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Synthesis, Characterization, and Application of Antibody
Functionalized Fluorescent Silica Nanoparticles

Matthew T. Hurley,* Zifan Wang, Amanda Mahle, Daniel Rabin, Qing Liu,
Douglas S. English, Michael R. Zachariah, Daniel Stein, and Philip DeShong*

Fluorescent silica nanoparticles (FSNs) are prepared by incorporating dye
into a mesoporous silica nanoparticle (MSN) synthesis procedure. FSNs
containing sulforhodamine B, hydrophobically modified sulforhodamine B,
and Cascade Blue hydrazide are made. The MSN-based FSNs do not leach
dye under simulated physiological conditions and have strong, stable fluores-
cence. FSNs prepared with sulforhodamine B are compared to FSNs prepared
with hydrophobically modified sulforhodamine B. The data indicate that FSNs
prepared with sulforhodamine B are equally as stable but twice as fluores-
cent as particles made with hydrophobically modified sulforhodamine B.

The fluorescence of a FSN prepared with sulforhodamine B is 10 times more
intense than the fluorescence of a 4.5 nm core—shell CdSe/ZnS quantum

dot. For diagnostic applications, a method to selectively and covalently bind
antibodies to the surface of the FSNs is devised. FSNs that are functionalized
with antibodies specific for Neisseria gonorrhoeae specifically bind to Neis-
seria gonorrhoeae in flow cytometry experiments, thus demonstrating the
functionality of the attached antibodies and the potential of MSN-based FSNs

characteristics, FSNs have distinct advan-
tages over quantum dot systems, which are
used for similar applications. Quantum
dots possess significant cytotoxicity and
produce unstable fluorescence.[3-1]

FSNs are typically prepared in one of
two ways: (1) incorporation of siloxane-
functionalized dyes into sol-gel silica nano-
particle synthesis!*®111316-27] (Figure 1, A);
or (2) entrapment of dyes into silica nano-
particles prepared via microemulsion
techniques!>7101228-35] (Figure 1B). In the
first method, the siloxane-functionalized
dye is hydrolyzed to a silicate derivative,
undergoes polymerization with other
silicate anions in solution, and becomes
covalently incorporated into the silica
framework of the nanoparticles. This
methodology has also been employed

to be used in diagnostic applications.

1. Introduction

Fluorescent silica nanoparticles (FSNs) have recently gained
attention for their potential in diagnostic and detection appli-
cations. They have been used to image tumors,!!l probe
ligand-receptor interactions,>3] and detect pathogens.>-®
They are particularly attractive for these applications because
they can be prepared in a wide variety of colors, have strong
stable fluorescence, and are biocompatible.”'2 Due to these
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to create mesoporous FSNs.3¢3% In the
second method (Figure 1B)10 silicate
anions (from the hydrolysis of tetraethyl
orthosilicate [TEOS]) and hydrophilic dye
molecules reside within the aqueous phase of a water-oil micro-
emulsion. As silicate polymerization occurs within the aqueous
phase, the dye becomes entrapped within the Si-O-Si matrix,
yielding FSNs.

Mesoporous silica nanoparticles (MSN) are synthesized by
the templated polymerization of silicate around a surfactant
mesophase.*42] The surfactant within the as-synthesized MSN
is then removed via calcination or chemical extraction, yielding
mesoporous material. Figure 2 illustrates mobile crystalline
material (MCM)-41 type MSN synthesis.[*142]

MSN are well known for their potential as controlled release
and drug delivery systems. However, MSN-based fluorescent
silica nanoparticles have been reported.*3-% Notably, Imai et
al.®! and Sokolov et al.l**->% report making FSNs by incor-
porating dye molecules into MSN synthesis procedures. The
authors concluded that dye is incorporated into the hydro-
phobic core of the surfactant micelles and becomes encased
in the silica matrix (Figure 3).4% However, unlike standard
MSN syntheses, the surfactant mesophases within the fluores-
cent silica particles are not removed via calcination or chemical
extraction. This methodology provides an efficient, one-step
synthesis of fluorescent silica nanoparticles. Yet, to the best
of our knowledge, no one has used these MSN-based FSNs
in diagnostic applications, such as flow cytometry or ELISA
analysis.
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nature of the particles, attached antibodies
may passively adsorb onto the surface, dena-
ture, and lose their biological activity.

