapped
in aluminum foil to avoid exposure to light, which can reduce
Ag* to Ag’.

5. Hexadecyltrimethylammonium bromide (CTAB) (3.6 g;
299.0 %, Sigma-Aldrich, St. Louis, MO) is dissolved in 100 mL
of deionized H,O (sec Notes 4 and 5).

L-arginine (871 mg, 298 %; Sigma-Aldrich; St. Louis, MO) is dis-
solved in 100 mL of deionized H,O to prepare a 50.0 mM stock
solution.

L-cysteine (12.12 mg, 297 %; SAFC; Lenexa, KS) is dissolved in
1.00 mL of deionized, non-titrated H,O to prepare a 100 mM
stock solution.

3 Methods

3.1 Au Nanoparticle
Synthesis via Citrate
Reduction

1. Prior to synthesis, all glassware is thoroughly cleaned by soaking
in aqua regia (HCI-HNO,::3:1) for 20.0 min (se¢ Note 6).
The glassware is then extensively rinsed with deionized H,O
and dried in an oven at 80.0 °C.

2. Using a glass spatula, collect 19.69 mg of chloroauric acid in
an Erlenmeyer flask and dissolve in 50.0 mL of deionized H,O
(see Note 2).

3. Place the flask on a stirring hot plate set at ~200 °C and attach
a standard recirculating cold water condenser.

4. Heat the flask until the solution begins to reflux while vigor-
ously stirring the solution.

5. Immediately after the solution begins to reflux, add 5.00 mL
of the 38.8 mM sodium citrate tribasic solution at once. The
solution color will change from bright yellow to colorless.

6. Reflux the mixture for 15.0 min as the solution color changes
from colorless to dark red to bright red.
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3.2 Au Nanorod
Synthesis

3.2.1 Preparation
of Au Seeds

3.2.2 Preparation
of Au Nanorods

7.

8.

While keeping the flask connected to the condenser, bring the
solution to room temperature slowly by removing the hot plate
prior to use.

The synthesis of ~15.0 nm Au nanoparticles is confirmed by
UV-Vis spectroscopy by monitoring the plasmon band at
520 nm.

Au nanorods are prepared in a two step process using a seed medi-
ated method in water [20].

1.

Prior to synthesis, all glassware should be thoroughly cleaned
by soaking in aqua regia (HCI-HNO,::3:1) for 20.0 min
(see Note 6). The glassware is then extensively rinsed with
deionized H,O and dried in an oven at 80.0 °C.

. Using a glass spatula, add 39.3 mg of chloroauric acid to a

glass vial and dissolve it in 10.0 mL of deionized H,O
(see Note 2).

. To a 50.0 mL conical centrifuge tube, transfer a 250 L ali-

quot of the chloroauric acid solution.

. To this, add 7.50 mL of the 100 mM CTAB solution in water.

The solution color will change from bright yellow to dull
orange.

. To the seed reaction, immediately inject 600.0 uL of the freshly

prepared 10.0 mM ice cold solution of NaBH,. The solution
color will change to pale brown.

. Leave the solution undisturbed for at least 2.00 h at 25.0 °C to

ensure complete reduction (see Note 7).

. The approach described is for the generation of Au nanorods

with an average diameter of 15 nm and an average length of
50 nm. To alter these dimensions, changes to the reaction seed
concentration is used [20].

.In a 50.0 mL conical centrifuge tube, add 2.00 mL of the

10.0 mM chloroauric acid stock solution.

. To this, add 47.5 mL of the 100 mM CTAB stock solution.

The solution color will change from bright yellow to dull
orange.

. Add 300 pL of the 10.0 mM freshly prepared silver nitrate

solution carefully so as to avoid exposure of the silver nitrate to
light. Mix by inversion twice.

. Proceed immediately with the addition of 320 uL of freshly

prepared 100 mM ascorbic acid. Mix by inversion three times,
after which the solution will become colorless.

. After the solution becomes colorless, add 210 uL of the freshly

prepared seed solution (see Note 8).



3.3 Arginine-
Mediated Assembly
of Citrate-Capped Au
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3.4 Cysteine-
Mediated Assembly
of Au Nanorods

3.4.1 Preparation
of Aqueous Solvents
at Selected pH Values
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7. Mix the solution gently by inverting the reaction ~10 times.

. Leave the reaction mixture undisturbed for at least 3.00 h at

room temperature. The solution color will change slowly over
time from colorless to purple.

. The nanorod synthesis is confirmed by UV-Vis where two dis-

tinct plasmon resonances are observed; a small band is noted at
~500 nm associated with the TSP, while a large peak at ~730 nm
is observed for the LSP. The position of the LSP is controlled
by the nanorod aspect ratio (length/width) such that as this
ratio increases, the LSP shifts further to the red [20].

. The arginine stock solution is added to 1.00 cm pathlength

quartz cuvettes (3.50 mL volume) in different amounts as
shown in Table 1. Such volumes are selected to achieve the
desired arginine—Au nanoparticle ratio with a final reaction
volume of 3.00 mL. (In Table 1, K=1,000, ¢.g.,40K=40,000).
The arginine is then diluted with a sufficient volume of water
such that only the Au nanoparticles must be added to initiate
the reaction.

. Using the Beer—Lambert Law, determine the concentration of

the Au nanoparticle stock solution. The extinction coefficient
of 15.0 nm Au nanoparticles is 3.6x 108 cm™ M~ [21].

. Add a sufficient volume of the Au nanoparticle stock to the

arginine reaction so as to attain the final Au nanoparticle con-
centration of 2.00 nM. This volume is 600 uL. (Table 1) when
the nanoparticle stock concentration is 10.0 nM.

. After nanoparticle addition, thoroughly mix the reaction solu-

tion using a pipette. After mixing, leave the reaction undis-
turbed during the UV—-Vis study (~1.0-6.0 h).

. Immediately after mixing the solution, begin monitoring

changes in the optical properties of the materials via UV-Vis
spectroscopy (Fig. 1). Due to the rate of optical changes,
obtaining of a complete spectrum every 30 s is required using
a photodiode array.

. The color of the solution will change over time from red to

blue to purple based upon the linear assembly of the materials
as a function of the arginine concentration (Fig. 2). TEM anal-
ysis of the 40K sample (Fig. 3) shows the growth of linear
assemblies of Au nanoparticles over 6.00 h.

. Dilute 10.0 mL of concentrated HCI with 20.0 mL of deion-

ized H,O. This solution is used for titrating acidic solutions
(see Note 9).

. In a separate beaker, dissolve 8-10 pellets of NaOH in 20.0 mL

of deionized H,O. This solution is used for titrating neutral
and basic solutions.
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3.4.2 Preparation
of Reaction Solution

Table 1

Reagent volumes required to prepare the indicated arginine—Au

nanoparticle ratio reaction solution

Milli-Q 50 mM
Arg:Au [Arg] (uM) H,0 (uL) Arg (uL) Au (pL)?
0K 0 2,400 0 600
10K 20 2,398.8 1.2 600
20K 40 2,397.6 2.4 600
40K 80 2,395.2 4.8 600
60K 120 2,392.8 7.2 600
80K 160 2,390.4 9.6 600
100K 200 2,388 12 600
200K 400 2,376 24 600
400K 800 2,352 48 600
1,000K 2,000 2,280 120 600
4,000K 8,000 1,920 480 600
8,000K 16,000 1,440 960 600

‘Based upon a 10.0 nM Au nanoparticle stock solution

3. Ina 100 mL beaker under vigorous stirring, titrate 50.0 mL of

deionized H,O using the solutions prepared above while
closely monitoring the solution pH; add the HCI/NaOH
solutions very slowly to avoid over-titration.

. Dissolve 12.1 mg of cysteine in 1.00 mL of deionized H,O to

prepare a 100 mM solution.

. Centrifuge 1.00 mL aliquots of the crude Au nanorods in

1.50 mL microfuge tubes at 14,000 rpm for 10.0 min to
pellet the materials. Carefully discard the supernatant without
disturbing the pellet.

. Redissolve the pellet in 1.00 mL of water titrated to the appro-

priate pH (see Note 10).

. Transfer the solution to a 1.00 cm pathlength quartz cuvette

with a total volume of 3.50 mL to monitor the reaction using
UV-Vis.
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Fig. 1 UV-Vis analysis demonstrating the changes in the absorbance of Au nanoparticles based upon an
arginine—Au nanoparticle ratio of (a) 0, (b) 10K, (c) 20K, (d) 40K, (e) 60K, (f) 80K, and (g) 100K. Part (h) displays
the rate of production of the linear-assembly peak at 665 nm. Reproduced with permission from ref. [17].

