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ABSTRACT: Over the past decade, positron emitter labeled nanoparticles 1 $

have been widely used in and substantially improved for a range of diagnostic
biomedical research. However, given growing interest in personalized medicine
and translational research, a major challenge in the field will be to develop
disease-specific nanoprobes with facile and robust radiolabeling strategies and
that provide imaging stability, enhanced sensitivity for disease early stage
detection, optimized in vivo pharmacokinetics for reduced nonspecific organ
uptake, and improved targeting for elevated efficacy. This review briefly
summarizes the major applications of nanoparticles labeled with positron
emitters for cardiovascular imaging, lung diagnosis, and tumor theranostics. >

B INTRODUCTION

During the past decade, molecular imaging has expanded due
to its unique suitability to support personalized medicine by
using modified or engineered molecules that can reveal
individual biology when coupled with an appropriate imaging
approach. Molecular imaging approaches include both single
modality, such as positron emission tomography (PET), single
photon emission computed tomography (SPECT), magnetic
resonance imaging (MRI), magnetic resonance spectroscopy
(MRS), computed tomography (CT), ultrasound, biolumines-
cence, and fluorescence imaging, and also multimodalities,
such as PET/CT, SPECT/CT, and PET/MR.! Among these
approaches, the radionuclide-based imaging methods, especially
PET, have been a particular focus in biomedical research due to
advantages that include high sensitivity (picomolar level) and
limitless tissue penetration.”

While many types of molecules have been used in molecular
imaging, a growing area of interest is the use of nanoparticles,
which have great potential for early detection, accurate diag-
nosis, and personalized therapy of various diseases, especially
cancer.’ Nanoparticles are structures ranging in size from 1 to
100 nm (Figure 1). Nanoparticles show unique size-dependent
physical and chemical properties, which can be optical, mag-
netic, catalytic, thermodynamic, and electrochemical.* Gen-
erally, nanoparticles used for biomedical research can be catego-
rized into three groups: (1) inorganic nanoparticles including
quantum dots, iron oxide nanoparticles, gold nanostructures,
and upconversion nanophosphors; (2) polymer nanoparticles
such as core—shell dendrimers and amphiphilic nanoparticles;
(3) lipid nanoparticles including liposomes and solid lipid
nanoparticles. Additionally, radiolabeled carbon nanotubes and
nanodiamonds have also been widely explored for oncological
applications.”~® Nanoparticle pharmacokinetics and biodistri-
bution have been reviewed in detail elsewhere.”'’

Nanoparticle design flexibility enables tunable in vivo phar-
macokinetics to improve delivery efficacy and to reduce
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Figure 1. Scheme of multifunctional nanoparticles.

nonspecific organ uptake by varying the size, charge, and
surface modification.'' With a diameter about 100 nm, nano-
particles show prolonged blood circulation and a relatively low
rate of mononuclear phagocyte system (MPS) uptake.'® Their
size also fills a critical position between the macroscopic world
and molecular-level detail, and they can be designed to provide
unique advantages over both macroscopic materials and
molecular systems. Because their size is comparable to large
biological molecules (antibodies, DNA), nanoparticles can be
designed to interact with various biomolecules both on the
surface and inside cells, leading to significantly improved
diagnosis and treatment efficacy.” Another noteworthy
physicochemical characteristic is the nanoparticle’s high surface
area to volume ratio, which enables rich surface chemistry for
various targeting components while retaining high loading
capacity for detection elements and therapeutic payload, as well
as multifunctionality for synergistic applications (Figure 1).'*
Regarding charge, neutral nanoparticles are reported to
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Table 1. Nuclear Characteristics of Selected PET Radionuclides for Nanoparticles

B energy (KeV)

radionuclide Ty decay (%) max.

%Ga 67.7 min A (89) 1899
EC (11)

8g 109.7 min B (96.7) 634
EC (0.1)

%Cu 127 h B (17) 653
EC (44)

7Br 162 h B+ (55) 3941
EC (45)

8oy 147 h B (33) 3141
EC (66)

87r 3.3d B (23) 901
EC(77)

1241 4.18d £ (23) 2138
EC (77)

mean main photon KeV (%) production
829 511 (178.3) %Ge/*®*Ga generator
245 511 (193.5) 50 (p, n) "F
278 511 (34.8) *Ni (p, n) *Cu
1180 511 (109); 559 (74) 78Se (p, n) "*Br
657 (15.9); 1854 7¢Se (d, 2n) "°Br
664 511 (63.9); 1077 (82.5) 8Sr (p, n) %Y
(82.5)
397 909 (100) Y (p, n)¥Zr
820 511 (46); 603 (62.9) 24Te (p, n) 241
723 (10.3) 4Te (d, 2n) 1

demonstrate a slow clearance profile and reduced hepatic and
splenic accumulations compared to charged nanoparticles,'
while positively charged nanoparticles administered intraven-
ously often form aggregates due to the presence of negatively
charged serum proteins.'* To reduce opsonization and aggrega-
tion caused by protein deposition, hydrophilic polymers such as
polyethylene glycol are normally grafted onto the surface of
nanoparticles, which also improves blood retention for opti-
mized targeting and delivery."®

Over the past decade, growth in the applications of nano-
particles in molecular imaging and drug delivery by utilizing
gamma-emitting radioisotopes and positron emitters'®™>" has
led to drug discovery and numerous clinical trials.”*~>* Due to
broad application of PET isotopes in translational research, we
focus on the major biomedical applications of nanoparticles
radiolabeled with these positron emitters.*®™

B APPLICATIONS OF PET RADIONUCLIDE LABELED
NANOPARTICLES

PET radionuclide labeled nanoparticles have been extensively
used in both preclinical and clinical studies as a tool to explore
nanoparticles’ in vivo Pharmacokinetics, imaging capability, and
theranostic potential.'”?>*"** For nanoparticles with different
physicochemical properties and functional groups, the specific
PET isotope and radiolabeling strategy need to be carefully
considered to generate an optimal imaging outcome. The
nuclear characteristics of commonly used PET radionuclides for
nanoparticles are summarized in Table 1.

There are two main radiolabeling strategies for nanoparticles.
One is to radiolabel the nanoparticle structure itself, either on
the surface or in the core. The other approach is to radiolabel
the payload encapsulated inside the nanoparticle. These two
approaches share much of their chemistry and are both widely
used for nanoparticle radiolabeling (Table 2).*’

In designing a radiolabeled nanoparticle for biomedical appli-
cations, some key factors need to be considered. The first of
these is radiolabeling integrity. For in vitro or in vivo
applications of radiolabeled nanoparticles, the radionuclide
itself is observed or detected rather than the nanoparticle or the
payload. Thus the nanoparticle structure and radiolabeling
strategy must both be designed to get robust, stable radio-
labeling. The second factor to consider is application
compatibility—the half-life of the radionuclide needs to be

congruent with the binding kinetics of the probe and target, as
well as the probe’s in vivo pharmacokinetics. A third factor is the
targeting efficiency and radiolabeling specific activity, since a
well-designed nanoparticle that allows increased loading of
targeting ligands and high radiolabeling specific activity can
provide elevated binding efficiency and reduce the required
administration of nanoparticle to just trace amounts. The
fourth factor is translational capability, since the U.S. Food and
Drug Administration (FDA) approval for human application
will be needed to explore the clinical potential of nanoparticles.
For example, although there are chelators showing better *Cu
radiolabeling stability for PET imaging,34 DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) is still the most
used chelator for translational research owin3g to its FDA
approval and wide applications in clinical trials.”

A wide range of nanoparticles have been labeled with a
variety of radionuclides. Quantum dots (QDs) are inorganic
fluorescent semiconductor nanoparticles with desirable proper-
ties for optical imaging applications and have been radiolabeled
with various radionuclides to explore their in vivo pharmaco-
kinetics in an effort to develop multifunctional imaging probes.
However, the hydrophobic nature of QDs leads to short blood
circulation and insufficient targeting even after surface
pegylation.m’36 More importantly, their potential toxicity limits
the translational application of QDs.>” Magnetic nanoparticles,
especially iron oxide nanoparticles, have also been widely
explored for imaging applications because of high T, relaxivity
for enhanced contrast, lack of radiation burden, biocompati-
bility, and low clinical toxicity.3'8’39 In addition, although most
applications of iron nanoparticles have been focused on develop-
ing MRI contrast agents, preparation of iron oxide based PET/
MR dual functional nanoparticles has been an active research
area. So far, various radiolabeling strategies with different
positron emitters including **Cu, ®*Ga, and '**I have been used
to study the in vivo biodistribution profile and targeting
efficiency of iron oxide nanoparticles with high radiolabeling
yields and specific activities in a variety of animal disease
models.?***™* Another target is gold nanostructures, which
have tunable optical properties in the near-infrared (NIR)
region (650 to 900 nm) and are thus particularly attractive for
hyperthermia based on the photothermal effect, leading to
increased cancer theranostic applications.”* Of the available
imaging modalities, PET is the most widely used technique to
monitor the delivery of gold nanostructures due to its high
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Table 2. Labeling Strategies and Specific Activities of PET Radionuclides Labeled Nanoparticles

nanoparticle radionuclide labeling strategy specific activity® reference
Quantum dot B nucleophilic substitution (3.7-7.5) x 10® Bq (10—20 mCi)/nmol 122
$Cu DOTA 3.7 x 107 Bq (1 mCi)/nmol 36
4Cu DO3A 6.2 X 10° Bq (17 uCi)/mg 123
Iron oxide B Click chemistry (6.7 + 0.8) X 10* Bq (18 + 2 mCi)/mg Fe 73
%Cu DOTA (3.7-7.4) x 10° Bq (10—20 mCi)/mg Fe 26
%Ga Direct labeling 3.6 x 10° Bq (10 mCi)/nM Fe 41
%Ga NOTA 1.5 X 10® Bq (4 mCi)/nmol 124
124 Tyrosine 5.1 X 107 Bq (1.4 mCi)/mg (Fe+Mn) 42
Aluminum hydroxide 18F Inorganic interaction 5.4 x 10° Bq (146 uCi)/mg 125
Upconversion nanophosphors 18p Inorganic interaction 7.8 X 10® Bq (21 mCi)/mg 126
Gold nanoparticle Cu DOTA 5.9 x 10" Bq (16 Ci)/nmol 44
Latex %Ga Direct labeling 2 X 10° Bq (5 uCi)/mg 127
#Cu DOTA (13.3 + 1.0) x 10° Bq (36 + 3 uCi)/nmol 117
#Cu TETA, CB-TE2A (7.7 £ 0.6) X 10° Bq (21 =+ 2 puCi)/nmol 128
%Cu BAT 2.1 X 107 Bq (0.6 mCi)/nmol 129
Liposome 18g Encapsulation 2.8 X 107 Bq (0.8 mCi)/nmol 130
Solid lipid nanoparticle g Encapsulation 1.1 X 10° Bq (3 uCi)/nmol 131
%Ga DTPA 4 X 10° Bq (0.1 mCi)/ug 132
4Cy BAT (1.4 + 0.3) X 10° Bq (38 + 8 uCi)/mg lipid 133
Polymer 7Br Tyrosine 1.9 X 10° Bq (5 uCi)/ug 27
%Cu DOTA 1.5 X 107 Bq (0.4 mCi)/ug 63
8 [**F]FETos 30 Bq (0.8 nCi)/ug 134
Nanotube %Cu DOTA (7.4-11.1) x 10° Bq (0.2—0.3 mCi)/ug 5
87r desferrioxamine B 592 KBq/ug 135
sey DOTA 555 GBq/g 8