We proposed that adding hydrophobically

Polymerization

cyclohexane

B Triton X
hexanol
H,0 Silicate
Polymerization
dye
TEOS
NH,OH Water in Oil Microemulsion

Figure 1. Common strategies used to prepare FSNs: A) Incorporation of siloxane-functional-
ized rhodamine into the sol-gel preparation of solid SiNPs. B) Incorporation of rhodamine into

water in oil micro-emulsion techniques.

The use of the MSN-based FSNs in diagnostic applications is
hindered by the fact that dye leaks from the FSNs because the
dye molecules are non-covalently associated with the particles.
Sokolov reported that rhodamine 6G diffused from their MSN-
based fluorescent particles under aqueous conditions.*%! To pre-
pare MSN-based FSNs with optimum brightness that are suit-
able for in vitro and in vivo diagnostic applications, measures
need to be taken to ensure that the encapsulated dye is retained
within the silica nanoparticles.

Recently, Sokolov et al. reported that using alkylsiloxanes as
silica co-precursers in their synthetic methodology yields FSNs
that do not leach dye.*3% The alkylsiloxane silica precursors
incorporate hydrophobic groups into the silica matrix of the
resulting particles. The authors hypothesize that the hydro-
phobic moieties inhibit dye diffusion by preventing water from
entering the pores of the particles.*®#1 However, the increased
hydrophobicity of the particles may be problematic when devel-
oping the FSNs for use in diagnostic applications. To be used
in flow cytometry or ELISA, the FSNs need to be functionalized
with antibodies. However, proteins passively adsorb onto hydro-
phobically modified surfaces.P!l Thus, due to the hydrophobic

As-Synthesized
MSN

modified dye into MSN synthesis would
result in FSNs with increased dye incorpora-
tion due to the propensity of the modified dye
to become incorporated into the surfactant
mesophase, and moreover, the hydrophobi-
cally modified dye would be less likely to
leach from the FSN due to increased hydro-
phobic interactions between the dye and
surfactant mesophase. Thus, we anticipated
that MSN-based FSNs prepared with hydro-
phobically modified dye would be brighter

and more robust than MSN-based FSNs pre-
pared using non-hydrophobically modified
dye. Furthermore, by using hydrophobically
modified dye, we expected that we would
not need to alter the hydrophobicity of the
silica matrix to prevent dye diffusion. There-
fore, the goals of the research presented here
were: (1) to characterize the fluorescent char-
acteristics and stability of MSN-based FSNs
prepared using hydrophobically modified dye and MSN-based
FSNs prepared using non-hydrophobically modified dye, and
(2) to demonstrate that MSN-based FSNs can be functionalized
with antibodies and then subsequently used to selectively bind
and detect bacteria in flow cytometry.

2. Experimental Section
2.1. General

All chemicals were used as received from the supplier.
2-[methoxy(polyethyleneoxy)propyl]trimethoxysiane (PEGTMS)
and (3-glycidoxypropyl)trimethoxysilane (GPTES) were pur-
chased from Gelest, Inc. Tetraethyl orthosilicate (TEOS) and
sulforhodamine B were purchased from Sigma-Aldrich.
Pluronic F-127 was purchased from BASF. Cascade Blue
hydrazide, trisodium salt, was purchased from Invitrogen. Fatty
acid modified sulforhodamine B, 2, [1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt)] was purchased from Advanti Polar Lipids,
Inc. Core-shell CdSe/ZnS quantum dots sta-
bilized with octadecylamine were purchased
from Nanomaterials & Nanofabrication Labo-
ratories. All aqueous solutions were made
using water filtered through a Millipore
water filtration system unless otherwise indi-
cated. Phosphate buffered saline (PBS) solu-