Copyright 2009 American Chemical Society
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Fig. 2 Photographs of the Au nanoparticle solutions exhibiting color changes
based upon the arginine—Au nanoparticle ratio at time intervals of (a) 0.00 h, (b)
1.00 h, () 4.00 h, (d) 6.00 h, and (e) 18.0 h. Reproduced with permission from
ref. [17]. Copyright 2009 American Chemical Society

5. Add 1.982 mL of water at the same pH value to the solution
to make a net volume of 2.982 mlL.

6. Add 18 uL of the freshly prepared 100 mM cysteine solution
to the Au nanorods at the different pH values such that the
final reaction concentration of cysteine is 600 UM and the total
volume is 3.00 mL.

7. Monitor the progress of the reaction every 3.00 min by UV—Vis
spectroscopy for up to 4.00 h (Fig. 4).

8. Figure 5 presents the TEM images of cysteine-mediated, lin-
early assembled Au nanorods at pH 1.00, 2.00, and 3.00. No
assembly is observed at higher pH values.
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Fig. 3 TEM images of the 40K arginine—Au nanoparticle ratio sample at time points of (a) 0.00 h, (b) 1.00 h,
(c)2.00 h, (d) 3.00 h, (e) 4.00 h, (f) 5.00 h, and (g) 6.00 h. Reproduced with permission from ref. [17]. Copyright
2009 American Chemical Society



158 Manish Sethi and Marc R. Knecht

a 12

g 1.2

pH1 — S
400 600 800 1000
Wavelength (nm)

400 600 800 1000
Wavelength (nm)

PHS = S
400 600 800 1000
Wavelength (nm)

400 600 800 1000
Wavelength (nm)

b 1.2
o TAt—0 "y
Q 1 (1]
S N——n —i
Resl— —»
o
2 0.4

0.2}

H2
0.0 p

o

400 600 800 1000
Wavelength (nm)

Absorbance

0.0

400 600 800 1000
Wavelength (nm)

Absorbance

o 1

400 600 800 1000
Wavelength (nm)

2
Time (h)
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4 Notes

. Chloroauric acid is highly hygroscopic and should be stored in

a desiccator.

. Metal spatulas should not be used with chloroauric acid as it

reacts with the metallic surface. Ensure that glass-based spatu-
las are used.

. NaBH, solutions must be prepared immediately before use.
. Avoid frothing of CTAB solutions as much as possible.
. Slightly heat the CTAB solution to fully dissolve the surfac-

tant. Once dissolved, make sure the CTAB does not precipitate
by preventing the solution from cooling below 25.0 °C.

. Aqua regia is highly corrosive. Exercise caution with its han-

dling and the associated chemical vapors.

. Do not use the seed solution 6.00 h after preparation.
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8. Using these conditions, if Au nanorods do not form after
multiple reactions, check the CTAB; purchasing CTAB from
different vendors can affect nanorod production [22, 23].

9. Exercise caution when working with concentrated HCI and
the associated chemical vapors.

10. Wash the nanorods just once so as to avoid changes to the
nanorod structure and their eventual precipitation [24].
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Chapter 13

Enzyme-Gold Nanoparticle Bioconjugates: Quantification
of Particle Stoichiometry and Enzyme Specific Activity

Jacqueline D. Keighron and Christine D. Keating

Abstract

Enzyme-gold nanoparticle bioconjugates have a wide variety of uses ranging from nanoreactors to sensors
and model systems. While easy to make, these bioconjugates are often not well characterized. This proto-
col outlines preparation of enzyme—nanoparticle bioconjugates and two complementary methods for
quantifying enzyme:nanoparticle stoichiometry from which the specific activity of the adsorbed enzymes
can be determined. Characterizations such as these can aid researchers in improving the design and appli-
cation of future bioconjugate systems.

Key words Nanoparticle, Gold, Bioconjugate, Enzyme, Specific activity

1 Introduction

Enzyme—nanoparticle bioconjugates have a wide range ofapplications.
They are commonly used as biocatalysts, where they can be used and
reused as nanoreactors, as sensors where the optical or electrical prop-
erties of the nanoparticle enhance analyte detection [1], and as scaf-
folds for models of biological enzyme assemblies [2]. Direct
adsorption of the enzyme to the surface of a nanoparticle is the
simplest method for bioconjugate formation. When mixed with
gold nanoparticles, protein molecules nonspecifically adhere to the
nanoparticle surface through hydrophobic, van der Waals, and
electrostatic interactions [ 3].

The orientation of adsorbed enzymes is most often random,
meaning a portion of the enzymes adsorb with their catalytic cen-
ter accessible to solution while others are less accessible because
the catalytic center is blocked by the nanoparticle or neighboring
enzymes. Inaccessibility of the active site, steric hindrance due to
neighboring enzymes, and the loss of secondary and tertiary struc-
ture upon adsorption can lead to a significant loss in the catalytic
ability of adsorbed species. The extent of activity loss is often
unknown because the number of enzyme molecules bound per

Sandra J. Rosenthal and David W. Wright (eds.), NanoBiotechnology Protocols, Methods in Molecular Biology, vol. 1026,
DOI 10.1007/978-1-62703-468-5_13, © Springer Science+Business Media New York 2013
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nanoparticle and hence the specific activity, or activity per quantity
of enzyme, is not determined. Recently, efforts have been made to
better characterize enzyme—nanoparticle bioconjugates in order to
better understand the extent to which enzymes adsorb (i.e., a sin-
gle layer or multiple layers around the particle) and how the enzyme
activity changes upon adsorption [2, 4].

Two methods will be described for determining how many
enzyme molecules adsorb per nanoparticle (also referred to as E:Au
or particle stoichiometry). The first is a direct method in which the
number of enzymes per nanoparticle is obtained after stringent
washing steps, and the second is a more commonly used, indirect
method, in which the stoichiometry is determined by quantifying the
remaining unbound enzyme in solution. These methods are
complementary, and when both are applied they provide a way to
independently verify the measured stoichiometry. This insures an
accurate determination in a system where enzyme—enzyme and
enzyme—nanoparticle interactions, as well as interactions between the
enzyme and any other surface or contaminant, can affect results.

While this protocol describes the characterization of fluorescently
labeled citrate synthase—gold nanoparticle bioconjugates in depth,
the protocol can be readily adapted for other enzymes of interest and
other types of nanoparticles (i.e., silver or polystyrene).

2 Materials

1. Gold nanoparticles, for example, 30 nm diameter, 2.0 x 10*! par-
ticles/ml (Ted Pella Inc., Redding, CA).

. Enzyme of interest, for example citrate synthase, 1 mg/ml
stock solution.

\9]

. Nonstick microcentrifuge tubes, 2.0 ml.
. NaCl, 2 M.

. Distilled deionized water.

. Benchtop microcentrifuge.

. Visible absorbance spectrophotometer.

. Fluorescence spectrophotometer.

O 0 N N U R W

. Enzyme substrate for citrate synthase, Oxaloacetic acid (Sigma-
Aldrich, St. Louis, MO).

10. Enzyme substrate for citrate synthase, Acetyl-Coenzyme A
(Sigma-Aldrich, St. Louis, MO).

11. Activity reporter for citrate synthase, dithionitrobenzoic acid
(DTNB) (Sigma-Aldrich, St. Louis, MO).

12. Tris buffer (100 mM, pH 8.1).
13. Sodium bicarbonate (5 mM, pH 8.3).



Enzyme-Gold Nanoparticle Bioconjugates: Quantification of Particle Stoichiometry... 165

14. Potassium cyanide (50 mM in 100 mM Tris buffer, pH 8)
(see Note 1).

15. AlexaFluor protein label kit (Molecular Probes, Eugene, OR)
(see Note 2).

3 Methods

3.1 Estimation of
Monolayer Coverage

Gold nanoparticles are available for purchase from a variety of
sources including Sigma-Aldrich and Ted Pella Inc. in a large range
of sizes. Nanoparticles can also be synthesized in house using well-
established techniques [5]. Gold nanoparticles are produced by
reduction of a gold salt solution and retain a coating of the reduc-
ing agent or an added stabilizing agent to prevent aggregation of
the particles (see Note 3).

This protocol will outline the preparation and characterization
of 30 nm enzyme-gold nanoparticle bioconjugates functionalized
with citrate synthase. The procedure can be adapted for use with
nanoparticles of any diameter (by accounting for the differences in
nanoparticle surface area and concentration) and any enzyme of
interest by performing the appropriate colorimetric activity assay
for that enzyme (see Note 4).

Initial estimations of number of enzymes necessary to form a
monolayer on the surface of the nanoparticle can be made if the
diameter of the enzyme and nanoparticle are known. These estima-
tions can be used to predict how much enzyme will be necessary to
coat the nanoparticle and if more than one layer of enzyme is pres-
ent in the bioconjugate.