“The data presented in Table 2 should be reviewed with caution. The values listed in the literature are specific activities quoted during nanoparticle
radiolabeling using different units and have also been calculated using different analytical methodologies.

sensitivity and quantitative detection. A recent study of a
%*Cu-radiolabeled gold nanoshell showed clear tumor uptake,
indicating the potential not only for PET imaging, but also as a
theranostic agent.**

Polymer nanoparticles have been widely used for biomedical
imaging applications using a variety of radiolabeling strategies
due to the versatility of synthetic chemistry. The structural
design and in vivo PET imaging of polymer nanoparticles is
reviewed in detail elsewhere.'” In addition, liposome nano-
particles have been used for drug delivery since their initial
discovery 40 years ago and are available with a myriad of possi-
ble compositions and modifications.” Significant progress has
been achieved by utilizing liposomes as nanocarriers for both
diagnosis and therapy. A wide variety of radionuclides and
labeling strategies have been employed for generating radio-
active liposomes, and these are reviewed elsewhere.*

Silica nanoparticles, due to the well-known biocompatibility,
have also been explored for various biomedical applications
with radiolabels.*”** With '*F labeling, the thermally hydro-
carbonized porous silicon nanoparticle demonstrated that the
particles passed intact through the gastrointestinal tract after
oral administration and were not absorbed from a subcutaneous
deposit. With intravenous injection, a fast MPS clearance pro-
file was confirmed. This silica nanoparticle exhibited excellent
in vivo stability, low cytotoxicity, and nonimmunogenic profiles,
indicating the potential for oral drug delivery.”’ In another
study, an organically modified silica nanoparticle also showed
no toxicity in vivo and full clearance through hepatobiliary
excretion, which was confirmed by both '**I and near-infrared
dye DY776 labeling.*® Lately, nanodiamonds have also been
proposed as a promising biomaterial for drug delivery owning
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to the biocompatibility of this form of carbon.*” With 'SF
radiolabeling, these nanodiamonds showed high lung, liver, and
spleen uptake, and significant excretion through the urinary
tract.” Another recently emerged nanostructure for oncological
applications is known as an upconversion nanoparticle. This
nanostructure has very fast radiofluorination kinetics and
multimodality imaging properties, but its in vivo pharmacoki-
netics still need improvement to achieve sufficient blood
circulation.>*~>*

With increasing support from the National Institute of
Health to study and develop nanotechnology,™ additional
applications of nanomedicine research are expected. Here, we
describe selected applications of radiolabeled nanoparticles with
the focus on core—shell polymeric nanoparticles.

Radiolabeled Nanoparticles for Cardiovascular Imag-
ing. It is well-known that systemically administered nano-
particles tend to be sequestered by the MPS system and
accumulate mainly in the liver and spleen. Clearance from the
bloodstream depends on particle size, surface configuration,
and several other factors, and the first step is opsonization that
triggers complement activation and macrophage recognition.54
To target the low abundance biomarkers in animal cardio-
vascular disease models, nanoparticles must have high radio-
labeling specific activity and binding specificity and be able to
circulate for a sufficient period of time in the bloodstream,
which requires well-defined structure, composition, and con-
trolled in vivo properties. Among various nanostructures (such
as iron oxide, silica, and gold nanoparticles),’>~ amphiphilic
core—shell nanostructures have received particular attention
because of the tunable in vivo pharmacokinetics and versa-
tile conjugation chemistry.*>®" Shell cross-linked knedel-like
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nanoparticles (SCKs) are composed of a hydrophobic
polystyrene core that can be used to load hydrophobic drug
molecules, and a hydrophilic external shell of poly(acrylic acid-
co-acrylamide) that provides additional sites for other functional
units such as imaging moieties. Through various synthetic
strategies, especially cross-linking, SCKs can be prepared with
controlled size, surface charge, pegylation density, multi-
functionality, and tuned in vivo pharmacokinetics.’*** Addi-
tionally, the multivalency of SCKs empowers flexible radio-
chemistry (**Cu, 7*Br, '*I, and '*F) for PET applications. By
conducting DOTA conjugation before nanoparticle assembly,
the amount of DOTA accessible for ®*Cu labeling could be
accurately controlled with more than 400 copies per SCK,
leading to a specific activity greater than 1.48 X 107 Bq/ug.®*

Another type of core—shell star-like or comb-like copolymer
could be prepared with nitroxide mediated living radical
polymerization to create defined sizes and morphologies. In
one example, the chelator DOTA was placed in an internal,
hydrophilic environment allowing efficient **Cu radiolabeling
to make a protected and high specific activity nanoscopic ima-
ging probe. Biodistribution studies showed a distinct correla-
tion between the length of PEG grafts and the in vivo circula-
tion time; with increased PEG chain length, increased blood
retention and reduced MPS system uptake were observed.®*
Furthermore, the cargo loading capacity of this type of nano-
particle can be adjusted while retaining similar physicochemical
properties. In a recent study, varying amounts of RGD peptide
(5—50% RGD) were accurately conjugated to the shell of
comb-like nanoparticles for targeting «,f; integrin, and these
RGD-combs all maintained similar sizes and radiolabeling
specific activities.”>®® The in vitro studies of the RGD-combs
showed positive correlation between RGD peptide loading and
uptake in af; integrin-positive U87MG glioblastoma cells,
demonstrating the importance of controlled conjugation of
targeting groups to achieve optimal targeting performance with

multivalent nanoparticle systems.66 Further, the comb nano-
particles were conjugated with C-type atrial natriuretic factor
(CANF) to target the natriuretic peptide clearance receptor
(NPRC) in a mouse angiogenesis model. By controlling the
number of DOTA conjugation, high specific activity (5.4 =+
1.2 x 10° Bq/nmol) of **Cu radiolabeling could be achie-
ved, ensuring the trace administration of %4Cu-DOTA-CANE-
comb (7 pmol) for imaging studies. PET images showed sig-
nificantly higher standardized uptake values (SUVs) at angio-
genesis sites created by hindlimb ischemia compared to
contralateral control sites. More importantly, the SUVs of *Cu-
DOTA-CANF-comb were 3.4 times higher than those obtained
with DOTA-CANF peptide tracer and about triple of those from
the nontargeted *Cu-DOTA-comb, demonstrating the superiority
of a multivalent nanoprobe over the corresponding monovalent
CANF peptide for in vivo molecular targeting (Figure 2).”

In developing nanoparticles for targeted drug delivery,
controlled release kinetics, bioavailability, and reduced toxicity
are key considerations, which have made biodegradable nano-
particles an active research area.®®””° Compared to the inorga-
nic nanoparticles, polymeric nanoparticles can be uniquely pre-
pared with biodegradable core or cross-linker for programmed
release of therapeutic payload through enzyme or pH response
degradation (Figure 3), which greatly enhances their
biocompatibility and makes them better candidates for targeted
diagnosis and drug delivery. Thus, a core—shell biodegradable
dendritic nanoprobe labeled with 7*Br has been prepared for
targeting a,f3; integrins expressed in a mouse angiogenesis
model. The controlled introduction of targeting CRGDC peptide
to the shell offered 50-fold enhancement of in vitro binding
affinity to a,f; integrins relative to the monovalent RGD
peptide alone. In vivo, specific targeting to a,; was observed
with the targeted nanoprobe demonstrating a 6-fold increase of
receptor-mediated endocytosis at the injured site compared to
the control nanoprobe (Figure 4).>” Additionally, the potential
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Figure 2. PET/CT images of **Cu-DOTA-CANF-Comb and *Cu-DOTA-Comb in the HLI induced angiogenesis model obtained 7 days after
ischemia. (A) **Cu-DOTA-CANF-Comb in HLI model showing the accumulation of activity in the ischemic limb with little observed on the
contralateral nonischemic limb. (B) **Cu-DOTA-Comb in HLI model showing the weak uptake in both ischemic and nonischemic limbs. (C)
Uptake of **Cu-DOTA-CANF-Comb (1 = 8) and **Cu-DOTA-Comb (1 = 7). (D) Ischemic/nonischemic uptake ratios of *Cu-DOTA-CANF-
Comb (n = 8) and *Cu-DOTA-Comb (n = 7). Figure reproduced with permission from reference 67.
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Figure 3. Diagram of the biodegradation process of shell cross-linked knedel-like nanoparticles.
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Figure 4. Noninvasive PET/CT images of angiogenesis induced by hindlimb ischemia in a murine model. (A) Nontargeted dendritic nanoprobes
(shown bottom center). (B) Uptake of @ f;-targeted dendritic nanoprobes was higher in ischemic hindlimb (left side of image) as compared with
control hindlimb (right side of image). Figure reproduced with permission from reference 27.

of poly(lactide-co-glycolide) based biodegradable nanoparticles
has also been assessed for PET imaging due to their FDA
approval for human use.”"

Iron oxide nanoparticles have been widely used in
cardiovascular imaging with various radiolabels. With carbohy-
drates such as dextran coating and diethylenetriaminepenta-
acetic acid (DTPA) conjugation, the **Cu radiolabeled iron
oxide nanoparticle (**Cu-TNP) was used to target macrophage
in an apolipoprotein E deficient (apoE~~) mouse model of
aneurysms. The high specific activity (3.7 X 10° Bq/mg Fe of
nanoparticle) ensured lower dose administration (1.5 mg Fe/kg
body weight) than that used in oncology clinical trials (2.6 mg
Fe/kg body weight) and sensitive detection of nanoparticle
accumulation in various organs. The in vivo biodistribution of
#Cu-TNP showed sufficient blood circulation (t,/, > 4 h) and
major accumulation in liver and intestine. PET/CT imaging
clearly showed significant localization of **Cu-TNP in the thoracic
aorta with a target-to-background ratio of 5.1 + 0.9, indicating the
clinical translatability of this radiolabeled nanoparticle. Further-
more, an '*F radiolabeled iron oxide nanoparticle (**F-CLIO)
has been developed due to the wide availability, sensitivity, and
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covalent radiolabeling of this radioisotope.”” With rapid ['*F]
click fluorination, high radiolabeling efficiency and specific
activity were achieved ((6.8 + 0.8) X 10° Bq/mg Fe of
nanoparticle). The in vivo pharmacokinetics studies showed
comparable blood retention to the *Cu-TNP. In the apoE™~
aneurysms mouse model, PET imaging showed that the avid
internalization by phagocytic cells led to significantly higher
tracer accumulation at aneurysms relative to wild-type aorta.”