H,0 Polymerization

Silicate

Calcine
—_—

tions were prepared from phosphate buffered
saline tablets obtained from Sigma-Aldrich
(Sigma, tablets: P4417) as directed. The PBS
solutions prepared had a measured pH of

<——{ Hollow pore

Surfactant-silicate mesophase Surfactant encased in silica

Figure 2. Schematic illustration of MCM-41

synthesis 14243l

type mesoporous silica
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Mesoporous silica

7.4. An Ocean Optics USB 2000 spectrom-
eter was used to obtain absorbance spectra. A
Shimadzo RF-1501 spectrofluorophotometer

nanoparticle
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dwell time per pixel. Integrated intensities,
Iye, Were calculated using the equation:

Love = %];(Ii— B)

H,0
g }—) Polymerization
/ Silicate

Dye molecule

2.5. PEG Functionalized FSN

FSN (0.010 g) were suspended in toluene
(5.00 mL) and sonicated until evenly dispersed.

Dye incorporated into
surfactant-silicate mesophase

Figure 3. Schematic illustration of MSN-based fluorescent silica nanoparticle synthesis. Dye
molecules are incorporated into the hydrophobic core of the surfactant mesophases, and then

become entrapped within the silica matrix of the nanoparticles.

was used to obtain fluorescence spectra. Room temperature is
defined as 20 °C.

2.2. MSN-Based Fluorescent Silica Nanoparticle Preparation

A standard procedure is as follows: fatty acid modified sulforhod-
amine B, 2, [1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) (ammonium salt)] (0.001 g;
7.7 x 1077 mol) was transferred to a three-necked round bottom
flask in chloroform (1 mL) and dried in vacuo. Water (15 mL)
and cetyltrimethylammonium bromide (CTAB) (0.050 g) were
added to the reaction vessel followed by 3 mL of an aqueous solu-
tion containing lysine'HCI (0.017 g) and NaHCO; (0.012 g) The
mixture was heated to 60 °C. To the vigorously stirring, heated
reaction mixture was added a mixture of TEOS (0.532 mlL) in
heptane (5.00 mL). The TEOS /heptane mixture was added drop-
wise in ten 0.5 mL aliquots. The reaction mixture stirred at 60 °C
for 2h, giving rise to a red/pink precipitate. The reaction mixture
was cooled and transferred to a centrifuge tube. The precipitate
(FSN) was spun down and washed with PBS solution (10 mL)
via centrifugation/resuspension three times and then dried in
vacuo. Note: 0.44 mg (7.7 x 107 mol) of sulforhodamine B was
used to prepared sulforhodamne B FSN.

2.3. Dye Release Studies

FSN (7.5 mg) were evenly suspended in PBS solution (4.00 ml)
via sonication and then placed in a 25 °C water bath. A 2.0 mL
aliquot was removed from the suspension and centrifuged. The
absorbance of the supernatant was measured using an Ocean
Optics USB 2000 spectrometer. The analyzed supernatant and the
2.0 mL aliquot were then returned to the sample suspension. This
process was repeated every thirty minutes for three hours the first
day. This process was repeated periodically over the next 7 days.

2.4. Fluorescence Imaging

Seperate, dilute solutions of FSN and core-shell CdSe/ZnS
quantum dots in toluene were spin-coated onto glass slides.
The particles were excited with 514 nm wavelength light and
the images were acquired using 0.11 pW laser power with 5 ms

Adv. Funct. Mater. 2013, 23,3335-3343

Surfactant and dye encased in silica

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The solution was placed under an argon
atmosphere. PEGTMS (0.610 mL, 1.3 mmol)
was added to the rapidly stirring solution in
one aliquot. The mixture stirred under argon
atmosphere at room temperature for 2 h. The
reaction mixture was transferred to a centri-
fuge tube. The functionalized particles were
spun down and washed with toluene (5 mL) via centrifugation/
resuspension three times and then dried in vacuo.