1. Determine the surface area of the nanoparticle using Eq. 1,
where A, is the surface area of the nanoparticle and 7, is the
radius of the nanoparticle:

Ay = 47'”’1\211’ (1)

2. To roughly estimate the molecular footprint of each enzyme
molecules on the particle surface, measure the average largest
and smallest diameter of the enzyme of interest in Jmol (see
Note 5) and determine the minimum and maximum area a
single enzyme would occupy on the surface of the nanoparticle
according to Eq. 2, where A, is the area of the enzyme and 7,
is the radius of the enzyme:

Ag = meZ (2)

3. Alternatively, if a crystal structure for the enzyme of interest
cannot be found, use Eq. 3 [6] to estimate the radius of the
enzyme (7,) by assuming the enzyme is spherical, where v is
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3.2 Preparation
of Enzyme Stock

3.3 Flocculation
Assays

the specific volume of a protein (0.74 cm3/g), m is the
molecular weight of the enzyme, and N, is Avogadro’s num-
ber (see Note 6):

] (3)

4. The expected number of enzyme molecules in a single mono-
layer on the nanoparticles is then estimated by A ,/A,.
Although this value is only a rough estimate, it is nonetheless
useful to have some idea how many molecules one should
expect to find in the bioconjugates.

The enzymes and labels used in these assays are chosen based on
the desired application of the bioconjugates.

1. In order to quantify bioconjugate stoichiometry a colorimetric
or fluorescent reporter is required. If employing a reporter
such as a fluorophore covalently attached to the enzyme [7],
follow the instructions provided with labeling kit to label the
enzyme (se¢ Note 7).

2. Solutions with an ionic strength greater than 5-10 mM can
cause aggregation of gold nanoparticles, which will be visible
to the eye as a color change from red to purple or blue or in the
absorbance spectrum as a redshift in the optical absorbance
spectrum. Use dialysis or filtration to remove high ionic
strength buffers and replace them with a suitable low ionic
strength alternative (see Note 8).

A flocculation assay is a rapid colorimetric method for determining
the ratio of enzyme necessary in solution to prevent salt-induced
aggregation of gold nanoparticles [5]. While this method does not
provide particle stoichiometry it does define the limits of biocon-
jugate stability.

1. Determine several possible enzyme to nanoparticle ratios nec-
essary to coat the surface of the nanoparticle with enzyme. It is
recommended to use a wide range of ratios, from tens to thou-
sands of enzymes per nanoparticle (Table 1). A sample that
does not contain enzyme should always be used as a control of
the absorption spectra and appearance of gold nanoparticles.
Multiple low ionic strength buffers may also be tested to deter-
mine the optimal adsorption pH (see Note 9).

2. In a microcentrifuge tube, add Au nanoparticles to appropriate
amount of buffer and mix the samples by inverting the tube
several times to ensure homogeneity as defined in Table 1. In
order to accurately interpret the results, the concentration of
nanoparticles in each sample should be identical. To account
for the different volumes of enzyme stock added, buffer is
added to bring each sample to the same final volume.
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Table 1

Example flocculation ratios

CS:Au ratio

Vol. of Au (mol)

Vol. of GS (mol)

Vol. buffer (ul)

0:1
50:1
100:1
500:1
1,000:1
5,000:1

1,000 pl (3.32x10°13)
1,000 pl (3.32x10-13)
1,000 pl (3.32x10°%3)
1,000 pl (3.32x10°1%)
1,000 pl (3.32x10°13)
1,000 pl (3.32x10-13)

0 ul

1.41 ul (1.66x10°1)
2.82 ul (3.32x101)
14.11 pl (1.66x1071)
28.22 ul (3.32x10719)
141.1 pul (1.66x10-%)

500
498
497
485
472
359

3. Add appropriate amount of enzyme to each sample, mix well

3.4 Bioconjugate
Preparation and
Purification

by inverting the microcentrifuge tube several times, and incu-
bate samples for 1 h at 4 °C. The samples should be protected
from light to prevent photobleaching of fluorescently labeled
enzymes (see Note 10).

. In order to accurately interpret the spectra of each sample they

should be compared to the spectrum of bare, unmodified
nanoparticles (i.e., 0 enzymes per 1 nanoparticle, referred to as
the 0:1 ratio in this protocol). To the 0:1 ratio sample, add
150 pl deionized water. For each of the other samples, add
150 pl of 2 M NaCl. Mix each sample well by inverting the
tube several times and incubate the samples for an additional
30 min at 4 °C protected from light.

5. With a UV-Vis spectrophotometer take the absorbance spectra of

each sample between 400 and 800 nm. Using the 0:1 ratio sample
as an exemplar for the spectrum of unaggregated nanoparticles,
compare the spectrum of each sample. As seen in Fig. 1, the cov-
erage conditions necessary to prevent aggregation are represented
by the lowest enzyme:nanoparticle ratio that closely matches the
spectrum of the 0:1 ratio sample. The addition ratio and adsorp-
tion bufter will be used in Subheading 3.3.

The addition ratio found in Subheading 3.3 determines the amount
of enzyme that must be added to solution in order to have com-
plete coverage of the nanoparticle. However, every enzyme added

does not necessarily adsorb to the nanoparticle, leaving a portion
of enzyme remaining in solution. To determine the actual
enzyme:nanoparticle stoichiometry, all free enzyme must be first
removed from the sample.

1. Using the addition ratio and adsorption buffer create at least

five replicate samples by following steps 2 and 3 in
Subheading 3.3 (se¢ Note 11).
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3.5 Bioconjugate
Activity

0.8F
—— Bare Au
........ Hzo
-.=pH75
0.6 == pH10
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Fig. 1 Flocculation assay of citrate synthase with 30 nm Au in different pH
buffers. The solid black trend represents the absorbance spectra of bare, unag-
gregated Au nanoparticles. Absorbance trends closely matching this (i.e., pH 10
solution) after incubation with NaCl are considered resistant to flocculation
(aggregation), while trends which display a redshifted absorbance peak
(i.e., H,0) are considered unstable

2. Centrifuge each sample at 5,000 x g for 15 min at 4 °C
(see Table 2 for alternative size nanoparticles), carefully remove
the supernatant, and transfer to a new labeled centrifuge tube
(see Note 12). Replace the volume removed with fresh adsorp-
tion buffer. Repeat this process three times (see Note 13).

Activity assays are specific for each enzyme. Established assays are
available with most purchased enzymes or in the primary literature.
The general method for activity assays with citrate synthase bio-
conjugates as an example is presented here; this protocol will need
to be modified for other enzymes of interest in accordance with
literature or manufacturer protocols. Note that the activity of bio-
conjugates must be measured before quantifying stoichiometry
(see Note 14).

1. Prepare a stock solution for each substrate. For citrate syn-
thase, oxaloacetate (60 mM) and acetyl-CoA (12 mM) should
be prepared in 100 mM Tris (pH 8.1). DTNB (18 mM) should
be prepared in ethanol [2].

2. In a 3 ml quartz cuvette combine 2.725 ml of Tris buffer and
25 ul each of the oxaloacetate, acetyl-CoA, and DTNB solu-
tions. Cap the cuvette and mix by inverting the cuvette several
times [2]. Addition of bioconjugate (200 uL) is used to initiate
the reaction.

3. Record the absorbance at 412 nm every 30 s for 5 min. Use
the extinction coefficient for DTNB (13,600 M~! cm™) [8] to
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3.6 Indirect
Quantification
of Bioconjugate
Stoichiometry

Table 2
Centrifuge conditions for bioconjugate purification
Nanoparticle
diameter (nm) RCF (1,000 x g) Time (min)  Temperature (°C)
5 125 30 4
15-20 10 35 4
30-50 5 15 4

determine the concentration of product produced at each time
point (for each mole of DTNB reacted, 1 mol of citrate is
formed).

. Repeat steps 2 and 3 at least three times. Plot the results as

seen in Fig. 2 and determine the activity, V' (umol/min), from
the slope of the graph.

With proper control experiments the amount of enzyme bound to

a single nanoparticle can be determined by comparing the known
concentration of enzyme added to solution and the concentration
of enzyme remaining in solution after adsorption occurs [3]
(see Note 15).

1. Determine the amount of enzyme lost ([ E] ) from solution

by adsorption to the walls of the microcentrifuge tube by
repeating the procedure laid out in Subheading 3.4 replacing
the volume of nanoparticles added with buffer using Eq. 4,
where [E]_ is the initial amount of enzyme added to the
nanoparticles during the adsorption step (mol), and [E] is
the sum of amount of enzyme found in the supernatant sam-
ples (mol):

[Elow = [El o —[Elup (4)

. Determine the concentration of enzyme in each supernatant

collected in Subheading 3.3 and step 1 by measuring the
fluorescence of each sample and comparing it to a calibration
curve generated using dilutions of the stock enzyme solution.