Radiolabeled Nanoparticles for Lung Imaging. The
incidence of respiratory disease and infections such as asthma,
chronic obstructive pulmonary disease, cystic fibrosis, infectious
disease, and tuberculosis is increasing worldwide. The
classification of chronic respiratory diseases as a major disease
burden by the World Health Organization has led to increased
efforts to prevention, diagnosis and treatment of these
diseases.”* The current challenges for respiratory disease
treatment include the sustained delivery and controlled release
of drugs, reduction of side effects caused by high dose admi-
nistration, and increasing drug resistance. Nanotechnology-
based delivery systems have gained attention for use in pulmo-
nary diagnosis and therapy due to their capacity for targeted
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Figure $. Three-dimensional reconstruction of microPET/CT imaging of "*Br-labeled particles in mice lungs following intratracheal delivery. Arrows
indicate gastrointestinal tract activity. Fiduciaries (f) used for coregistration are included. (A) Microparticles; (B) nanoparticles. CPP-: without cell
penetration peptide: CPP+: with cell penetration peptide. Figure reproduced with permission from reference 29.

deposition, bioadhesion, bioavailability, and biocompatibility,
and their sustained release, which allows reduced dosing
frequency and improves convenience for the patient.” So far, a
variety of nanocarriers have been used for pulmonary applica-
tions including liposomes, solid lipid nanoparticles, metal
nanoparticles, nanotubes, and polymeric nanoparticles.”®””
Among these nanostructures, owing to the concern about the
toxicity, those with potential clinical pulmonary applications
such as polymeric nanoparticles, especially the ones made from
biodegradable materials, have been an active area in both lung
diagnosis and treatment.”®

Recently, various materials such as poly(lactide-co-glycolide),
polyacrylates, and polyacrylamide have been used for
formulation of biodegradable nanoparticles.”>”®”*% In contrast
to the hydrophobic materials, the polyacrylamide based hydro-
gel offers excellent biocompatibility and hydrophilicity. It also is
strongly endosome-disrupting, which makes it a candidate for
cytoplasmic delivery/imaging.*"®* With an acid-degradable
cross-linker, the entrapped payload can be released in a pH-
dependent manner inside endosomes.*® In addition, for better
cellular delivery, a cell penetration peptide (CPP) can be used
on the nanoparticles to get various cargos into the cells without
disturbing the stability of the cell membrane and with low
cytotoxic effects.®* In a recent study, it was reported that
the optimal size for deposition in the deep lung for systemic
delivery is approximately 1—3 gm-—microparticles rather than
nanoparticles.*> Therefore, a nona-arginine functionalized
polyacrylamide-based microparticle was synthesized to study
the delivery efficiency of entrapped protein into nonphagocytic
lung epithelial cells (BEAS-2B). In vitro results showed effective
delivery of encapsulated BSA-Alexa Fluor 488 into the BEAS-
2B cells in both CPP- and concentration-dependent manners,
as well as a time dependency.86 As a result, this CPP-modified
microparticle was labeled with radiohalogens ('**I and "*Br) for
animal studies to assess the in vivo fate, lung retention, and
cellular uptake after intratracheal administration. Furthermore,
nanosized CPP particles were also synthesized to compare size-
related differences in the clearance profiles. The biodistribution
studies revealed that particle retention and extrapulmonary
distribution was, in part, size dependent. Microparticles were
rapidly cleared by mucociliary routes but, unexpectedly, also
through circulation. In contrast, nanoparticles had prolonged
lung retention enhanced by the CPP, which was confirmed by
the PET imaging analysis with "*Br-radiolabeled nanoparticles
(Figure S). The studies indicate the potential of microparticles
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for short-term applications and benefits of nanoparticles for
serial imaging or therapy of a persistent lung injury.” In
contrast, a study of acute lung injury used latex nanoparticles
coated with anti-intercellular adhesion molecule-1(ICAM-1)
antibody and labeled with **Cu for targeting the pulmonary
endothelium. Biodistribution studies showed 3- to 4-fold higher
uptake in the lungs of mice injected with ICAM-targeted
nanoparticles than those receiving control nanoparticles. PET
imaging clearly demonstrated the accumulation of radioactivity
in the lungs. However, metabolic studies showed that the in vivo
stability of this nanoprobe needs further improvement for
prolonged pulmonary drug delivery.”®

Lately, a new type of promising biomaterial-carbon known as
a nanodiamond has been explored for biomedical applications
due to its biocompatibility, ability to cross the cell membrane,
and capability to be functionalized to act as carriers. The initial
biodistribution and PET imaging via '°F radiolabeling showed
high pulmonary retention, most likely by size exclusion,
indicating potential for lung applications.®” Clinically, **Ga-
labeled carbon nanoparticles have also been used for pulmonary
embolism PET/CT ventilation-perfusion imaging, which has
shown superiority to conventional V/Q lung scintigraphy.®®

Radiolabeled Nanoparticles for Tumor Imaging. One
hundred years ago, Paul Ehrlich proposed the idea of “magic
bullet” for the development of medicine to specifically target
the cancer disease.®” Recently, in development of molecular
biology and genetic research, two major antitumor strategies
have been revealed: (1) utilization of molecularly targeted
therapeutics to block hallmarks of cancer, and (2) development
of novel drug delivery systems utilizing tumor-specific nano-
medicines to improve the pharmacokinetics and bioavailability
of vehicle-carried drugs.”® Because of the versatile physiochem-
ical properties of the nanostructure, in contrast to conventional
anticancer drugs, nanoparticles can provide significant improve-
ments in pharmacokinetics, targeting specificity and efficiency,
diagnostic and therapeutic efficacy, and toxicity, which could
lead to earlier detection and better control of cancer.”’ In
development of nanoparticle-based agents for cancer diagnosis
and therapy, important factors are active targeting of bio-
markers expressed in the tumor and harnessing the enhanced
permeability and retention (EPR) effect due to the leaky neova-
sculature of the tumor proposed by Matsumura and Maeda®
that can be used for “passive targeting”.”> Compared with con-
ventional small molecule-based anticancer drugs, macro-
molecules display superior in vivo pharmacokinetics and greater
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tumor delivery and selectivity.”>** Interestingly, a size relation-
ship with the EPR effect was observed that larger and long-
circulating macromolecules (>30—4S kDa) are retained in the
tumor tissue longer, whereas smaller molecules easily diffuse
back out into the bloodstream.”” Nanoparticle size, surface
modification, and vascular mediators all have been studied as
approaches to harness the EPR effect for improved tumor
diagnosis and therapy using nanoparticles.”>*

While the EPR effect is helpful, nanoparticles also offer the
ability to specifically target tumors based on an individual
patient’s biology by targeting various biomarkers on the cancer
cells. To date, a range of targeting groups have been developed
and used for cancer nanomedicine.*?*™%° Among them,
antisense-based imaging agents such as phosphodiester (PO)
oligodeoxynucleotides (ODN) and phosphorothioate (PS)-
ODNs, which are designed according to the gene expression
profile of human cancerous cells, are promising imaging probes
for the earlgf and specific detection of cancer due to the high
specificity.'” However, the rapid degradation by endo- and
exonucleases in vivo made their PET imaging challenging.
Alternatively, with the complete replacement of the sugar—
phosphate backbone to amine backbone (peptide nucleic acids
or PNA) through chemical modification, the PNAs displayed
strong resistance to enzymatic degradation without changing
the binding affinity and specificity. Therefore, a specially de-
signed PNA sequence was used to target the elevated expres-
sion of upstream of N-ras (unr) mRNA in a mouse MCF-7
breast tumor model with **Cu radiolabeling. PET imaging
clearly showed the tumor accumulation of ®*Cu-DOTA-
PNAS0-K4, indicating the potential of this antisense PNA as
a specific molecular probe for cancer diagnosis.'”' Thus, this
antisense PNA (PNASO) was conjugated to well-defined SCK
nanoparticles for further evaluation. The in vivo pharmacoki-
netic studies demonstrated improved biodistribution profiles
relative to PNA alone tracer while maintaining the PNA
binding capability to target, indicating the potential of this
nanoprobe for sensitive and specific cancer diagnosis.'%*

In another study, SCKs conjugated with folate showed
specific interaction with folate receptors overexpressed in KB
cells. In vivo studies with **Cu labeling demonstrated improved
blood retention and folate receptor-mediated uptake of SCKs
in small tumors.'® To develop sensitive nanoprobes for cancer
diagnosis, the click chemistry strategy has also been explored on
SCKs to obtain ultrahigh specific activity **Cu/*®F radiolabeled
nanoparticles as well as controlled conjugation of targeting
ligands by designing click sites both in the core and on the
surface.'**1%

Iron oxide nanoparticles have been widely e)gplored for
PET/MR or PET/MR/optical tumor imaging.m —108 yWith
optimized surface pegylation and DOTA functionalization, a
®Cu radiolabeled iron oxide nanoparticle (specific activity =
(3.7-74) X 10° Bq/mg Fe) showed elevated blood retention
of (37.3 + 12.9)%ID/g at 1 h post injection in mice, confirmed
by PET imaging (Figure 6). In another study, a cyclic RGD
peptide (c(RGDfC)) was conjugated to a superparamagnetic
iron oxide nanoparticle (SPIO) for targeted PET/MR tumor
imaging.log’110 This *Cu-cRGD-SPIO illustrated low (<15%
ID/g) hepatic burden up to 48 h and constant tumor uptake
(~5% ID/g) across the study with the highest (11.3 + 2.5)
tumor/muscle ratio observed at 48 h. Furthermore, compared
to the control **Cu-SPIO, *Cu-cRGD-SPIO had significantly
(p < 0.05) higher tumor accumulation during the study, indi-
cating @, f;-specific targeting.*’
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Lately, Cerenkov luminescence imaging has become an active
topic in biomedical research due to the combination of nuclear
tomography with optical techniques generated from the decay
of radionuclides, and suitability for rapid, high-throughput
screening.""" Thus, a I radiolabeled iron oxide nanoparticle
was developed for optical/PET/MR trimodality tumor imaging.
The complementary nature of this hybrid nanoprobe facilitated
noninvasive differentiation between tumor-metastasized senti-
nel lymph nodes (SLNs) and tumor-free SLNs.'">

Silica nanoparticles, which are inherently nontoxic and bio-
compatible, have been an attractive candidate for theranostics
in various patient settings. With cRGDY conjugation, high
in vitro binding affinity (ICo = 1.2 nM) was achieved. In animal
melanoma model, this targeted 1241 c(RGDY-PEG-dots nano-
probe showed optimized pharmacokinetics (blood and tumor
half-lives = 5.9 and 73.5 h, respectively), a,f8;-specific tumor
uptake, and high tumor-to-muscle ratio (T/M = S at 24 h).
Dosimetry studies demonstrated comparable radiation doses to
other clinically used PET tracers. Toxicity studies confirmed
full clearance in one week and no tissue-specific pathologic
effect. Therefore, a human clinical trial has been planned to
investigate the potential of this targeted nanoprobe in staging
metastatic disease in the clinical setting.**

Another effort to develop theranostic agents involves use of
various gold nanostructures such as nanoparticles, nanorods,
nanoshells, and nanocages due to the well-known biocompat-
ibility. They can serve as optical imaging agents due to the sur-
face plasmon resonance, or PET imaging probe through surface
conjugation. More importantly, their photothermal properties
empower the conversion of absorbed light into heat through
nonradiative electron relaxation dynamics for cancer treat-
ment.”*® Thus, gold nanoshell was used for multimodality
theranostics with **Cu radiolabeling and RGD peptide conjuga-
tion. PET/CT of this **Cu-NS-RGDfK showed significant
tumor uptake and tumor vascular specificity, indicating active
targeting and improved efficacy of photothermal ablation.'"
Additionally, a chelator-free [**Cu]CuS nanoparticle with
controlled specific activity was also prepared for tumor
theranostic application. The pegylated [**Cu]CuS nanoparticles
showed about 15% ID/g blood retention at 4 h in biodis-
tribution studies and high tumor-to-muscle ratio (T/M = 6.55)
at 24 h. Interestingly, this PEG-[**Cu]CuS nanoparticle also
displayed the photothermal property.''*

Liposomes, widely used for drug delivery in both clinical and
preclinical applications,""® can also be a good theranostic
candidate.'' Initially, liposomes with **Cu radiolabeling have
been used to probe the EPR effect in tumor-bearing mice. With
a remote loading approach for Cu encapsulation, improved
radiolabeling stability and tumor accumulation ((5.0 + 2.0)%
ID/ organ) was obtained, confirmed by PET/ CT.''” This
approach was used to study the EPR effect during the transition
from premalignant to malignant cancer in a mouse ductal
carcinoma model. With disease progression, the vascular
volume fraction increased 1.6-fold and the apparent vascular
permeability to liposomes increased about 2.5-fold. Thanks to
the long in vivo half-life (t,,, = 18 h), high tumor/muscle ratio
(17.9 + 8.1) was achieved with **Cu-liposomes. Interestingly,
more heterogeneous intratumoral distribution was observed
in the presence of increased vascular permeability.''® More
importantly, by adding encapsulation of EGFR kinase-targeting
group SKI212243, this targeted liposome showed significantly
higher tumor accumulation at 48 h relative to '**[-SKI212243
alone and greatly improved tumor-to-background contrast ratio
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Figure 6. Coregistered microPET/microCT of BALB/c mice administered 100 uCi of %Cu-mSPIOs (10 mg Fe/kg body weight, 100 xL injection
volume). Whole body sagittal (A—E) and coronal (B—F) PET images are decay corrected and scaled by min/max frame: (A, B) 1 h; (C, D) 4 h; and
(E, F) 24 h post injection. Figure reproduced with permission from reference 26.

at 48 h, indicating specific tar§eting (not just the EPR effect
due to improved circulation).""”