2.6. PEG/Epoxide Functionalized FSN

FSN (0.010 g) were suspended in toluene (5.00 mL) and soni-
cated until evenly dispersed. The solution was placed under
an argon atmosphere. PEGTMS (0.610 mL, 1.3 mmol) was
added to the rapidly stirring solution in one aliquot. The mix-
ture stirred under argon atmosphere at room temperature for
30 minutes. An aliquot (0.100 mL) of a solution of GPTES
(0.030 mL) in toluene (0.970 mL) (0.01 mmol of GPTES added)
was then added to the reaction mixture. The mixture continued
to stir under argon atmosphere at room temperature for 1.5 h.
The reaction mixture was transferred to a centrifuge tube. The
functionalized particles were spun down and washed with tol-
uene (5 mL) via centrifugation/re-suspension three times and
then dried in vacuo.

2.7. Conjugation of Goat Anti-Gonococcus IgG Antibody
to PEG/Epoxide Functionalized FSN

PEG/Epoxide functionalized FSN (0.005 g) were suspended
in PBS solution (1.50 mL). An aliquot (0.075 mL) of goat anti-
gonococcus IgG antibody in PBS (2 mg/mlL) was then added
to the particle suspension. The reaction mixture was soni-
cated until particles were evenly dispersed, and then stirred at
room temperature for 18 h. The particles were spun down and
washed with PBS (5 mL) via centrifugation/re-suspension three
times and then re-suspended in PBS (1 mL).

2.8. BCA Assay Protocol

BCA assays were conducted using reagents from a Pierce BCA
Protein Assay Kit purchased from Thermo Scientific. The
“enhanced test tube protocol” found in the instructions manual
accompanying the BCA assay kit was employed. Briefly, an aliquot
(0.100 mL) of a 5 mg/mL suspension of particles in PBS solution
was transferred to a 1 dram vial. Freshly prepared BCA “working
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Figure 4. Structures of sulforhodamine B (1) and hydrophobically modified rhodamine B (2) used to prepare FSN.

reagent” (2.00 mL) was added to the vial. The vial was capped
and placed in a water bath set at 60 °C for 30 min. Afterward, the
vial was removed from the water bath and placed in a freezer for
10 min. The vial was removed from the freezer, allowed to warm
to room temperature, and then the absorbance of the solution
was measured using an Ocean Optics USB 2000 spectrometer.

2.9. Flow Cytometry

N. gonorrhoeae (GC) strain MS11Aopa was grown on gonococcal
media base (GCK) agar plates, and E. coli on Luria Broth (LB)
agar plates. The bacteria were grown for 20-24 h and resus-
pended in phosphate buffered saline (PBS) to an ODgs, of 0.8.
Bacterial growth was halted by incubation of the cells with
100 pg/mL gentamicin sulfate for three hours at 37 °C. The
suspensions were diluted to a concentration of 8 x 10° cells/mL,
incubated for 1 h with fluorescein isothiocyanate (FITC), and

50 nm

Figure 5. TEM images of prepared MSN-based FSN. A) FSN prepared using sulforhodamine

B. B) FSN prepared using hydrophobically modified sulforhodamine B.

wileyonlinelibrary.com
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then washed three times with PBS. The FITC-labeled bacteria
were incubated with goat anti-gonococcus IgG functionalized
Cascade Blue FSNs or polyethylene glycol (PEG) functionalized
Cascade Blue FSNs for 1 hour at RT with moderate shaking,
and then washed once with PBS. The cells suspensions were
then subjected to FACS analysis using a FACSCanto II (BD
Biosciences) flow cytometer. Data was analyzed with FACSDiva
(BD Biosciences software).