. Find the concentration of bioconjugates present by measuring

the plasmon absorption spectra in a UV-Vis spectrophotome-
ter using the extinction coefficient 3.585x10° M cm™ for
30 nm gold nanoparticles [9] (see Note 16).

. Using Eq. 5 find the number of enzyme molecules adsorbed

per nanoparticle (E:Au) for each replicate measurement, where

[E],,, is the initial amount of enzyme added to the nanopar-

ticles during the adsorption step (mol), [E]__is the sum of
sup
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3.7 Direct
Quantification of
Bioconjugate
Stoichiometry

citrate produced (nmol)

O ! I L | |
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Fig. 2 Example activity assay for citrate synthase conjugates. The concentration
of product formed is plotted against time, and the slope of this plot represents
the activity of the adsorbed enzymes

amount of enzyme found in the supernatant samples (mol)
found in step 2, [ E]__ is the amount of enzyme lost to adsorp-
tion to the tube (mol) found in step 1, and [Bioconjugate] is
the amount of bioconjugate (mol) determined in step 3:

[E]total - [E]sup - [E]l()st
[Bioconjugate]

E:Au= (5)

Enzymes adsorbed to the surface of a gold nanoparticle can be
released back into solution by dissolving the nanoparticle in a
cyanide solution (see Note 1). This allows for fluorescence of the
enzymes to be quantified (se¢ Note 17).

1. To dissolve the gold nanoparticles, freeing the adsorbed
enzyme molecules into solution: for each replicate measure-
ment combine 300 pl of bioconjugate and 100 ul potassium
cyanide bufter (see Note 1) in a microcentrifuge tube. Incubate
tor at least 3 h or until samples are optically clear (protect from
light).

2. Prepare calibration standards. Due to the presence of several
different species in the sample solutions, calibration standards
tfor enzyme fluorescence must be incubated for the same time
and under the same conditions (i.e., containing the same
amount of bare gold nanoparticles and cyanide) as the biocon-
jugate samples.
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3.8 Determination
of Specific Activity

3. Measure the fluorescence of each sample and use the calibra-

tion standards to determine the concentration of enzyme in
each replicate sample. The bioconjugate stoichiometry (E:Au)
can be calculated with Eq. 13.6, where [ E]_ , is the amount of
enzyme found (mol) and [ Bioconjugate] is the amount of bio-
conjugate dissolved in each sample (mol):

[E ]total ( 6)

[Bioconjugate]

E:Au=

Using the values collected in Subheading 3.5, and either
Subheading 3.6 or 3.7, the specific activity of the adsorbed enzyme
can be determined:

1. Calculate the average value and standard deviation for each

measurement. If the stoichiometries found in Subheadings 3.6
and 3.7 are not the same within error repeat the measurements
paying special attention to any unaccounted for loss of enzyme
and any species that may interfere with fluorescence measure-
ments. If the values found vary within error, then method with
the lower % error should be used for specific activity
determination.

. Using Eq. 13.7 determine the specific activity (SA) of the bio-

conjugate in wmol/min, also called units (U), per mg of
enzyme, where V is enzyme activity in umol/min,
[Bioconjugate] is the quantity of bioconjugate present in the
activity (mol), E:Au is the number of enzymes per particle, and
m is the molecular weight of the enzyme (g/mol):

V

SA = —; -
([Blocon]ugate] x E: Au xm x 1,000)

(7)

. Bioconjugates are stable for approximately 1 week when stored

at 4 °C protected from light. The rate of activity loss is depen-
dent on the enzyme used and can be monitored through
specific activity measurements (se¢ Note 18).

4 Notes

. The potassium cyanide solution used in this preparation must

be adjusted to between pH 7 and pH 8. This should be done
by slowly adding acid to the solution while monitoring the
solution pH in a well-ventilated area. Acidic solutions will
evolve cyanide gas, while basic solutions will interfere with
fluorophores. For use with other diameter gold nanoparticles,
a ratio of 16 cyanide molecules for each gold atom should be

used [4].
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2.

10.

Enzymes can be quantified several ways. Reporting reagents
such as the Bradford reagent can be added to samples after the
removal of nanoparticles. Alternatively, enzymes can be
modified before adsorption with fluorescent or colorimetric
reporters such as AlexaFluor dyes, fluorescein, and rhodamine.
In this protocol enzymes are labeled with an AlexaFluor dye
before adsorption to nanoparticles.

. Some stabilization agents present on commercial gold nano-

particles can reduce the adsorption of enzymes to the particle
surface. If this is a concern, washing the nanoparticles several
times in 5 mM sodium bicarbonate (pH 8.3) or other suitable
low ionic strength bufter can be used to remove excess stabiliz-
ing agent and improve the adsorption rate.

. Activity assays may also employ other techniques such as

fluorescence to quantify product formation.

. The Protein Data Bank (www.rcsb.org/pdb,/home,/home.do)

is a searchable database containing thousands of protein crystal
structures. Programs to view protein structure and analyze
structures such as Jmol, webmol, and Kingmol are available
free of charge.

. Most water-soluble proteins are globular, with relatively com-

pact structures, making the spherical assumption reasonable
for a rough estimate.

. Covalent modifications to the surface of the enzyme can cause a

loss of activity, particularly if amino acid residues near the active
site are labeled [7]. Measure the activity of the enzyme of
interest before and after labeling to determine the percent
activity loss; if more than 50 % activity is lost consider a difter-
ent labeling chemistry such as maleimide (which reacts with
cysteine residues) instead of succinimide (which reacts with
lysine).

. Enzyme solutions can be sensitive to concentration. Stock

solutions should be kept above 0.01 mg,/ml enzyme to decrease
loss of activity before adsorption.

. When electrostatic effects are important in enzyme adsorption,

adjusting the pH of the adsorption buffer to give the enzyme
molecules a net positive charge can help drive adsorption to
the negatively charged particles [10]. However, because pro-
tein molecules do not have uniformly distributed charge and
other forces (hydrophobic interactions, van der Waals) are
important in adsorption to gold nanoparticles, this is not a
universal solution.

Over time fluorophores will photobleach and should not be
kept in bright areas for long periods of time. For most enzymes
storage at 4 °C or below helps prevent enzyme denaturation.
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12.

13.
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15.

16.
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18.
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In some cases aggregation or excessive adsorption to the wall
of the tube can occur at this step. If this occurs, try using a
higher E:Au ratio.

The supernatants collected here will be used in the indirect
quantification of nanoparticle stoichiometry.

Itis common to lose a small portion of bioconjugate to adsorp-
tion to the tube and removal of the supernatant. If pellet is
disrupted during centrifugation or no pellet is formed, recen-
trifuge samples and /or increase duration of centrifugation in
10 min increments.

Activity measurements are not reliable if bioconjugates have
begun to aggregate. Perform an activity assay as soon as pos-
sible after preparing the bioconjugates so that any activity lost
over time and/or due to aggregation and further enzyme
denaturation can be observed later.

Indirect quantification is most reliable when the fraction of
enzyme removed from solution is a significant portion of the
total enzyme present. If only a tiny amount is removed this
method will be less accurate.

To use this procedure with other types of nanoparticles deter-
mine what solvent will dissolve the particle and make sure to
account for the effect of the solvent on the method chosen for
enzyme quantification.

It is not feasible to quantify enzymes associated with a nano-
particle surface due to interferences from the nanoparticle
absorbance spectra, fluorescence quenching by the metal [11],
and scattering.

Over time, adsorption to the wall of the storage container can
occur. Samples with significant loss of bioconjugates should be
discarded even if aggregation in solution is not apparent.

Acknowledgment

This work was supported by the National Institutes of Health,
grant ROIGM078352.

References

1. Willner 1,

Bazaar B, Willner B

(2007) 3. Vertegal AA, Siegel RW, Dordick JS (2004)

Nanoparticle—enzyme hybrid systems for nano-
biotechnology. FEBS ] 274:302-309

. Keighron JD, Keating CD (2010) Enzyme:
nanoparticle bioconjugates with two sequential
enzymes: stoichiometry and activity of malate
dehydrogenase and citrate synthase on Au
nanoparticles. Langmuir 26:18992-19000

Silica nanoparticle size influences on the struc-
ture and enzymatic activity of adsorbed
lysozyme. Langmuir 20:6800-6807

. Cans A-S, Dean SL, Reyes FE, Keating CD

(2007) Synthesis and characterization of
enzyme—Au bioconjugates: HRP an fluorescein-
labeled HP. NanoBiotechnology 3:12-22



174

5.