Lately, with improvement of nanoparticle in vivo pharmaco-
kinetics, use of ¥Zr for nanoparticle PET oncological imaging
has gained interest owing to its noteworthy physical proper-
ties, including long half-life (t;,, = 78.4 h) and high specific
activity.'”® In an LS174T colon carcinoma model, the %Zr-
labeled single-walled carbon nanotubes (SWCNT-([*Zr]-
DFO)(E4G10) showed rapid tumor accumulation and
gradually increased tumor-to-muscle contrast ratio over time
(1.61 at 1 h to 5.08 at 96 h). In another colon carcinoma model
(CT26), a ¥Zr-labeled cross-linked dextran nanoparticle
showed primary localization in lymph node (34 + 16%ID/g).
In some tumor bearing mice, PET imaging showed intense
tumor uptake (20 + S%ID/g), surprisingly higher than other
MPS organs, indicating translational potential."*!

B CONCLUSION

A variety of nanoparticles have been engineered and explored
for diagnostic and therapeutic potential in various diseases. The
examples presented in this review focus on nanoparticles
labeled with PET isotopes for cardiovascular, pulmonary, and
tumor imaging, as well as for pharmacokinetic evaluation. So
far, significant progress has been achieved in nanoparticle
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structure design, in vitro trafficking, and in vivo fate mapping by
using PET. More effort will be necessary to achieve active
targeting and quantification of low-level biomarkers expressed
in animal models using customized nanoparticles generated
through new chemistry for early disease detection and preven-
tion with PET, and to achieve development of approved bio-
compatible and biodegradable nanoparticles for personalized
medicine and translational research.
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ABSTRACT: The ability of packaging RNA (pRNA) from the phi29 DNA packaging motor to form nanoassemblies and
nanostructures has been exploited for the development of the nascent field of RNA nanotechnology and subsequent applications
in nanomedicine. For applications in nanomedicine, it is necessary to modify the pRNA structure for the conjugation of active
molecules. We have investigated end-capped double-stranded DNA segments as reversible capture reagents for pRNA. These
capture agents can be designed to allow the conjugation of any desired molecule for pRNA functionalization. The results of
model studies presented in this report show that S- to 7-nucleotide overhangs on a target RNA can provide efficient handles for

the high-affinity association to capped double-stranded DNA.

he emerging field of RNA nanotechnology was ignited by
the discovery by Guo and co-workers that packaging RNA
(pPRNA) from the phi29 bacteriophage DNA packaging
nanomotor can be re-engineered and manipulated to form a
variety of nanoassemblies and nanostructures.' ¢ Wild-type
pRNA spontaneously self-assembles into a hexameric ring via
complementary base pairing interactions between loop regions
within the pRNA structure.>”® The pRNA monomer contains
two functional domains (Figure 1A): the intermolecular-
interacting domain comprising a right-hand and left-hand
loop and the 5'/3" double-stranded helical DNA-translocation
domain.*>® Tt has been shown that these two domains fold
independently of one another, and modification of one domain
does not affect the function of the other.>>%'°
The two interlocking left and right loops of the
intermolecular-interacting domain can be engineered for
bottom-up nanoparticle assembly and have been modified to
produce a variety of nanostructures and shapes including rods,
triangles, twins, tetramers, and 3D arrays up to several
micrometers in size."*> The 3'/3"-paired DNA translocation
domain of the pRNA can be re-engineered and modified
without affecting the conformation of the intermolecular
binding domain and its ability to form multimeric nanostruc-
tures.”' "> Guo and co-workers have fabricated pRNA
monomers with functional RNA sequences (e.g., ribozymes,
aptamers, and siRNA) and small molecules (e.%., folic acid,
fluorophores) at the 5'/3’ translocation domain.”®*'® These
properties of pRNA are the basis for the design and fabrication
of multifunctional pRNA nanoparticles of the types shown in
Figure 1B (dimer model shown), for use in nanomedicine.

-4 ACS Publications  © 2012 American Chemical Society
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In order to take full advantage of the potential of pRNA
nanotechnology, it is important to develop methods for the
attachment of functional molecules to pRNA. The wild-type
pRNA contains a 3’ overhang with the sequence 3-AAU
followed by a double-stranded stem (Figure 1A). We believe
that there is a way to rapidly and reversibly add modules to the
3'/5-pRNA overhang that are small, have high affinity and
specificity for the pRNA overhang, are simple to synthesize, and
can link virtually any kind of molecule (including small ligands,
peptides, lipids, carbohydrates, and fluorophores). Bergstrom
and co-workers have utilized a method for stabilizing short
segments of double-stranded oligonucleotides by covalently
linking the 3" and $’ ends of the nucleic acid with a simple
spacer.>~"> The simplest spacer is the C12 hydrocarbon (S2)
shown in Figure 1D. Nucleic acid duplexes containing just four
base pairs and linked by a spacer at one end have melting
temperatures (T, values) in the range 41—62 °C (the same
duplexes without the spacers are unstable at room temperature,
ie, Ty, < 25 °C). Importantly, we also determined that the end-
caps protect double-stranded nucleic acids from degradation by
exonucleases.

In the present study, oligodeoxyribonucleotides containing a
5 bp duplex segment capped at one end by a stabilizing spacer
and having a S nt or 7 nt single-stranded overhang at the other
end (Figure 1C, capture modules S and 7), would be used as
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Figure 1. Structures of pRNA and end-capped DNA capture module system. (A) Wild-type pRNA model showing functional domains. (B)
Engineered pRNA dimer showing potential modifications for use in nanomedicine applications. (C) Model system for assessing the feasibility of the
end-capped DNA capture module strategy. (D) Structures of end-caps (S1 and S2) and modified base (M1) for use in DNA capture modules.

Table 1. Mass Spectrometry (MALDI-TOF-MS) and Melting Temperature (T,,) Analysis of End-Capped DNA Capture

Modules” and Truncated pRNA Hairpin Models

(M-HY (M-HY T (°C)
Name Sequence/Structure
Calculated Observed

DNAS-S1 g;g;‘g:c — 4953.21 4953.3 64.6
DNA7-S1 Rt TR 5531.7 5531.4 65.8
DNACtr-S1 g Ef‘c PTT— 3059.1 3059.2 N/A
DNATS: JRitAad 5451.57 5454.0 67.2
DNACt!-dC 3-cGCGTGCC-5 2385.6 2385.0 N/A

; Uy
RNAS S-Cﬁcﬂa?gggﬁg = 6026.4 6027.1 81.5

x G
u

RNA7 §-c6CACGGCACUC Y 6703.0 6702.6 74.4

. c
3 GUGABG

“melting of hairpin. bS1 = Hexa(ethylene glycol) spacer; S2 = C12 Hydrocarbon spacer.

reagents for the capture and modification of the 3'/$’ terminal
region of a modified pRNA. Modified bases such as the
commercially available CS5 substituted thymine, bearing an
alkyne moiety (Figure 1D, M1), may be incorporated into the
capture module. This modification will allow the conjugation of
fluorophores, affinity probes, and targeting ligands through a
bio-orthogonal 3 + 2 cycloaddition reaction between the alkyne
on the modified base and an alkyl azide on the conjugate
moiety.

In order to determine the feasibility of our pRNA capture
strategy, the model system shown in Figure 1C was developed
and tested. The truncated pRNA models are stabilized by a
well-established RNA tetraloop (5-UUCG-3") known to form
RNA hairpins with remarkable stability (T, values >70
°C).'*'” The DNA modules were constructed by using a
hexa(ethylene glycol) linker (S1) or a C12 hydrocarbon (S2),
which confers significant stability to short sequences.

684 dx.doi.org/10.1021/bc200371t | Bioconjugate Chem. 2012, 23, 683—687



Bioconjugate Chemistry

Scheme 1. Anticipated Change in Structure and Hybridization of the End-Capped DNA-Based RNA Capture Model System (A
— B — C) with Increasing Temperature
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Figure 2. Thermal melting profile and first derivative plots for (A) RNAS + DNAS-S1 (Table 2, exp 1) and (B) RNA7 + DNA7-S1 (Table 2, exp 2).
The states a, b, and ¢ correspond to structures A, B, and C in Scheme 1.

685 dx.doi.org/10.1021/bc200371t | Bioconjugate Chem. 2012, 23, 683—687



Bioconjugate Chemistry

Communication

The ability of the end-capped DNA capture modules to
stably hybridize with the truncated pRNA models were
investigated by conducting melting temperature experiments.
The RNA hairpin models, RNAS and RNA?7, had T, values of
81.5 and 74.4 °C, respectively (Table 1). The higher T, value
for RNAS is most likely due to the higher CeG content in the
stem region of RNAS compared to that of RNA7. The DNA
capture modules, DNAS-S1 and DNA7-S1, were determined to
have T,, values of 64.6 and 65.8 °C, respectively (Table 1).
Spacer S1 was used in the initial experiments because the
hexa(ethylene glycol) linker is well-established as one of the
first linkers used to stabilize duplex structure and is
commercially available.'®"?

We anticipated that these structures would be sufliciently
stable such that the first dissociation event would be the
dissociation of the RNA from DNA when equimolar quantities
of complementary RNA and DNA modules are heated
(Scheme 1). Hence, at least two transitions (A — B and B
— C) should be readily observed in the thermal profile from
which approximate T, values for the first dissociation event (A
— B, T,,1) can be determined. The second transition (B — C,
T,,2) is expected to involve the melting of the RNA hairpin and
the end-capped DNA hairpin. These two events are
indistinguishable in the thermal profile in some cases.

Thermal melting profiles were obtained for the hybridization
of equimolar (1 M) concentrations of RNAS + DNAS-S1 and
RNA7 + DNA7-S1 (Figure 2). The anticipated transitions were
observed in both cases with the T, values for the first
dissociation events determined to be 432 and 61.1 °C for
capture module S and capture module 7, respectively. For
biological and therapeutic applications, it is important to have
structures that are stable at 37 °C. The T, values indicate that
both capture module S and capture module 7 would have
sufficient thermal stability under physiological conditions, with
capture module 7 exhibiting significantly greater stability.