3. Results and Discussion

3.1. MSN-Based FSN Synthesis

To compare particles prepared using hydrophobically modi-
fied dye with particles prepared using non-hydrophobically
modified dye, two sets of particles were made—one with sul-
forhodamine B, 1, and one with fatty acid modified sulforhod-
amine B, 2 (Figure 4). The two sets of FSNs
were prepared by introducing the dyes into
the MSN synthesis protocol described by
Okuyama.P?l Okuyama’s protocol was chosen
because it yielded particles that were more
monodispersed than particles prepared using
other MSN synthetic strategies. The parti-
cles produced from this methodology were
spherical with diameters of 90 + 10 nm, and
were highly fluorescent. Figure 5 depicts TEM
images of the FSN produced by this method.
The composition of the incorporated dye does
not seem to affect the size or morphology of
the FSN; particles prepared using the hydro-
phobically modified sulforhodamine B have
the same diameter and morphology as parti-
cles prepared with sulforhodamine B.

3.2. Fluorescence Microscopy Analysis of FSN

The fluorescent properties of FSNs pre-
pared using sulforhodamine B and the

Adv. Funct. Mater. 2013, 23, 3335-3343
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1 that the two sets of FSNs that the samples in
. -1 C Figure 6 were taken from were prepared with
g soo0 < §*] equal molar amounts of their respective dye.
3 i1 Though we anticipated that FSNs prepared
1 with hydrophobically modified sulforhod-
: . r . ‘ P — — — amine B would be more fluorescent than
: - - T Y et T FSNs prepared using sulforhodamine B, the
. : | FSN made with sulforhodamine B was twice
as fluorescent as the particle made with the
hydrophobically modified sulforhodamine
B analogue. We attribute the preferential
incorporation of the sulforhodamine B into
the silica nanoparticle to electrastatic interac-
tions between the cationic CTAB surfactant
mesophase and the anionic sulforhodamine
B molecules. Apparently, dyes which lack a
hydrophobic tail can interact more effectively
500 nm with the cationic charge and thus are incor-
porated preferentially.
The data presented in Figure 7 compares

Figure 6. Comparison of fluorescence intensities of a FSN prepared with sulforhodamine B, 1 the fluorescent intensity of a FSN prepared
(panels A and B) and a FSN prepared using the hydrophobically modified sulfornodamine B,2  with sulforhodamine B to the fluorescence
(panels C and D). Panels A and B show the cross sectional intensity and fluorescence image, intensity of a 4.5 nm core-shell CdSe/Zn$S
respectively, of an isolated FSN prepared using sulforhodamine B. Panels C and D show the
cross sectional intensity and fluorescence image, respectively, of an isolated FSN prepared
using hydrophobically modified sulforhodamine B.

Microns ©5

500 nm

quantum dot. The comparison to quantum
dots is made because quantum dots have
been used in similar fluorescence-based diag-
nostic applications as described below. While
hydrophobically modified counterpart were analyzed using con- ~ we did not determine if the synthesis conditions employed
focal microscopy. Figure 6 compares the fluorescence of a FSN  yielded maximal incorporation of dye into the FSNs, we found
prepared with hydrophobically modified sulforhodamine B with  that the FSN fluorescence was approximately 10 times brighter
a FSN prepared using sulforhodamine B. It should be noted  than that of the quantum dot. It is also noteworthy that the

02 04 0s 08 10 00 02 04 08 08
fortor racrometer) | position (micromaeter)

Mo

500 nm 500 nm

Figure 7. Comparison of fluorescence intensities of a FSN prepared using sulforhodamine B (panels A and B) and a 4.5 nm core-shell CdSe/ZnS
quantum dot (panels E and F). Panels A and B show the cross sectional intensity and fluorescence image, respectively, of an isolated FSN prepared
using sulforhodamine B. Panels E and F show the cross sectional intensity and fluorescence image, respectively, of an isolated 4.5 nm core—shell CdSe/
ZnS quantum dot. Due to fluorescence intermittency, or blinking, the quantum dot appears as a series of streaks.
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Figure 8. TEM image of Cascade Blue FSNs.

fluorescence of the FSN is more stable than the fluorescence
of the quantum dot. Unlike the CdSe quantum dot, the FSN
do not “blink”. As seen in Figure 7A,B, the FSN fluorescence
signal is uniform and intense during the scanning process,
while the CdSe quantum dot has a weaker fluorescence and less
uniform fluorescence due to its propensity to undergo blinking.
We anticipate that the strong, robust fluorescence from the
FSN produced by this method will have many advantages over
quantum dots in fluorescent assay technology.