Jacqueline D. Keighron and Christine D. Keating

Hayat MA (1989) Colloidal gold principles,
methods, and applications, vol 1-3. Academic,
San Diego, CA

Keating CD, Musick MD, Keefe MH, Natan
MJ (1999) Kinetic and thermodynamics of
Au colloid monolayer self-assembly: under-
graduate experiments in surface and nano-
materials chemistry. ] Chem Educ 76:
949-955

Hermanson GT (1996) Bioconjugate tech-
niques. Academic, San Diego, CA

Santoro N, Brtva T, Vander Roest S, Siegel K,
Waldrop GL (2006) A high-throughput
screening assay for the carboxyltransferase

9.

10.

11.

subunit of acetyl-CoA carboxylase. Anal
Chem 354:70-77

Ted Pella Inc. www.tedpella.com. Accessed
May 2010

De Roe C, Courtoy PJ, Baudhuin P (1987)
A model of protein—colloidal gold interactions.
J Histochem Cytochem 35:1191-1198
Demers LM, Mirkin CA, Mucic RC, Reynolds
RA III, Letsinger RL, Elghanian R,
Viswanadham G (2000) A fluorescence-based
method for determining the surface coverage
and hybridization efficiency of thiol-capped
oligonucleotides bound to gold thin films and
nanoparticles. Anal Chem 72:5535-5541


http://www.tedpella.com/

Chapter 14

In Vivo Testing for Gold Nanoparticle Toxicity

Carrie A. Simpson, Brian J. Huffman, and David E. Cliffel

Abstract

A technique for measuring the toxicity of nanomaterials using a murine model is described. Blood samples
are collected via submandibular bleeding while urine samples are collected on cellophane sheets. Both
biosamples are then analyzed by inductively coupled plasma optical emission spectroscopy (ICP-OES)
for nanotoxicity. Blood samples are further tested for immunological response using a standard Coulter
counter. The major organs of interest for filtration are also digested and analyzed via ICP-OES, producing
useful information regarding target specificity of the nanomaterial of interest. Collection of the biosamples
and analysis afterward is detailed, and the operation of the technique is described and illustrated by analysis
of the nanotoxicity of an injection of a modified tiopronin monolayer-protected cluster.

Key words Nanotoxicity, Murine model, Biodistribution, Tissue analysis, Organ digestion

1 Introduction

Nanotechnology represents a rapidly growing interface between
the fields of chemistry and medicine. Currently nanomaterials are
widely employed for in vivo imaging [1-3], targeting [4-6], and
radiotherapy [7-9]. Significant advancements have been made with
regard to biological mimicry with the eventual progression of vac-
cine generation through nanomaterials [10, 11]. Despite the syn-
thetic progress, the toxicity of these nanomaterials has not been
well studied. If these materials are to be used commercially, specific
models for testing their toxicity must be established. One approach
is to examine the effect of the nanomaterials using a controlled
murine model.

A few classes of nanomaterials have been studied in vivo using
murine models [12-16]; however, most of these models involve
immediate euthanasia. Since the mice may be monitored for any
short-term as well as long-term effects from the nanomaterial injec-
tion, the murine model is ideal for determining nanotoxicity. The
simplest case would be to inject the mouse with the nanomaterial
and observe any physical changes within the organism. However,
given that the nanomaterial is absorbed into the bloodstream,

Sandra J. Rosenthal and David W. Wright (eds.), NanoBiotechnology Protocols, Methods in Molecular Biology, vol. 1026,
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a multidimensional experiment may be performed to analyze for
biodistribution, clearance rate, immune response, and more impor-
tantly targeting specificity of the desired nanomaterial.

Biodistribution and clearance rate may be calculated as a func-
tion of concentration of nanomaterial contained within the blood
and urine at specific time points. If the concentration of nanomate-
rial within the urine is high immediately following injection, and
dissipates, a relatively high clearance rate may be assumed. Most
nanomaterials contain a metallic core; therefore, analytical analysis
of the blood and urine for the specific metal should, in fact, quan-
tify the concentration of the nanomaterial present within the sam-
ple. Likewise, analysis of the concentration of nanomaterial within
the organs will yield targeting specificity data. Concentration of
nanomaterial within the organs may be measured by reducing the
organs in concentrated acid and analyzing for metal content.

In conjunction to biodistribution, the benefit of the murine
model is the ability to deduce the immunogenicity provided by
these nanomaterials. Many nanomaterials have been shown to pro-
duce specific binding and have potential as biomimics [17, 18].
However, it is unclear whether these nanomaterials would show
the same effects in vivo. Unfortunately, not all components of the
nanoparticle are susceptible to ELISA or immunogenic testing.
In order to deduce whether these nanomaterials were producing
any immunogenic response if ELISA or other immunogenicity
tests are not applicable, a basic technique is available. Standard
Coulter counters have been used for many years to determine red
and white blood cell counts (RBC/WBC). Normal ranges have
been established for almost every species and the equipment is
extremely operator friendly. If a nanomaterial was inducing an
immune response, an increase in WBC would be expected and is
casily monitored.

The inductively coupled plasma optical emission spectroscopy
(ICP-OES) analysis of gold concentration within blood and urine
as a result of an injection of tiopronin monolayer-protected clusters
(TMPCs) modified with polyethylene glycol (PEG) over the course
of the entire murine model is shown in Fig. 1. As a result of the
addition of PEG, the concentration of gold remained relatively
consistent throughout the study within the bloodstream. The
clearance rate was also noted as consistent throughout the study,
implying the particle is escaping the process of opsonization, as has
been noted in previous studies [ 19-21] as a hindrance to nanoparticle
clearance rates. With the addition of PEG, an occurrence of an anti-
PEG antibody at high concentrations has been shown [16, 20, 22].
Simple testing for the presence of this antibody has been noted in
previous reports [23-25] and alternative methods for detection are
currently being explored.
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Fig. 1 ICP-OES data for gold concentration in blood (top) and urine (bottom)
collected over the time course of proposed murine model after injection of tiopronin
monolayer-protected clusters modified with polyethylene glycol. The addition of
the PEG allows for prolonged residence time within the bloodstream, increasing
the particles’ candidacy for targeting specificity. As seen in the ICP-0OES data, the
particle remains at a constant concentration within the bloodstream even up to 2
weeks post injection until slowly declining at the 4-week sacrifice time point.
The urine clearance rate also remains somewhat constant during the first 24 h.
These findings have also been published elsewhere [26]

2 Materials

2.1 Equipment

2.2 Nanomaterial
Injection/Specimen
Collection Materials

1. Inductively Coupled Plasma-Optical Emission Spectrometer
Optima DV 700 (Perkin Elmer) with a PC to run the instru-
ment and accompanying software.

2. Coulter Counter and all corresponding materials necessary for
measuring cell counts (Beckman Coulter).

1. 1 mL syringes, 27.5 gauge needles, sterile (Becton Dickinson
and Co., Franklin Lakes, NJ).

2. Phosphate-buftered saline (PBS), sterile (Mediatech).
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2.3 Sample Analysis
Reagents

2.4 Sample
Preparation Materials

3.

4.

2.0 mL heparin coated vacutainers, sterile (Becton Dickinson
and Co., Franklin Lakes, NJ).

22.5 gauge needles, sterile (Becton Dickinson and Co.,
Franklin Lakes, NJ).

. Cellophane sheets.
. 2.0 mL microcentrifuge tubes (Fisher Scientific).

. Nitric Acid, 70 % Optima (Fisher Scientific).
. Aqua Regia, 3:1 conc. hydrochloric acid (Fisher Scientific):

conc. nitric acid (Fisher Scientific) [for gold analysis only; 2 %
nitric acid will work for most other samples].

. Coulter Counter diluent (Beckman Coulter).

. Zap-OGlobin lysing reagent (Beckman Coulter).

. 15 mL conical vials, Falcon, polypropylene non-sterile (Fisher

Scientific).

. Coulter Counter sample vials (Beckman Coulter).
. 3 mL glass vials for heating organs.

. Dissection materials—scalpel, dissection board, scissors, tweezers,

scale for weighing (Precision Instruments).

3 Methods

3.1 Animal Protocol

3.1.1 Species
Specifications and
Experimental Setup

. A 6-week time course will be used for this model (Fig. 2) in

which week 1 will include the baseline collection measure-
ments, week 2 is the actual injection week, and weeks 4 and 6
serve as additional blood, urine, and tissue collection weeks,
with eventual sacrifice at week 6 and full dissection. Organ har-
vesting of the spleen, heart, liver, and kidneys will be performed
following sacrifice at week 6.