Control experiments were conducted to assess the level of
enhancement provided by the end-capped 5 bp stem used in
capture module 7 when compared to modules having a 1 bp
stem (DNACtrl-S1) or a 1 nt overhang with no end-cap
(DNACt1l-dC). The T,, value obtained for the first dissociation
event with DNACtrl-S1 was found to be 44.1 °C (Table 2, exp
3, and SI Figure S3), whereas the T,, value for DNACtrl-dC
was found to be 41.2 °C (Table 2, exp 4, and SI Figure S4).
The observed T, values indicate that the end-capped 5 bp stem
significantly enhances the ability of the DNA capture module to
stably hybridize with the RNA target. These results suggest that

Table 2. Melting Temperatures for End-Capped DNA
Capture Module Hybridization to Truncated pRNA Models

experiment oligonucleotides T,1¢ (°C) T,2% (°C)
1 DNAS-S1 + RNAS 432 66.2,° 84.6
2 DNA7-S1 + RNA7 61.1 72.1¢
3 DNACt-S1 + RNA7 44.1 69.67
4 DNACtl-dC + RNA7 412 68.77
5 DNA7-S2 + RNA7 474 62.0,°71.7
6 DNA7-S1 + RNAS 36.2 69.6,° 84.1
7 DNAS-S1 + RNA7 32.6 7229

“First dissociation event (melting of DNA-RNA hybrid). bSecond
dissociation event (melting of RNA hairpin). “Third dissociation event
(melting of end-capped DNA). 9Second and third dissociation events
cannot be differentiated.
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“preorganization” of the 5 bp duplex stem in the capture
module by the end-cap plays a role in augmenting the
hybridization stability of the RNA capture system.

Having established the feasibility of the system using spacer
S1 in the DNA capture modules, experiments were conducted
using spacer $2 (C12 spacer), which more closely matches the
average distance between the terminal 3’-O and 5’-O of B-DNA
duplexes between the terminal base pairs, previously shown to
be approximately 16.2 A."> Spacer $2, when used as the end-
cap in DNA capture module 7, resulted in a T, value of 67.2 °C
for the melting of the S bp duplex stem (Table 1), a value
slightly higher than spacer S1. The first dissociation event when
hybridized to RNA7 was determined to be 47.4 °C (Table 2,
exp S, and SI Figure SS). This T, value, despite being sufficient
for physiological conditions, is significantly lower than that
obtained with spacer S1. This difference in observed hybrid-
ization stability may be due to the differences in length,
flexibility, and hydrophobicity of the spacers. These are
attributes that are important to consider in the future design
of end-caps for stabilizing DNA capture modules.

It was of interest to determine the level of tolerance for
mismatches or imperfect target sequences. Imperfect sequences
and mismatches are potential issues to consider in the proposed
strategy, since one of the main methods of preparing full-length
(117 nt) pRNA is in wvitro transcription using T7 RNA
polymerase. T7 RNA polymerase lacks proofreading ability and
is known to produce aberrant RNA transcripts and extra bases
at the 3’ terminus.”® Another potential application for the use of
DNA capture modules is in the capture of microRNA
(miRNA) or other small RNA that present short overhanging
regions. Mismatch discrimination would be an important
concern in these applications. A simple approach was used
for these studies in which the previously synthesized RNA
models (RNAS and RNA7) and DNA capture modules (S and
7) were mismatched such that RNA7 was hybridized with
DNAS-S1 and vice versa (Scheme 1-III and IV).

Hybridization of equimolar concentrations of RNAS and
DNA7-S1 would produce an equilibrium comprising three
possible structures shown in Scheme I1-III. The T, value
obtained for the first dissociation event with these structures
was found to be 36.2 °C (Table 2, exp 6, and SI Figure S6)
indicating that the net result of this interaction is less stable
than the exact complement. The combination of RNA7 with
DNAS-S1 produces a structure with two unpaired nucleotides
(Scheme 1-IV) and results in a T, value for the first
dissociation event of 32.6 °C (Table 2, exp 7, and SI Figure
S7). Both mispaired structures are unstable under physiological
conditions and show that the overall system relies on high
fidelity of base pairing.

The results presented here indicate that the end-capped
DNA capture module system for the functional modification of
pRNA is a potentially feasible strategy. The successful
application of this strategy would require further optimization
in order to create the most versatile and effective capture and
functionalization system. The studies of the control modules
DNACTtrl-S1 with 1 bp stem and DNACtrl-dC with no end-cap
are instructive for the design of an optimized system. These
control modules, although less stable than DNA7-S1, displayed
stability under physiological temperatures. These observations
suggest that it may be possible to design even simpler modules
with shorter stems or by using stabilizing nucleotides (e.g.,
LNA) in the single-stranded overhang to enhance hybridization
to the pRNA overhang. It would also be necessary to conduct
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studies at different concentrations in order to assess the
concentration dependence of hybridization. It is evident from
the study of the C12 hydrocarbon end-cap that the nature and
length of the end-cap are important considerations in the
design. This observation is supported by previous work
conducted in the Bergstrom lab on the evaluation of spacers
for use as dsDNA end-caps.’>™"* The end-capped duplex stem
in the capture modules confers high affinity and specificity for
hybridization to overhanging sequences at the termini of pRNA
overhybridization to the same sequence within the RNA. This
specificity is due to the “preorganization” of the duplex stem
region by the end-cap. The DNA capture module system can
therefore be widely applied to the capture of any nucleic acid
structure bearing overhanging sequences at their termini.
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ABSTRACT: Urea-based inhibitors of the prostate-specific
membrane antigen (PSMA) represent low-molecular-weight
pepidomimetics showing the ability to image PSMA-expressing
prostate tumors. The highly efficient, acyclic Ga(IlI) chelator
N,N'-bis [2-hydroxy-S-(carboxyethyl)benzyl] ethylenediamine-
N,N'- diacetic acid (HBED-CC) was introduced as a lipophilic
side chain into the hydrophilic pharmacophore Glu-NH-CO-NH-
Lys which was found favorable to interact with the PSMA “active
binding site”. This report describes the syntheses, in vitro binding
analyses, and biodistribution data of the radiogallium labeled
PSMA inhibitor Glu-NH-CO-NH-Lys(Ahx)-HBED-CC in com-
parison to the corresponding DOTA conjugate. The binding
properties were analyzed using competitive cell binding and
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enzyme-based assays followed by internalization experiments. Compared to the DOTA-conjugate, the HBED-CC derivative
showed reduced unspecific binding and considerable higher specific internalization in LNCaP cells. The **Ga complex of the
HBED-CC ligand exhibited higher specificity for PSMA expressing tumor cells resulting in improved in vivo properties. “*Ga
labeled Glu-NH-CO-NH-Lys(Ahx)-HBED-CC showed fast blood and organ clearances, low liver accumulation, and high specific
uptake in PSMA expressing organs and tumor. It could be demonstrated that the PET-imaging property of a urea-based PSMA

inhibitor could significantly be improved with HBED-CC.

B INTRODUCTION

It is still a challenge to select appropriate treatment options for
disseminated prostate cancer because of the lack of sensitive
imaging agents for diagnosis and therapy monitoring.' Prostate-
specific membrane antigen (PSMA) is expressed in nearly all
prostate cancers with increased expression in poorly differ-
entiated, metastatic, and hormone-refractory carcinomas.” Its
expression level is about 1000-fold higher compared to the
physiologic levels found in other tissues such as kidney, small
intestine, or brain.> PSMA is primarily restricted to the prostate,
it is abundantly expressed at all stages of disease, it is presented
on the cell surface, and it is not shed into the circulation.* As a
consequence, PSMA can be considered a promising target for
specific prostate cancer imaging and therapy.”™’

The radiohalogenated inhibitors of PSMA exhibiting Glu-
NH-CO-NH-Lys as a pharmacophore showed the ability to
image PSMA-expressing prostate tumor xenografts.g’9 More
recently, a corresponding DOTA-conjugate was labeled with
%8Ga which represents an attractive generator-based alternative
to cyclotron-based PET radiopharmaceuticals.'”'" The readily
available ®*Ga decays with 89% probability by positron emission
allowing high-resolution PET images with the option of

-4 ACS Publications  © 2012 American Chemical Society
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accurate quantification. N,N'-Bis[2-hydroxy-S-(carboxyethyl)-
benzyl]ethylenediamine-N,N"- diacetic acid (HBED-CC) was
recently proposed as an efficient %Ga chelator with fast
complexing kinetics and a high in vitro as well as in vivo
complex stability.'>"?

Besides the efficient Ga(Ill) complexing characteristics,
HBED-CC was selected because of its lipophilic nature. It
was found that the “active binding site” of PSMA is composed
of two structural motifs, one representing a lipophilic pocket
and the other interacting with urea-based inhibitors."* A study
comparing a series of linkers located between the urea-based
motif and a *™Tc chelator revealed a clear dependency of
binding properties in favor of the more lipophilic compounds.'*
Further studies described the binding site as a pocket
interacting with the carboxylic groups and the zinc complexing
urea on one hand and with hydrophobic, mostly aromatic
groups on the other hand."
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Table 1. Analytical and PSMA-Binding Data

Ga-peptide m/z calculated as analytical HPLC

complexes m/z% [M+H]* retention”
[Ga]7 947.4257 947.4250 3.1 min
[Gals 819.4104 819.4100 2.4 min
[Ga]12 1284.6368 1284.6364 3.7 min

affinity related ICg, [nM] determined in

affinity related K; [nM] determined in

enzyme-based assay* cell-based assay”

7.5 22 12.0 + 2.8
194 + 7.1 37.6 £ 143
8.7 £ 3.9 1.1 £ 1.8

“High-resolution mass spectrometry data of the free ligands ([M+H]"). bCompounds were labeled with %*Ga; runs were performed using a linear
A-B gradient (0% B to 100% B in 6 min) at a flow rate of 4 mL/min. Solvent A was 0.1% aqueous TFA and solvent B was MeOH. “Compounds

were complexed with "Ga.

This report describes the syntheses of Glu-NH-CO-NH-
Lys(Ahx)-HBED-CC (7) and Glu-NH-CO-NH-Lys(Ahx)-
DOTA (8) together with a reference PSMA inhibitor
previously published by Banerjee et al.'® After ®*Ga complex-
ation, these compounds were evaluated in vitro and in vivo to
study the influence of these two chelators and side chain
variations.

B MATERIALS AND METHODS

Reagents. All commercially available chemicals were of
analytical grade and were used without further purification.
%Ga was obtained from a “*Ge/**Ga generator based on
pyrogallol resin support.'>'® Protected amino acids were
obtained from Novabiochem (Merck, Darmstadt, Germany)
or IRIS Biotech (Marktredwitz, Germany).

The preparations were analyzed using reversed-phase high-
performance liquid chromatography (RP-HPLC; Chromolith
RP-18e, 100 X 4.6 mm; Merck, Darmstadt, Germany). Runs
were performed using a linear A—B gradient (0% B to 100% B
in 6 min) at a flow rate of 4 mL/min. Solvent A consisted of
0.1% aqueous TFA and solvent B was 0.1% TFA in CH;CN or
MeOH (in case of determination of radiochemical yield (RCY)
or analysis of serum stability).