To further demonstrate the fluorescent character of the MSN-
based FSN, we also analyzed the fluorescence of a 100 nm Flu-
oSphere obtained from Molecular Probes using confocal micro-
scopy. The sulforhodamine B FSN has approximately the same
fluorescent intensity as the FluoSphere (see the Supporting
Information for data and experimental details).

3.3. Dye Retention by FSN

As mentioned above, for FSN to be suitable for in vitro and
in vivo diagnostic applications, FSN cannot leach dye. To
determine if dye leached from the prepared MSN-based FSNs
under physiological conditions, FSNs prepared with sulforhod-
amine B and FSNs prepared with hydrophobically modified
sulfrorhodamine B were separately suspended in PBS buffer
at 25 °C and the supernatant was periodically analyzed using
UV-vis spectroscopy (see the Experimental Section for details of
the assay methodology). After standing in PBS solution at 25 °C
for 7 days, no dye was detected in the supernatant for either
FSN suspension (data not shown). These results indicate that
neither set of FSNs release dye under simulated physiological
conditions and both sets of particles would be suitable for diag-
nostic applications.

Considering the results reported by Sokolov et al.,[
was surprising that no dye leached from the FSNs prepared
with regular (non-hydrophobically modified) sulforhodamine
B. Therefore, in order to determine if FSN stability was lim-
ited to sulforhodamine B, we repeated our synthesis, using a
non-hydrophobically modified Cascade Blue dye (Cascade Blue
hydrazide). Like the sulforhodamine B containing particles, the
FSNs prepared with Cascade Blue hydrazide are approximately
90 nm in diameter (Figure 8), highly fluorescent, and do not
leach dye after standing in PBS solution at 25 °C for 7 days.

The discrepancy in the amount of dye released between
Sokolov’s FSNs and the FSNs described here may be attributed

46,50 i
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to the different mesophase structures within the MSN-based
FSNs. The different mesophase architectures are a result of
the different synthetic methodologies used to prepare the
MSN-based particles. In MSN formation, the structure of the
surfactant-silicate mesophase is highly dependent on reac-
tion mixture conditions, such as the concentration of the sol-
gel components, pH, and temperature. Sokolov’s method may
result in particles with mesophases that are unable to retain dye
as well as the mesophases within the FSNs prepared using our
methodology. This hypothesis is supported by Sokolov’s work
where it is demonstrated that different release profiles are seen
from MSN-based fluorescent particles containing different pore
(mesophase) architectures.*® The difference in the surfactant
to dye ratio in the sol-gel mixtures that were used to prepare
the FSNs described in this report and the FSNs prepared by
Sokolov could also explain why there is a difference in the
amount of dye released between the two systems. Sokolov’s
sol-gel mixtures contain up to a 10:1 surfactant/dye molar
ratiol**->% while our methodology uses a sol-gel mixture with an
80:1 surfactant/dye molar ratio. The increased surfactant to dye
ratio in our FSNs would result in systems with increased hydro-
phobic interactions between the surfactant mesophases and dye
molecules. Therefore, dye molecules are held more strongly
within our particles and less dye is leached from our FSNs.
We did not try to increase the amount of dye incorporated into
our particles because we found that the fluorescence of the pre-
pared FSNs was adequate for their intended diagnostic applica-
tion described below.