. Unless breeding is desired, white, female, BALB/cAnNHsd

5-6-week mice should be chosen to limit aggressiveness.
According to breeding guidelines, these mice should weigh
between 15 and 20 g. Each mouse should be weighed prior to
the beginning of the experiment (weight zero). This provides
a tangible method of gauging nanotoxicity (se¢ Note 1).

. Allow no more than five mice per cage and label each mouse

either by colored markings on their fur or by ear tagging.

. Each cage should house mice injected with only one concen-

tration of nanomaterial to avoid confusion. For example, cage
1 should only contain mice injected with 20 uM of particle.

. After injection of the nanomaterial, the mice should be moni-

tored frequently for the first 72 h. This includes frequent
weighing, checking for muffled fur, and discoloration of the
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Fig. 2 Timeline for proposed murine model in which blood and urine are analyzed
at 1-, 2-, 4-, and 6-week time points (shown here, analyzed for gold content) by
ICP-0OES. Immune response is monitored every 2 weeks by Coulter counter, with
euthanasia 4 weeks post injection. Organs are then harvested for ICP-OES and
histological analysis

front teeth, all of which are signs of distress. A loss of more
than 15 % of the starting body weight at the time of injection
is considered extreme distress; in this case, the animal should
be immediately euthanized. Muffled fur and discoloration of
the front teeth are also signs of extreme distress; in these cases,
the animal is more than likely unable to eat and should be
cuthanized immediately. In cases where the experimenter is
unsure, a veterinarian should be consulted immediately.

6. After the first 72 h, the animal may be considered to be stable,
and the monitoring may become less frequent. Weights should
be collected at least once a week to ensure the animal is still
gaining weight and is not experiencing any adverse effects at
the injection site.

1. If possible, nanomaterials should be washed in ethanol and stored
in a cool place prior to use to avoid bacterial contamination.

2. Nanomaterials must be suspended in sterile phosphate-buftered
saline if possible or an equivalent sterile medium suitable for
biological injection.

3. All syringes and needles must be sterile and laboratory person-
nel should wear appropriate PPE at all times when handling
nanomaterials.

4. Nanomaterials may be injected either subcutaneously or intra-
peritoneally, although subcutaneously has been reported
previously [26] to be the easiest and neither has been shown to
give an advantage.
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3.2 Sample
Collection

3.2.1 Blood Collection

3.2.2  Urine Collection

5.

Once the nanomaterials have been introduced, the used needles
should be disposed of in a sharps container, and the animals’
cages should be clearly marked as containing animals that have
been injected.

. The investigators should collect the bedding from the cages

for a period of at least 3 days due to shedding of the nanomate-
rial within the urine and possible hazard to non-trained
personnel.

. Blood collection must be performed at specific time points,

dependent upon the number of mice available for the study.
Typically, for ten mice /concentration, bleeds occur at 30 min,
1,15,2,2.5, 3,4, 6,8, and 24 h during the week of injection.
Blood samples are also taken 1 week prior and 2 and 4 weeks
post injection.

. Blood may be collected via the submandibular vein; this

provides enough volume for all necessary analysis without
sedation. Veterinary training on blood collection from this area
may be necessary.

. After puncturing the submandibular vein, one may immediately

allow the blood to free-flow into the open heparin-coated
tubes for collection until an adequate volume collected,
making sure not to surpass the NIH bleeding guidelines.

. The animal will most likely begin to clot immediately; how-

ever, clotting may be hastened by applying pressure to the
wound with a small piece of sterile gauze.

. Once the animal has clotted, it may be returned to the cage. Note

that it may not be bled more than once a week (see Note 2).

1. Urine collection should follow the same timeline as blood

collection; however, urine may be collected as often as needed
from the same mouse as many times as desired.

. Secure a square of cellophane sheet approximately 6” x6” and

place it on a flat surface.

. Gently place the mouse on the cellophane, making sure to

secure the mouse by gently holding its tail.

. In general, the mouse will void due to the texture of the cel-

lophane; however, if the mouse is uncooperative, applying
gentle pressure to the center of the back above the kidneys will

usually cause the mouse to void immediately if possible
(see Note 3).

. Once the urine is present on the cellophane, immediately

return the mouse to the cage to avoid contamination. Using a
3 mL plastic pipette, suction the urine off the cellophane and
dispense into 2 mL microcentrifuge tubes for future analysis.



3.2.3 Organ Collection
and Harvesting

3.3 Analysis

of Serum and Tissue
by Inductively Coupled
Plasma Optical
Emission
Spectroscopy

3.3.1 Preparation of
Blood and Urine Samples
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. If organ harvesting is desired for histological examination, it is

best to dissect the animal immediately following euthanasia.
The dissected organs may be placed in tissue cassettes and sus-
pended in 10 % neutral buffered formalin solution for preser-
vation until histological examination may be performed.

. If organ harvesting is not a priority, the mice may be frozen at

4 °C until time permits for dissection. Allow adequate time for
thawing before attempting to remove organs (se¢ Note 4).

. For examination of nanotoxicity, the major organs to be col-

lected are those used in filtration and immunity: liver, spleen,
kidney, and heart. These organs may be removed with a simple
Y-incision and relatively few cuts.

. When removing the kidneys, record the weights of both kid-

neys together, as they will be combined as one sample for ICP-
OES. If one kidney is being used for histology, make note of
this, and record only the weight of the ICP-OES sample
kidney.

. Removal of the liver can be challenging; recall that the liver has

tour lobes. The average mass of a whole murine liver was found
to be approximately 1 g; if the results are less, the full sample
may not have been excised.

. The heart and spleen are relatively easy to remove; however,

take great care in excising the spleen due to its small size
(see Note 5).

. Immediately following organ excision and weighing, all organs

should be placed in individual 15 mL conical vials. Depending
on the mass of the organ, an appropriate volume of 70 %
Optima nitric acid should be added (see Note 6) to completely
submerge the organ for digest. The organs should be untouched
for at least 24 h.

. Prepare 2 % nitric acid solution using 70 % Optima nitric acid

in deionized water.

. Prepare aqua regia solution (3:1 conc. hydrochloric acid:nitric

acid) in glass beaker. Allow approximately 1.5 mL per sample
to allow for loss during transfer and evaporation (se¢ Note 7).

. In a 15 mL non-sterile conical vial add 9 mL of 2 % nitric acid

solution.

. Draw 1 mL of the aqua regia solution; add to a small glass vial.

To this, add 5 uL of whole blood /urine sample collected in hep-
arin-coated vacutainers. Allow blood to dissolve in aqua regia.

. Add aqua regia/blood solution to the 2 % nitric acid solution;

gently mix.

. Repeat this process for all blood and urine samples.
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3.3.2 Digestion of Organ
Samples

3.3.3 Preparation
of Organ Samples

3.3.4 Parameters and
Data Acquisition

3.3.5 Correction Factors
for Organ Analysis

1.

3.

After the 24 h digestion in 70 % Optima nitric acid, the organs
will be relatively dissolved. Transfer the contents of the conical

vials to small glass vials, careful to label the vials before transfer
(see Note 8).

. Place small glass vials on low to medium heat (approximately

120 °C) and allow solutions to evaporate to dryness. Do not
allow samples to char as this complicates transfer.

. When samples have evaporated, remove from heat and allow

cooling to RT. For gold core samples, add 1 mL aqua regia
solution and swirl. If desired, light sonication may be applied
to loosen debris.

. Organ sample protocol is identical to blood and urine sample

preparation.

. In a 15 mL conical vial, combine 9 mL of 2 % nitric acid solu-

tion with 1 mL aqua regia/organ solution.

Repeat for all organ samples.

Data acquisition will differ dependent upon the operating system
of the ICP-OES of choice and element of interest. The following
is a list of parameters for quantitative analysis of gold on a Perkin
Elmer Optima DV 700 ICP-OES instrument.

1.

6.

Collect spectra in axial mode if possible as radial mode decreases
sensitivity.

. Set argon plasma flow to 15 L /min, nebulizer flow to 0.2 L/

min, pump flow to 1.5 mL/min, and RF power at 1,300 W.

. Choose a delay time of no less than 30 s; for our experiments,

we chose 40 s.

. For gold, choose the highest intensity wavelength for analysis,

267.595 nm.

. For ICP-OES a three-point calibration is necessary; set these

values to 1 ppm, 100 ppb, and 20 ppb respectively to fully
cover the ranges observed for previous studies of gold particles.
It will be necessary to adjust the calibration based upon the
observed concentrations for the particular element(s) of inter-
est after preliminary results are obtained.

Save method.

Organ samples must be normalized according to weight for com-
parative study. Simply divide the elemental concentration attained
from the ICP-OES (ppb/ppm) by the weight of each individual
organ recorded previously. Report findings as ppb/g as shown in
Fig. 3.