For all preparative purifications, a Chromolith RP-18e
column (100 X 10 mm; Merck, Darmstadt, Germany) was
used with a 6 min gradient starting at 0% raised to 50% and
followed by a 1 min increase to 100% B. The flow rate was 6
mL/min. The HPLC system (L6200 A; Merck-Hitachi,
Darmstadt, Germany) was equipped with a variable UV and a
gamma detector (Bioscan; Washington, USA). UV absorbances
were measured at 214 and 254 nm. Mass spectrometry was
performed with a MALDI-MS Daltonics Microflex (Bruker
Daltonics, Bremen, Germany) system. High-resolution mass
spectrometry was performed using a system equipped with a
mass spectrometer supporting Orbitrap technology (Exactive,
Thermo Fisher Scientific). Full-scan single mass spectra were
obtained by scanning m/z = 200—4000. NMR data were
obtained with Bruker Avance NMR Spectrometers, AV(I)-600
(600 MHz) and AV(III)-400 (400 MHz). The chemical shifts
are referenced to solvent signals (DMSO-ds = 2.50/39.757
ppm, DMSO-d; = 39.50).

Synthesis of Glu-NH-CO-NH-Lys(Ahx)-HBED-CC (7). In
a first step, the isocyanate 2 of the glutamyl moiety was
generated in situ by adding a mixture of 3 mmol of bis(tert-
butyl) L-glutamate hydrochloride (Bachem, Switzerland) (1)
and 1.5 mL of N-ethyldiisopropylamine (DIPEA) in 200 mL of
dry CH,Cl, to a solution of 1 mmol triphosgene in 10 mL of
dry CH,CI, at 0 °C over 4 h. After agitation of the reaction
mixture for one further hour at 25 °C, 0.5 mmol of a resin-
immobilized (2-chloro-tritylresin, Merck, Darmstadt) e-allylox-
ycarbonyl protected lysine was added in one portion (in 4 mL
DCM) and reacted for 16 h with gentle agitation leading to
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compound 3. The resin was filtered off and the allyloxy-
protecting group was removed using 100 mg tetrakis-
(triphenyl)palladium(0) (Sigma-Aldrich, Germany) and 400
uL morpholine in 4 mL CH,Cl, for 3 h resulting in compound
4. The following coupling of the aminohexanoic moiety was
performed using 2 mmol of the Fmoc-protected 6-amino-
hexanoic acid (Sigma-Aldrich, Germany), 1.96 mmol of HBTU
(Merck, Darmstadt, Germany), and 2 mmol of N-ethyl-
diisopropylamine in a final volume of 4 mL DMF. The product
5 was cleaved from the resin by reacting with 4 mL of a 30%
1,1,1,3,3,3-hexafluoroisopropanole (HFIP) in CH,Cl, for two
hours at ambient temperature resulting in the tert-butyl
protected crude product 6 which was purified via RP-HPLC.

To conjugate HBED-CC, the purified product 6 was reacted
with an equimolar amount of HBED-CC-TFP-ester synthesized
as previously described'” in the presence of 2 equiv of DIPEA
in N,N-dimethylformamide (DMF; final volume of 1 mL).
After HPLC purification, the remaining tert-butyl groups were
cleaved at room temperature for one hour using 2 mL
trifluoroacetic acid to obtain 7 in ~35% yield after purification
by HPLC. High-resolution mass spectrometry was used to
confirm the identity (Table 1), and purity was analyzed via
analytical HPLC at 4 = 206 nm (Supporting Information).
Complete and unequivocal NMR 'H and *C signal assign-
ments were obtained (Supporting Information).

Synthesis of Glu-NH-CO-NH-Lys(Ahx)-DOTA (8). Pre-
cursor § was synthesized as mentioned before. After activation
with 3.95 equiv of HBTU and DIPEA for 2 h, 4 equiv of tris(
bu)-DOTA (Chematech, Dijon, France) relative to the resin
loading were reacted with § after removal of the Fmoc-
protecting group in a final volume of 3 mL DMF. The product
was cleaved from the resin in a 2 mL mixture consisting of
trifluoroacetic acid, triisopropylsilane, and water (95:2.5:2.5).
The product was purified via semipreparative RP-HPLC
resulting in compound 8 (~30% yield). High-resolution mass
spectrometry was used to confirm the identity (Table 1) and
purity was analyzed via analytical HPLC at A = 206 nm
(Supporting Information). Complete and unequivocal 'H and
BC NMR signal assignments were obtained (Supporting
Information).

Synthesis of Reference Compound (12). Synthesis of
the DOTA conjugate previously published by Banerjee et al.'’
was performed using a modified solid-phase method. Five
equivalents of suberic-acid-bis-(N-hydroxysuccinimideester)
(Sigma-Aldich, Germany) was conjugated to the side chain of
the lysine moiety of compound 4 in the presence of 5 equiv of
triethylamine in 3 mL DMF. After 2 h, the resin was washed
with DMF. In the presence of five equiv of triethylamine, five
equiv of Fmoc-Lys-0All was coupled to the immobilized NHS-
ester of intermediate 9 in a final volume of 3 mL DMF for 16 h
resulting in 10. The remaining conjugations of two phenyl-
alanine building blocks and tris(t-bu)-DOTA were performed
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according to standard Fmoc-protocols resulting in 11. Cleavage
from resin was performed using a 3 mL mixture of
trifluoroacetic acid, triisopropylsilane, and water (95:2.5:2.5).
The product was purified via RP-HPLC to obtain 12 in ~8%
yield. High-resolution mass spectrometry was used to confirm
the identity (Table 1), and purity was analyzed via analytical
HPLC at A = 206 nm (Supporting Information).

%8Ga-Labeling. Typically, 0.1—1 nmol of Glu-NH-CO-NH-
Lys(Ahx)-HBED-CC (7, in 0.1 M HEPES buffer pH 7.5) or 1
nmol of the DOTA conjugates (8/12, in 0.1 M HEPES buffer
pH 7.5) were added in a volume of 100 4L to a mixture of 10
uL 2.1 M HEPES solution and 10 uL [®*Ga]Ga’* eluate (50—
100 MBq). The pH of the labeling solution was adjusted to 4.2.
Depending on the chelator, the reaction mixture was incubated
either at ambient temperature or at 80 °C for 2 min. The
radiochemical yield (RCY) was determined using RP-HPLC.

%’Ga-Labeling. “Ga was purchased from MDS Nordion
(Fleurus, Belgium) as [*’Ga]GaCl, in 0.1 N HCL. Typically, 0.1
nmol of Glu-NH-CO-NH-Lys(Ahx)-HBED-CC (7) was added
in a volume of 100 yL to a mixture of 10 L 2.1 M HEPES
solution, 2 uL 1 N HCI, and 10 L [Ga]GaCl; (~100 MBq)
in 0.1 N HCI resulting in a solution with a pH of 4.2. The
reaction mixture was incubated for 2 min at ambient
temperature. The RCY was determined using RP-HPLC.

"tGa-Complexes. A 10X molar excess of Ga(IIl)-nitrate
(Sigma Aldrich, Germany) in 0.1 N HCI (10 uL) was reacted
with the compounds 7, 8, or 12 (1 mM in 0.1 M HEPES buffer
pH 7.5, 40 L) in a mixture of 10 L 2.1 M HEPES solution
and 2 4L 1 N HCI for 2 min at 80 °C.

Radiochemical Stability. The radiochemical stability of
the %Ga-labeled compounds 7, 8, and 12 was determined by
incubating in both PBS and human serum for 2 h at 37 °C. An
equal volume of MeCN was added to the samples to precipitate
serum proteins. Subsequently, the samples were centrifuged for
S min at 13 000 rpm. An aliquot of the supernatant and the PBS
sample was analyzed by RP-HPLC. In addition, serum samples
of compound [**Ga]7 were run on a Superdex 200 GL 5/150
gel filtration column (GE Healthcare, Munich, Germany) to
analyze protein binding. To analyze the complex stability
against human transferrin, a 400 uL aliquot of [%Ga]7 was
added to 250 pg apo-transferrin in PBS at pH 7 and incubated
at 37 °C (water bath) for 2 h. The complex stability was
determined using a Superdex 200 GL 5/150 short column with
PBS pH 7 as eluent.

Naaladase Assay. Recombinant human PSMA (rhPSMA,
R&D systems, Wiesbaden, Germany) was diluted in assay
buffer (50 mM HEPES, 0.1 M NaCl, pH 7.5) to 0.4 ug/mL.
The substrate Ac-Asp-Glu (Sigma, Taufkirchen, Germany, 40
UM final concentration) was mixed with ["*Ga]7, ["*Ga]8, or
[**Ga]12 at concentrations ranging from 0.05 nM to 1000 nM
in a final volume of 125 uL assay buffer. The mixtures were
combined with 125 L of the thPSMA solution (0.4 pg/mL)
and incubated for one hour at 37 °C. The reaction was stopped
by heating at 95 °C for $ min. 250 L of a 15 mM solution of
ortho-phthaldialdehyde (Sigma, Taufkirchen, Germany) was
added to all vials and incubated for 10 min at ambient
temperature. Finally, 200 uL aliquots of the reaction solutions
were loaded onto a F16 Black Maxisorp Plate (Nunc,
Langenselbold, Germany) and read at excitation and emission
wavelengths of 330 and 450 nm, respectively, using a
microplate reader (DTX-880, Beckman Coulter, Krefeld,
Germany). The data were analyzed by a one-site total binding
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regression algorithm of GraphPad Prism (GraphPad Software,
California, USA).

Cell Binding Studies. Cell binding studies were performed
using PSMA* LNCaP cells (metastatic lesion of human
prostatic adenocarcinoma, ATCC CRL-1740) and PSMA~
PC-3 cells (bone metastasis of a grade IV prostatic
adenocarcinoma, ATCC CRL-1435) cultured in DMEM
medium supplemented with 10% fetal calf serum and 2
mmol/L L-glutamine (all from Invitrogen). During cell culture,
cells were grown at 37 °C in an incubator with humidified air,
equilibrated with 5% CO,. The cells were harvested using
trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA; 0.25%
trypsin, 0.02% EDTA, all from Invitrogen).

In order to determine the binding affinity, a competitive cell
binding assay was performed. LNCaP cells (10° per well) were
incubated with a 0.2 nM solution of [*’Ga]7 in the presence of
12 different concentrations of ["'Ga]7, ["*Ga]8, or ["'Ga]12
(0—5000 nM, 200 wuL/well). After incubation at ambient
temperature for 1 h with gentle agitation, the binding buffer
was removed using a multiscreen vacuum manifold (Millipore,
Billerica, MA). After washing twice with 100 yL and once with
200 pL ice-cold binding buffer, the cell-bound radioactivity was
measured with a gamma counter (Packard Cobra II, GM],
Minnesota, USA). The 50% inhibitory concentration (ICs,)
values were calculated by fitting the data using a nonlinear
regression algorithm (GraphPad Software). Experiments were
performed at least three times including quadruplicate sample
measurements.

Determination of Binding Specificity and Internal-
ization. Internalization experiments were performed as
previously described.'” Briefly, 10° LNCaP or PC-3 cells were
seeded in poly(L-lysine)-coated 24-well cell culture plates 24 h
before incubation. After washing with PBS, the cells were
incubated with the radiolabeled compounds [®*Ga]7, [**Ga]s,
and [**Ga]12 (25 nM final concentration) for 45 min at 37 °C
and at 4 °C, respectively. To determine specific cell uptake,
cells were blocked with 2-(phosphonomethyl)-pentanedioic
acid (PMPA, Axxora, Loerrach, Germany) to a final
concentration of 100 yM. Cellular uptake was terminated by
washing 4 times with 1 mL of ice-cold PBS. To remove surface-
bound radioactivity, cells were incubated twice with 0.5 mL
glycine-HCI in PBS (50 mM, pH 2.8) for S min at room
temperature. The cells were washed with 1 mL of ice-cold PBS
and lysed using 0.5 mL of 0.3 M NaOH. The surface-bound
and internalized fractions were measured in a gamma counter.