The fact that highly water-soluble dyes, such as sulfororhod-
amine B and Cascade Blue hydrazide, do not leach from our
FSNs in aqueous media indicates that the dyes are tightly held
within the surfactant mesophase. From this data, we expect that
one should be able to make FSNs with a wide variety of dyes,
and the FSNs would be stable and suitable for diagnostic appli-
cations. Recently, we have extended our methodology to create
fluorescent porous silica nanoparticles that are similar to the
systems described by Blanchard-Desce and coworkers.[#4>3]

3.4. Flow Cytometry Experiments

For application in flow cytometry, FSNs prepared with Cascade
Blue hydrazide (Cascade Blue FSNs) were functionalized with
antibody against the bacterial pathogen Neisseria gonorrhoaea.
Antibody specific for gonococci was raised in a goat, and puri-
fied on a protein G column. Though several surface function-
alization methodologies were attempted,>** it was found that
immobilizing the antibody to FSN functionalized with a mixed
polyethylene glycol (PEG)/epoxide coating was most effective
in covalently conjugating the antibody to the particles and pre-
venting the antibodies from passively absorbing®*’ and/or
denaturing on the surface of the particles. Recently, Zhangl®l
and Chang®” successfully used similar strategies to bind anti-
bodies to silica surfaces. Scheme 1 depicts the functionalization
strategy schematically. It is hypothesized that PEGTMS and
GPTES form a mixed-multilayer on the silica surface as shown
in Figure 9. Binding of antibody to FSN was verified using a
standard bicinchoninic acid (BCA) colorimetric assay.°*®!l An
absorbance at 562 nm in the BCA assay indicates the presence

Adv. Funct. Mater. 2013, 23, 3335-3343
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Scheme 1. Strategy used to prepare IgG-functionalized Cascade Blue FSNs.

of protein within the sample. The absorbance spectra from the
BCA assay are shown in Figure 10. PEG/epoxide functional-
ized particles that were exposed to goat anti-gonococcus IgG
antibody (referred to as IgG-functionalized FSNs in Figure 10)
demonstrated an increased absorbance at 562 nm as compared
to PEG/epoxide functionalized FSN that were not exposed to
antibody —indicating that the antibody was successfully conju-
gated to the particles.

The ability of the anti-gonococcal IgG functionalized FSNs
to bind to gonococci was analyzed by fluorescence-activated cell
sorting (FACS). A series of control experiments were performed
to demonstrate the fluorescent profiles of gonococci and various
particle formulations. Gonococci were prelabeled with FITC to
allow for their detection in the flow cytometer. The data indicate
that the FITC- labeled gonococci were all detected in quadrant 4,
demonstrating strong fluorescence at 588 nm (Figure 11A). The
data in Figure 11B shows the fluorescence profile of bare, non-
functionalized Cascade Blue FSNs. The presence of a small pop-
ulation of particles in Q3 indicates that in the initial synthesis,
a small population of particles was made that poorly incorpo-
rated dye into the particle. The fluorescent profiles of PEG

o)

HO-Si~OH PEG
PEG 0
O-Si
si O _~_""PEG
/ ‘O _Si
O YO g
\ l/ v
Si Surface

Figure 9. Proposed mixed-multilayer formed on PEGTMS/GPTES func-
tionalized FSNs.

Adv. Funct. Mater. 2013, 23,3335-3343
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HO H functionalized Cascade Blue FSNs and anti-

PEG N~j9a
G 4 r')\/ gonococcal IgG functionalized Cascade Blue
ﬁ( PN e pEG FSNs are depicted in Figure 11C,D, respec-

EG tively. The average fluorescence of the parti-
PEG cles did not decrease after functionalization,
indicating that no dye leached from the parti-

cles during the functionalization procedures.
Gonococci were mixed with anti-gono-
coccal IgG functionalized Cascade Blue
FSNs, washed and the resulting population

of gonococci analyzed by FACS (Figure 11E).
The double-positive population in quadrant
2 demonstrates that the IgG-functionalized
Cascade Blue FSN recognize and bind to the

FITC-labeled N. gonorrhoeae.