3.4 Immunological
Assessment Utilizing
a Standard Coulter
Gounter (Fig. 4)

3.4.1 Preparation of Red
Blood Cell and White Blood
Cell Samples

3.4.2 Data Acquisition
and Analysis
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Fig. 3 ICP-OES organ data for PEGylated TMPCs normalized for comparison and
given in ppb/g. Relatively high quantities of gold were shown within the kidney,
spleen, and heart for all concentrations, and a correlating pattern may be noted
for increasing concentration and increasing amounts of gold within the kidney,
liver, and heart [26]

1. Into a standard Coulter counter vial, add 20 mL of isotonic
diluent; label “WBC.”

2. Into a second vial, add 19.8 mL of isotonic diluent; label
“RBC"’

3. To WBC vial, add 40 puL. whole blood collected in heparin-
coated vacutainer. Shake gently.

4. From WBC, transfer 200 uL to RBC.

5. Add 8-10 drops Zap-OGlobin lysing reagent to WBC. Shake
gently. Solution will become clear and begin to turn orange.

6. Repeat these steps for all blood samples.

1. Turn on Coulter counter; perform standard flush of system
twice with isotonic diluent.

2. Set system to “counts”; gain=256; & =60; upper and lower
size=35 fL.

3. Record a blank (isotonic diluent with no sample); take this
measurement three times and average the results. The result
should be less than 100.

4. Proceed with samples; repeat the measurement three times per
sample. Average all measurements for final result. This results
in triplicate data analysis.
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Fig. 4 Coulter counter values for PEGylated TMPC for weeks 1, 4, and 6 of the
murine model. No significant immunogenic response is noted for 0-30 pM injec-
tions; all cell counts are within normal range for mice. There were significant
WBC increases noted for the 40 and 60 M injection species 2 and 4 weeks post
injection, indicating the PEGylated TMPCs did, in fact, induce a form of immunity
within the mouse at high concentrations. This work has also been published
elsewhere [26]

5. Wash with diluent twice between samples to prevent
contamination.

6. Results for RBC counts will be given in units of
cellsx 106 /uL.

7. Results for WBC counts will be given in cellsx 103 /uL.
8. Report results as ratio of RBC:WBC (see Note 9).

4 Notes

1. Loss of more than 15 % of total body weight is indicative of
extreme distress.

2. NIH guidelines suggest 7.5 % circulating blood volume maxi-
mum/week.

3. Use extreme caution when applying this method! A gentle
touch is all that is needed to elicit voiding.

4. Usually 1 h in a well-ventilated hood space is adequate prior to
dissection.

5. The spleen is a small tubular organ attached to the stomach.
Use great care in removing to avoid cutting into pieces.

6. High purity nitric acid is essential for ICP-OES experiments;
lower quality nitric acid will dissolve the samples but is not
recommended for use in commercial instruments.
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7. Use extreme caution when handling aqua regia solution!
Extremely corrosive!

8. Label the vials before transfer if aqua regia is applied as the
aqua regia will dissolve the labels.

9. Comparing individual counts is not feasible; there will be dis-
crepancies in individual mice. However, the ratio of RBC:WBC
will provide a fair, statistical data point for averaging purposes.
Remember to account for the 3x magnitude difference in RBC
and WBC counts when reporting the ratio.
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Chapter 15

Methods for Studying Toxicity of Silica-Based
Nanomaterials to Living Cells

Yang Zhao, Yuhui Jin, Aaron Hanson, Min Wu, and Julia Xiaojun Zhao

Abstract

A number of silica-based nanomaterials have been developed in recent years. An important application of
these nanomaterials is in the field of biological and biomedical applications. However, a major concern
about the safety of the nanomaterials in vitro has been proposed. To address this problem, several
approaches have been developed for a systematic investigation of the cytotoxicity and genotoxicity of silica-
based nanoparticles. These methods are mainly based on the traditional toxicity study approaches but with
some modifications. In this chapter, four important methods for studying of toxicity of silica-based nano-
materials are summarized. These methods can detect cell proliferation, cell viability, DNA damage, and the
generation of reactive oxygen species (ROS). The protocols of each method are introduced in detail.

Key words Silica-based nanomaterials, Toxicity, Cell viability, Cell proliferation, DNA damage,
Reactive oxygen species

1 Introduction

In past decades, the rapid development of nanotechnology has
facilitated the synthesis and characterization of nanomaterials [1].
As a result, many new types of nanomaterials have been generated.
These nanomaterials have demonstrated significant advantages in a
wide variety of applications. One of the most promising applica-
tions is in the field of biological and biomedical area. For instance,
the luminescent nanomaterials can be used as tags for identification
and quantification of small amounts of biological targets [2—4].
However, due to the small size of nanomaterials, they can easily
enter tissues or cells crossing through cytoplasma membrane. If the
size is very small, the nanomaterials may enter cell nuclei.
Consequently, the engineered nanomaterials interact with biologi-
cal components in cells, and this interaction may cause unpredict-
able damage to living cells [5-7].
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Many types of nanomaterials can be used to tag and monitor
biological targets; however, silica nanoparticles exhibit unique traits
that make it particularly useful as a matrix for those tags [8-10].
These unique properties include porosity, transparency, and low tox-
icity. The high porosity of amorphous silica nanoparticles provides
the three-dimensional space required for the doping of functional
components. Silica nanomaterials are apparently “transparent.” They
are unlikely to absorb light in the near-infrared, visible, and ultravio-
let regions, which allows for the functional components inside silica
matrix to keep their original optical properties. In addition, the well-
established silica chemistry facilitates the surface modification of sil-
ica-based nanomaterials. Therefore, silica-based nanomaterials may
have broader applications in the biological field compared to other
nanomaterials in the future. Thus, the study of toxicity of silica-based
nanomaterials is valuable for the advancement of modern biomedi-
cal and biological science.

According to literature work, several methods have been used to
study the toxicity of silica-based nanomaterials. Usually these meth-
ods are adopted from traditional toxicity study approaches with
modifications. Thus, these methods are not necessarily specific for
evaluation of silica-based nanomaterials [ 11, 12]. Based on literature,
the toxicity of silica-based nanomaterials can be examined in different
aspects, such as cell proliferation, apoptosis, DNA integrity, and
oxidative stress. In this chapter, four methods will be discussed,
including MTT assay for testing cell proliferation, Vybrant assay for
investigation of cell apoptosis, comet assay for evaluation of DNA
integrity,and 2',7’-dichlorodihydrofluorescein diacetate (H,DCFDA)
assay for detection of generation of reactive oxygen species (ROS).

MTT assay is the most common assay for testing of cell prolif-
eration [13-16]. This assay is based on a colorimetric approach.
The mitochondrial function of the cells is evaluated spectrophoto-
metrically by measuring the extent of mitochondrial reduction of a
tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT, yellow), to a formazan (purple). This
reduction can only occur in living cells but not in dead cells, thus
it can be used to determine cell proliferation.

In addition to the mitochondrial function, the permeability of
the cell membrane can reveal whether or not the cells are healthy.
The Vybrant assay can provide this information. In this assay, a
specific dye molecule, YO-PRO-1, is employed to identify if the
cells have undergone apoptosis. If apoptosis occurs, this dye mol-
ecule can permeate the cell membrane, and then the stain cells
show the color of dye molecules. Meanwhile, necrosis can be
identified by propidium iodide that is also used in the Vybrant
assay. The propidium iodide can only label the cells that have
undergone necrosis due to the disruption of nuclear membrane
integrity. Therefore, the Vybrant assay is a sensitive approach for
investigation of cell apoptosis and necrosis [17, 18].
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The detection of integrity of DNA sequences in cells is an
effective way to evaluate if the toxic effect occurs to living cells.
Comet assay, which is also known as single-cell gel electrophoresis
assay [17, 19-21], is commonly used for this study. When DNA is
damaged, the DNA strands fragment into smaller pieces. After the
DNA is denatured and run through gel electrophoresis, the small,
broken oft pieces of DNA will travel farther up. The gel under a
fluorescence microscope will give the sample a comet shape. DNA
that is not damaged will produce a single dot on gel electrophore-
sis as all the DNA is approximately the same size.

In order to measure cell stress, one should detect ROS that
presents itself when a cell is under external stress. The chemical
H,DCFDA can be used as a probe for detection of ROS [22].
Inactive H,DCFDA is non-fluorescent. When H,DCFDA is inter-
nalized into cells, it is hydrolyzed to form H,DCF by hydrolase. If
ROS is present, H,DCF is oxidized by the ROS to form DCEF,
which holds fluorescent properties. The fluorescence intensity is
directly proportional to the amount of ROS in the cell. Although
there are several methods in detecting ROS, only H,DCFDA assay
will be described in this chapter.