Specificity of binding was additionally analyzed in a
concentration-dependent cell uptake experiment. Solutions of
[%8Ga]7, [®Ga]8, or [®*Ga]12 at final concentrations of 2.5, 25,
and 250 nM were added to 7 X 10° cells suspended in SO uL
OPTIMEM medium (Gibco, Auckland, New Zealand). After
45 min at 37 °C, the samples were briefly vortexed and a 10 L
aliquot was transferred to a 400 L microcentrifuge tube (Roth,
Germany) containing 350 uL of a 75:25 mixture of silicon oil,
density 1.0S (Sigma Aldrich, Germany), and mineral oil, density
0.872 (Acros, Nidderau, Germany). Separation of cells from the
medium was performed by centrifugation at 12 000 rpm for 2
min. After freezing the tubes using liquid nitrogen, the bottom
tips containing the cell pellet were cut off. The cell pellets and
the supernatants were separately counted in a gamma counter.

Biodistribution and PET Imaging. Five X10° cells of
either LNCaP or PC-3 in 50% Matrigel (Becton Dickinson,
Heidelberg, Germany) were subcutaneously inoculated into the
right trunk of male 7- to 8-week-old BALB/c nu/nu mice
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Scheme 1. Syntheses of Glu-NH-CO-NH-Lys(Ahx)-HBED-CC (7) and Glu-NH-CO-NH-Lys(Ahx)-DOTA (8)
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(a) Triphosgene, DIPEA, CH,Cl, 0 °C; (b) H-Lys(Alloc)-2CT-Resin, CH,Cl,; (c) Pd[P(C¢H;);],, morpholine, CH,Cly; (d) Fmoc-6-Ahx-OH,
HBTU, DIPEA, DMF; (e) 20% piperidine, DMF; (f) hexafluoroisopropanol/CH,Cl,; (g) HBED-CC-TFP ester, DIPEA, DMF; (h) TFA; (i) tris(t-

bu)DOTA, HBTU, DIPEA; (j) TFA.

(Charles River Laboratories). The tumors were allowed to grow
for 3 to 4 weeks until approximately 1 cm?® in size.

The %Ga-radiolabeled compounds of 7, 8, and 12 were
injected via tail vein (1—2 MBq per mouse; 0.1—0.2 nmol). At
1 h after injection, the animals were sacrificed. Organs of
interest were dissected, blotted dry, and weighed. The
radioactivity was measured with a gamma counter and
calculated as % ID/g.

For the microPET studies, 10—25 MBq of compounds
[®Ga]7 and [®Ga]8 in a volume of 0.15 mL (~0.5 nmol) were
injected via a lateral tail vein into mice bearing LNCaP tumor
xenografts. The anesthetized animals (2% sevoflurane, Abbott,
Wiesbaden, Germany) were placed in prone position into the
Inveon small animal PET scanner (Siemens, Knoxville, Tenn,
USA) to perform a 50 min dynamic microPET scan starting at
1 min post injection followed by a 20 min static scan.

Statistical Aspects. All experiments were performed at
least in triplicate. Quantitative data were expressed as mean =+
SD. If applicable, means were compared using Student’s t-test.
P values of <0.05 were considered statistically significant.
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B RESULTS

Chemistry. The synthesis of the resin-bound intermediate §
was performed using solid-phase chemistry as outlined in
Scheme 1. To couple the respective chelators, compound 5 was
either cleaved from resin and reacted with an equimolar
amount of HBED-CC-TFP-ester resulting in 7 or coupled with
HBTU activated tris(t-bu)DOTA resulting in the DOTA-
conjugate 8. The preparation of the reference compound 12
previously published by Banerjee et al.'” was performed using a
modified solid-phase method as outlined in Scheme 2. Briefly,
disuccinimidyl suberate was conjugated to the £-amino group of
the lysine group of 4. After Fmoc-Lys-OAll was coupled to the
resulting immobilized NHS-ester, the conjugation of two
phenylalanine building blocks and tris(t-bu)-DOTA were
performed according to standard Fmoc-protocols. Analytical
data of compounds 7, 8, and 12 are summarized in Table 1.

Radiolabeling and Stability. Radiolabeling with **Ga was
performed at pH 4.2 by incubating the conjugates 7, 8, or 12 in
a mixture consisting of 50—100 MBq [*Ga]Ga®* and HEPES.
Radiochemical yields were determined by RP-HPLC analysis of
the reaction mixtures. The retention times obtained for each
compound are shown in Table 1. An amount of 0.1 nmol of the
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Scheme 2. Modified Solid-Phase Synthesis of the DOTA Conjugate Previously Published by Banerjee et al."’
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Figure 1. Determination of binding affinity of compounds ["*Ga]7, [*"Ga]8, and [**Ga]12 by competitive titration on LNCaP cells (A) and
purified receptor using an enzyme-based assay (B). Data are expressed as mean + SD (1 = 4). cpm = counts per minute; FI = fluorescence intensity.

HBED-CC conjugate 7 in a final concentration of 1.7 uM led
to a radiochemical yield of more than 99% in less than 1 min at
room temperature. As a consequence, specific activities in the
range 500—1000 GBq/umol were obtained. In order to achieve
comparable high radiochemical yields with the DOTA-
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conjugates 8 and 12, the compounds were incubated for 2
min at 80 °C using 1 nmol precursor.

Incubation of the **Ga-labeled compounds 7, 8, and 12 in
human serum for 2 h at 37 °C resulted in no detectable changes
in the radiograms. Stability of the ®*Ga-labeled HBED-CC-
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conjugate 7 could additionally be demonstrated by transferrin
challenging and incubation in human serum. No activity was
exchanged in presence of 250 ug transferrin or transferred to
other serum proteins.

Determination of PSMA Affinity. The variants were
competitively analyzed in terms of their binding capacity by
performing an enzyme-based assay on rhPSMA (Naaladase-
Assay) and a binding assay on LNCaP cells with “’Ga-labeled 7
(RCY > 99%; specific activity ~1000 GBq/pmol) as radio-
ligand. The affinity related ICs, and the calculated K; values of
both assays were determined by analyzing the respective
binding curves (Figure 1) with GraphPad Prism. The data are
summarized in Table 1. Compared to the DOTA conjugate
[*Ga]8, the HBED-CC conjugate [*“Ga]7 and the more
lipophilic reference compound [**Ga]12 showed slightly better
affinities to both the purified extracellular receptor rhPSMA
and LNCaP cells.

Specific Cell Binding and Internalization. Comparative
cell uptake and internalization experiments with LNCaP
(PSMA positive) and PC-3 (PSMA negative) cells revealed
unspecific cell uptake of [**Ga]8 and [**Ga]12 in both cell lines
which could not be blocked with excess PMPA (Figure 2A). In
contrast, the HBED-CC conjugate ([*®®Ga]7) showed almost
no uptake in PSMA-negative PC-3 cells or in LNCaP cells
blocked with PMPA. Furthermore, [*®Ga]7 significantly
revealed higher specific internalization and cell surface
accumulation as compared to the DOTA conjugates (Figure
2B). In another cell uptake experiment, three different
concentrations of the radiolabeled compounds (2.5 nM, 25
nM, and 250 nM) were incubated with either LNCaP (Figure
3A) or PC-3 cells (Figure 3B). In accordance with the results
received from the internalization experiments, [**Ga]7 showed
a considerably higher uptake in LNCaP cells. Furthermore, the
unspecific uptake in PC-3 cells was lower as compared to the
DOTA derivatives [®*Ga]8 and [**Ga]12.

Biodistribution Studies. The organ and tumor uptake
values of the complexes [**Ga]7, [**Ga]8, and [*®*Ga]l12
differed in accordance with the aforementioned in vitro data
(Figure 4). The HBED-CC conjugated compound [**Ga]7 was
cleared rapidly from the circulation and PSMA negative tissue.
Remarkably, the liver activity of [**Ga]7 amounted to only 0.87
+ 0.05% ID/g as early as one hour after injection. The high
kidney, spleen, and lung uptake of 139.4 + 21.4% ID/g, 17.90
+ 2.87% ID/g, and 2.49 + 0.27% ID/g was nearly completely
blocked to 4.02 + 1.14% ID/g, 1.54 + 0.33% ID/g, and 0.64 +
0.32% ID/g, respectively, after the coinjection of 2 mg/kg 2-
PMPA (Figure 4B). The tumor uptake amounted to 7.70 +
1.45% ID/g on LNCaP and 1.30 + 0.12% ID/g on PC-3.

The DOTA complex [**Ga]8 showed a completely different
uptake pattern. The liver uptake of the DOTA-conjugate was
enhanced by a factor of 5.7, the tumor uptake was reduced by
factor 2.6, and the kidney uptake was surprisingly lowered to
background values. The uptake values of PSMA-negative PC-3
tumors were low for all compounds (1.30 + 0.13% ID/g
([®*Ga]7), 0.60 + 0.06% ID/g ([**Ga]8), and 0.58 + 0.07%
ID/g ([®Ga]12), respectively) (Figure 4C).

PET-Imaging. The tumor-targeting efficiency of [®Ga]7
and [**Ga]8 was evaluated by 50 min dynamic microPET scans
followed by a 20 min static scan. The differences observed in
biodistribution could have also been visualized by PET imaging.
The complexes [®Ga]7 and [®*Ga]8 were injected intra-
venously into LNCaP tumor-bearing mice, and microPET scans
were carried out for up to 70 min p.i. A coronal PET slice after
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Figure 2. Cell binding and internalization of compounds [8Ga]7,
[%Gal8, and [*®*Ga]12 (A). Specific cell uptake was evaluated by
blockade with 100 uM PMPA. Specificity of cell uptake (B) was
calculated by subtracting the respective signals resulting from PMPA-
blockage. Values are expressed as % of applied radioactivity bound to
10 cells. Data are expressed as mean + SD (1 = 3).

injection of [**Ga]7 is shown in Figure Sa. The DOTA complex
[%Ga]8 failed to image the tumor proven by the time activity
curves over tumor and muscle (Figure SB).

Comparison of Biological Properties of .- and b-
Forms of [®8Ga]7. The ®*Ga complex of p-Glu-NH-CO-NH-
Lys(Ahx)-HBED-CC was synthesized and compared with the
corresponding L-isomer. Time—activity curves obtained from
dynamic PET measurements revealed p-[**Ga]7 to be cleared
from the kidneys into the urinary bladder while 1-[*Ga]7 is
retained in this organ (Figure 6). This finding is supported by
the ~10° times lower PSMA affinity of p-[**Ga]7 (data not
shown).