To demonstrate the specificity of binding of the anti-gonococcal
IgG functionalized Cascade Blue FSNs, FITC-labeled gono-
cocci were mixed with PEG functionalized Cascade Blue FSNs,
washed, and then subjected to FACS. The data in Figure 11 F
demonstrate the lack of binding to gonococci by the PEG coated
particles. Furthermore, when anti-gonococcal IgG functionalized
Cascade Blue FSNs were mixed with FITC-labeled Escherichia
coli, a single population is present, representing FITC-labeled
E. coli (Figure 11G). This data indicates that the anti-gonococcal
IgG functionalized FSNs do not bind to E. coli.

Taken together, the FACS data demonstrate that the anti-
gonococcal IgG functionalized FSNs selectively bind to N. gon-
orrhoeae. Moreover, the results indicate that the IgG antibodies
attached to the surface of the FSNs are functional and that IgG
functionalized MSN-based FSNs can be used as diagnostic tools.

We noted a decrease in fluorescence intensity of the Cascade
Blue FSN associated with the FITC-labeled GC, and hypoth-
esized that FITC was quenching the fluorescence of Cascade
Blue. We measured the effect of FITC on Cascade Blue fluores-
cence by mixing various concentrations of FITC with Cascade
Blue hydrazide. As shown in Figure 12, the fluorescence inten-
sity of Cascade Blue hydrazide decreases with increasing FITC
concentration, thus demonstrating that Cascade Blue hydrazide
fluorescence is quenched by FITC.
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Figure 10. Absorbance spectra from the BCA assay of goat anti-gono-
coccus 1gG antibody functionalized FSNs (black) and PEG/epoxide
functionalized FSNs (grey; control). Absorbance at 560 nm indicates the
presence of protein within the sample. The slight positive result seen for
PEG/epoxide-functionalized FSNs is attributed to chemical interference
with the assay.
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Figure 11. Flow cytometry using anti-gonococcal IgG functionalized FSNs. A) FITC labeled Gonococci. B) Non-functionalized Cascade Blue FSNs.
C) PEG functionalized Cascade Blue FSNs. D) Anti-gonococcal 1gG functionalized Cascade Blue FSNs. E) Anti-gonococcal 1gG functionalized Cascade
Blue FSNs with FITC labeled Gonococci. F) PEG functionalized Cascade Blue FSNs with FITC labeled Gonococci. G) Anti-gonococcal 1gG functional-
ized Cascade Blue FSNs with FITC labeled E. coli. The voltage of the photomultiplier tube (PMT) utilized for the particles alone was 445, and for the
particles with bacteria it was 588. This discrepancy in detector voltage was due to the observed quenching of cascade blue by FITC. The profiles were
gated on aggregates, eliminating cellular debris and background noise. Panel G was gated on all events due to a lack of E. coli aggregation.
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Figure 12. Quenching of Cascade Blue fluorescence by FITC. Data points
were obtained by measuring the fluorescence of Cascade Blue hydrazide
solutions containing varying amounts of FITC. The concentration of
Cascade Blue hydrazide in each solution was 1 pg/mL. Solutions were
prepared using PBS. Cascade Blue hydrazide fluorescence intensity was
measured at 419 nm. The excitation wavelength used was 380 nm.

4. Conclusions

FSNs were prepared by incorporating dye into a mesoporous
silica nanoparticle synthesis procedure. FSNs prepared using sul-
forhodamine B were two-times more fluorescent than particles
made with the hydrophobically modified sulforhodamine B ana-
logue. The FSNs produced by this method do not leach dye under
physiological conditions and have strong, stable fluorescence. A
FSN prepared using sulforhodamine B was 10 times more fluo-
rescent than a 4.5 nm core—shell CdSe/ZnS quantum dot.

Antibody functionalized Cascade Blue FSNs were prepared
for use in flow cytometry, and the results from flow cytometry
demonstrate that anti-gonococcus IgG functionalized FSN
selectively bind to N. gonorrhoeae and have the ability to be used
in diagnostic applications.
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