Overall, this chapter will only cover four methods that are focused
on the in vitro study of the toxicity of silica-based nanomaterials.
Other traditional methods for toxicity study can also be adopted for
this evaluation. Changes in the protocols might be needed due to the
difference between nanomaterials with bulk materials.

2 Materials and Instruments

2.1 Cell Culture
and Nanoparticle
Treatment

2.2 MTT Assay

1. The cell culture medium was made of GIBCO RPMI 1640
medium (Invitrogen, NY) with 5 % newborn bovine serum
(NBS, purchased from Hyclone, UT), 2 mM HEPES bufter
(pH 7.2), and 100 U/mL penicillin and 100 pg/mL strepto-
mycin (Invitrogen, NY). Water used in all experiments was
ultra-purified (18.3 MQ cm) using a Milli-Q Millipore
system.

2. PBS tablet (MP Biomedicals, Solon, OH) was dissolved in
ultra-purified water (1 tablet/100 mL).
3. Flat-bottom 96-well plate (Fisher Scientific Co., Pittsburgh, PA).

1. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) from Celltiter 96® nonradioactive cell proliferation
assay kit was obtained from Promega (Madison, WI).

2. Stop solution: 10 % DMSO (Sigma-Aldrich, St. Louis, MO)
and 10 % SDS (Invitrogen, NY) in PBS.

3. Multiskan spectrum high performance spectrophotometer
plate reader (Thermo Electron Corporation).
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2.3 Vybrant Assay

2.4 Comet Assay

2.5 H,DCFDA Assay

p—

g o W

. Glass bottomed culture dishes (Fisher Scientific Co., Pittsburgh,

PA).

. Vybrant apoptosis assay kit #4 (Invitrogen, NY).

. PBS (see item 2 in Subheading 2.1).

. Hydrogen peroxide (H,O,) (Sigma-Aldrich, St. Louis, MO).
. Carl Zeiss 510 META Confocal Fluorescence Microscope

(Carl Zeiss Microlmaging, Inc, Thornwood, NY).

. CometSlide™ 2 well slide is from Trevigen, Inc. (Gaithersbur,

MD).

2. Ca*, Mg?** free PBS (MP Biomedicals, Solon, OH).

. Lysis buffer: 0.3 M NaOH, 0.5 % natrium lauryl sarcosinate,

1.0 M NaCl, and 2.0 mM EDTA (rf Czene).

. Normal Melting Agarose (NMAgarose), Low Melting Point

agarose (LMPAgarose) (Sigma-Aldrich, St. Louis, MO).

. TE buffer: 0.01 M Tris-HCI, 1 mM EDTA, pH 7.4.

6. DNA denaturing solution: 0.3 M NaOH containing 2 mM

[ 2 B NN B S

EDTA.

. Alkaline electrophoresis solution: same as DNA unwinding

solution.

. 95 % Ethanol (reagent grade).
. SYBR Green I staining solution: dilute the commercial SYBR®

Green I solution (Trevigen Inc) by 10,000 times with TE
buffer.

. H,DCFDA (Molecular Probes, Eugene, OR).

. Dimethylsulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO).
. PBS (Fisher Scientific, Pittsburgh, PA).

. H,0, (Sigma-Aldrich, St. Louis, MO).

. Multiskan spectrum high performance spectrophotometer

plate reader (Thermo Electron Corporation).

3 Methods

3.1 Cell Culture
and Nanoparticle
Treatment

. Seed about 1 x 10* cells in each well of'a 96-well plate in 200 puL

of RPMI medium, and then incubate the cells overnight
(37 °C, 5 % CO,). Leave three wells empty for the blank
control.

. In regards to the phagocytosis property of the cells, add nanoma-

terials directly to the medium containing the cultured cells for
0.54 h. The time it takes for the nanomaterials to enter the cell
is dependent on the nanomaterial’s concentration and size.
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3.2 MTT Assay
[13-16]

3.3 \Vybrant Assay
[17, 18]

3.4 Gomet Assay
[17,19-21]

1.

After the nanoparticle treatment, add 20 pL of 5 mg/mL
MTT solution to each well. Place on a shaker for 5 min to
thoroughly mix the MTT with the medium.

. Incubate the MTT solution with cells for 4 h at 37 °C to allow

the MTT to be metabolized.

. Add 100 pL of stop solution to each well. Place on a shaker for

2 h at room temperature to completely dissolve the formazan
into the solvent.

. Read absorbance at 570 nm using the plate reader, 670 nm can

be used as reference wavelength.

. For a direct image, seed cells in the glass-bottomed culture

dish.

. Treat the cells with nanoparticles. Choose one dish to treat the

cells with H,O,, as the positive control. And keep one dish
without any treatment as the negative control.

. Add 1 pL of YO-PRO-1 stock solution (from Vybrant apopto-

sis assay kit) and 1 pL of Propidium iodide (PI) stock solution
to 1 mL of PBS and mix well.

. Add 5-10 pL mixture solution to the glass bottom dish with

1 mL of medium in it. Mix and incubate the dish at 37 °C for
5 min.

. Before placing under a confocal microscope, remove the

medium and wash the cells with PBS once in order to remove
extra dye molecules.

. Add 1 mL of PBS, and take images of the cells under a confocal

fluorescent microscope. For YO-PRO-1 dye, the excitation
wavelength is 488 nm, and the emission wavelength is 520 nm.
For PI dye, the excitation wavelength is 530 nm and the emis-
sion wavelength is 620 nm.

Section 1: Prepare the slides

1.

2.

Prepare 1 % NMAgarose in PBS, and then microwave it until
the agarose dissolved.

Clean the CometSlide with 70 % ethanol. While the NMAgarose
is still hot, dip the slide into the melted NMAgarose. Wipe the
underside of the slide to remove agarose, lay the slide in a tray
on a flat surface, and let it dry. Store the slide at room tempera-
ture until needed.

. Prepare 0.5 % LMPAgarose in PBS. Put the molten agarose in

37 °C water bath to cool and stabilize the temperature.

Section 2: Prepare the cell lysis

1.

Prepare the lysis buffer and chill at 4 °C or on ice for at least
20 min before usage.
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3.5 H,DCFDA Assay
[11,12,22]

10.

11.
12.

13.

. Remove the culture medium and gently wash the cells with

PBS.

. Scrape oft the cells from the dish and resuspend the cells with

10 uL PBS.

. Mix the resuspended cells at 1x10° cells/mL with LMPAgarose

ataratio at 1:10 (v/v), and immediately add 50 pL of cell mixture
onto the Comet Slide. Use the side of the pipette tip to spread the
mixture solution to make sure the slide is completely covered.

. Place slides on a level plane at 4 °C (with the lights turned off)

for 30 min. A 0.5 mm clear ring will appear at edge of the
slide area.

. Immerse the slides into precooled lysis buffer at 4 °C for

45 min.

. Dry the extra buffer from slides and immerse them in a freshly

prepared DNA denaturing solution (pH>13), for 60 min at
room temperature, and make sure the lights are off.

. Place the slides into the electrophoresis tray, and add alkaline

electrophoresis buffer until the buffer completely covers the
slides.

. Set the power supply, and then run the gel at 1 V/cm for

20 min.

Gently drain excess electrophoresis solution, and immerse
twice in H,O for 5 min each. Then immerse the slides in 70 %
ethanol for 5 min.

Dry the samples at room temperature for 30 min.

Add 100 pL of SYBR green solution to each circle of the dried
agarose. Wait for 5 min with the lights off.

Detect the DNA integrity with a florescence microscope at
the wavelength of A_/A_ : 488 nm /520 nm.

. Seed about 1.0 x 10* cells in each well of 96-well plate. Incubate

the cells at 37 °C and 5 % CO, overnight.

. On the day of the experiment, freshly prepare the H,DCFDA

solution. In order to do this, dissolve the H,DCFDA powder
with a small amount of anhydrous DMSO. Then use PBS to
dilute the dissolved H,DCFDA.

. Add the HZDCFDA solution into the culture medium. Make

the final concentration of H,DCFDA to be 5 uM.

4. Incubate the cells with H,DCFDA for 2 h at 37 °C.

. Treat the cells with nanoparticles for 2—4 h in the incubator.

Cells without any treatment are used as the negative control,
and cells treated with H,O, are used as the positive control.

. Remove the medium and wash the cells with PBS.
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7. Detect the fluorescence at excitation of 485 nm and emission
of 520 nm using the Multiskan spectrum high-performance
spectrophotometer plate reader.

The above protocols are variable when different size, shape,
and type of silica-based nanomaterials are tested. Meanwhile, the
cell line plays an important role since the ability of cellular uptaking
nanoparticles varies with the type of cells. Therefore, the experi-
mental conditions should be optimized by each individual

researcher.
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