B DISCUSSION

PSMA is strongly expressed on prostate cancer cells'® and
therefore represents a promising target for the development of
imaging agents for tumor staging and followup. Among the
currently used radioisotopes, %8Ga exhibits several favorable
properties as there are the availability and the facile labeling
technology by means of complexation.'" A series of chelators
are available for the complexation of ®*Ga which are conjugated
to targeting carrier molecules. Besides some reported stabilizing
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effects or pretargeting approaches,'”'” the function of the interactions of urea and carboxylic groups at the active, Zn(II)-
chelator in radiopharmaceuticals is usually restricted to serving containing center of PSMA, there are lipophilic interactions
as a complexing agent without influencing the receptor binding. resulting from a hydrophobic pocket located next to the active
HOWQ‘{er: the size-demanding radl'ometal complexes often exert site.*?® A further study substantiates the PSMA active site as a
t.helr .1r.1f.luence on the targetlég molecule by chang'lng pocket with multiple interactions as well. The pharmacophore
lipophilicity or charge. In particular, the pharmacological . .
) was proposed to present three carboxylic groups able to interact
property of small molecules can strongly be influenced or . o .
with the respective side chains of PSMA, an oxygen as part of

abolished with respect to its target binding properties.

An interesting study comparing various linkers located
between the PSMA binding group 2-[3-(1,3-dicarboxyprop-
yl)-ureido pentanedioic acid (DUPA) and a *™Tc complex
showed that the lipophilicity of the linker significantly interactions are additive in terms of functional efficiency.
correlates with improved binding properties.'* Crystal structure Only inhibitors which interact with all parts of the binding site
investigations also indicated that, besides the electrostatic displayed a tight binding mode and a high rate of internal-

zinc complexation in the active center and an aromatic structure
able to interact with a hydrophobic part of the binding pocket
composed of tyrosines."> This work suggests that these
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ization. Molecules lacking one of these interactions showed
other modes of action and weaker binding."®

These results led to the development of the amphiphilic,
PSMA-specific tracer [*®Ga]7 consisting of the urea-based
pharmacophore and the %Ga-HBED-CC complex able to
interact with the hydrophobic binding pocket. Two %Ga-
DOTA complexes, the hydrophilic [**Ga]8 and the amphiphilic
[%Ga]12, were compared with [*®Ga]7 in terms of PSMA-
binding characteristics and internalization.

Compared to the DOTA complexes [**Ga]8 and [*Ga]12,
the HBED-CC complex [*®Ga]7 showed a significantly
enhanced PSMA-specific internalization in LNCaP cells (Figure
2B). In another cell uptake experiment, where three different
concentrations of the radiolabeled compounds were given to
either LNCaP (Figure 3A) or PC-3 cells (Figure 3B), [*Ga]7
showed a considerably higher uptake in LNCaP cells, while the
unspecific uptake in PC-3 cells was significantly lower as
compared to the DOTA derivatives [**Ga]8 and [**Ga]12. The
binding data are characteristic for specific and unspecific
binding because the values rise in an exponential manner on
PSMA* LNCaP cells (Figure 3A) and linearly on PSMA™ PC-3
cells (Figure 3B).

Despite clear differences regarding unspecific cell uptake, the
obtained binding affinity data of all complexes are nearly
identical. This might be explained by the fact that, in contrast to
the internalized fraction, the cell surface bound radioactivity of
the DOTA complexes [**Ga]8 and [**Ga]12 could successfully
be blocked with PMPA indicating that there is negligible
unspecific binding on cell surface proteins. As a consequence,
their unspecific cell uptake had only moderate effects on the
binding affinity, since competitively determined kp, values were
derived from cell surface interactions.

Since it has been reported that the lack of only one
interaction or its exact position can have considerable influence
on the mode of binding and not obligatory on binding
affinity," the obvious effects on internalization and cell uptake,
while observing nearly constant K; values after the replacement
with a more hydrophilic chelate, can be considered consistent
with such findings. The extent of conformational changes of
PSMA induced by inhibitor binding determines the rate of
internalization as a motif in the cytoplasmic tail seems to
mediate PSMA internalization.">”’ On the basis of our
understanding, these extracellular and intracellular processes
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depend on the existence of exact interactions and to a lesser
extent on binding affinity. As a consequence, hydrophobic
interactions of HBED-CC seem to be responsible for the
improved binding properties of [**Ga]7. However, since the
DOTA derivative [*®Ga]12 showed even more lipophilicity
(HPLC retention in Table 1), the optimal position of the
aromatic structure is probably more important than the
lipophilicity of the linker region in general.

Interestingly, the unspecific binding observed in vitro had no
particular effect on the tumor uptake in vivo. Since the
concentration has a strong influence on unspecific binding, the
extent of unspecific uptake in vivo is low, as only small amounts
of the tracer reach the tumor cell surfaces. Furthermore,
unspecific binding potentially occurs throughout the whole
organism, so that the amounts of active substance in the PSMA-
positive as well as -negative tumors are reduced, leading to
lower tumor uptakes and tumor-to-background ratios. This
might explain why unspecific binding of the DOTA-conjugates
could not be demonstrated in vivo.

However, clear differences between the HBED-CC complex
and the DOTA derivative were observed in organ distribution
and tumor uptake. The lower liver value and the higher tumor
uptake was in favor of [®*Ga]7. The extremely low kidney
uptake of [*®*Ga]8 cannot be explained but is potentially a
binding kinetics related effect in the kidney parenchyma. In
contrast, the [**Ga]7 showed high kidney and spleen uptake
which was almost completely blocked by coinjection of the
PSMA inhibitor PMPA, indicating that the uptake in these
organs was mediated by specific binding to PSMA known to be
overexpressed in murine kidney and spleen.'®**7>* With
reference to clinical application, PSMA expression is lower in
human kidneys.?

Both organ distribution and PET imaging indicate improved
characteristics of the HBED-CC conjugate. Remarkably, the
absolute uptake in dissected tumors was higher as compared to
PET imaging. This finding can be attributed to the fact that
PET imaging was performed using another batch of mice. The
tumor values are generally reduced in the PET images, 7.7 to
~3.5%ID/g for [%Ga]7 and 3 to ~1%ID/g for [**Ga]8, which
prevented sufficient tumor-to-background contrast. Explana-
tions might be the batch of mice with a potentially different
PSMA expression level or the higher amount of injected
compound in PET possibly leading to a competitive effect.

dx.doi.org/10.1021/bc200279b | Bioconjugate Chem. 2012, 23, 688—697



Bioconjugate Chemistry

However, since the conditions within each experiment were
identical for both compounds, we conclude that the tumor-to-
background contrast of [®Ga]7 is higher leading to better
image quality even in the case of potentially reduced receptor
expression.

To substantiate the notion that the reduced kidney
accumulation of [®*Ga]7 after PMPA blockade is PSMA-
specific, the p-form of [**Ga]7 was included in our experiments.
The PET study in Figure 6 showed that the p-form is cleared
rapidly from the kidney while [®*Ga]7 is accumulating with
little bladder excretion. This result adds to the specific
interaction of the title complex with PSMA.

The recently summarized'® structural interactions necessary
to form a PSMA binding radiopharmaceutical were obviously
met by the HBED-CC complex [*®*Ga]7, which proved to be
superior in comparison to the respective “*Ga-DOTA complex
[%*Ga]8 in all aspects of the described interactions. Besides the
favorable functional properties, this compound can efficiently
be obtained with fast Ga(III)-complexing kinetics resulting in
high radiochemical yields and excellent specific radioactivities.
The possibility of an efficient room-temperature labeling
procedure in combination with the advantages of ®Ga as a
PET radionuclide may allow the development of a kit-
formulated radiopharmaceutical for the targeted imaging of
prostate cancer.
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ABSTRACT: Mesoporous silica nanoparticles (MSN) have
emerged as an attractive class of drug delivery carriers for
therapeutic agents. Herein, we explored the covalent
immobilization of proteins into MSN to generate a stimulus-
responsive controlled release system. First, MSN were
functionalized with thiol groups using (mercaptopropyl)-
trimethoxysilane (MPTMS). Functionalization was verified by
X-ray photoelectron spectroscopy (XPS), Fourier-transform
infrared (FTIR) spectroscopy, and dynamic light scattering.
The model enzyme carbonic anhydrase (CA) was coupled to
sulfosuccinimidyl 6-[3’(2-pyridyldithio)-propionamido]-
hexanoate (Sulfo-LC-SPDP) at a low ratio of 1:1 to prevent
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enzyme inactivation and subsequently covalently immobilized into MSN via thiol—disulfide interchange. The enzyme could be
released from MSN with 10 mM glutathione, which represents intracellular redox conditions, while it remained bound to the
MSN at extracellular redox conditions represented by 1 uM glutathione. The activity of the released enzyme was >80%
demonstrating that the enzyme was still largely functional and active after immobilization and release. Human cervical cancer
(HeLa) cells were incubated with the MSN—CA bioconjugates at various concentrations for 24 h and the data show good
biocompatibility. In summary, we demonstrate the potential of MSN as drug delivery systems for proteins.

B INTRODUCTION

There has been a growing interest in utilizing nanotechnology
in the development of drug delivery systems.' Nanomaterials,
such as polymers, mesoporous silica nanoparticles, and
nanotubes, have emerged as potent drug delivery devices.”*
Likewise, the employment of proteins including enzymes as
therapeutic agents has increased due to their selectivity and
catalytic efficiency.® Due to recent advances in nanotechnology,
the integration of nanosized materials (e.g., nanoparticles) and
therapeutic agents (e.g., enzymes) is now conceivable.

Drug delivery systems provide important tools for enhancing
the efficacy of therapeutic agents, thus reducing unwanted side
effects. For example, locally higher doses of chemotherapeutic
agents can be delivered using nanoparticles with 100—300 nm
diameter because they accumulate preferentially in tumors.%’
However, challenges remain in the design of nanosized delivery
systems. For example, it is highly desirable that drug delivery
systems show zero premature release until the target is reached
and that the release of the drug is controlled by a stimulus-
responsive design.g’9 Stimuli can include pH,2 electric fields,"
and photoirradiation® and have been utilized for drug
release.””'" In general, stimulus-responsive release systems
allow smart release of drugs by responding to endogenous or
exogenous activation.*'*”"” Recently, specific chemical reac-
tions, such as disulfide reduction, have emerged as alternative
mechanisms for drug release.'® The main driving force of the

-4 ACS Publications  © 2012 American Chemical Society 698

drug release in the cell is by reduced glutathione for such
systems.18

Herein, we selected silica as the material for the development
of a nanosized delivery system. Once injected, MSN degrade
into biocompatible monomeric silicic acid (Si(OH),). Si is an
essential human nutrient and has been implicated in protecting
against the toxic effects of aluminum and in promoting
calcification.” In recent years, the use of silica nanoparticles
has been extended to biomedical and biotechnological fields,
such as biosensors, DNA delivery, drug delivery, and enzyme
immobilization.'” It has been demonstrated that MSN can be
endocytosed by cells and thus can serve as carriers for the
controlled intracellular release of drugs.zo_23 In addition, MSN
are capable of escaping the endosomal entrapment®*"**>° and
can potentially protect the delivered protein drug from
exposure to proteases. In addition, the large pore volume that
MSN possess allow for loading of large protein amounts into
the nanoparticles.”"**™>® Slowing et al. encapsulated cyto-
chrome ¢ (Cyt-c) into MSN and realized studies related to the
uptake and release of Cyt-c by mammalian cells.”' They
demonstrated that the Cyt-c remained active after its release
from MSN. However, as far as we know, there are no reports
on conjugating enzymes into MSN via stimulus-responsive
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Figure 1. Representation of the immobilization of modified carbonic anhydrase into activated mesoporous silica nanoparticles to generate MSN—CA
conjugates and the smart release of CA in the presence of the redox stimulus. The crystal structure of carbonic anhydrase at 1.95 A atomic resolution

was acquired from the protein data bank (access code 1V9E).

bonds, which would allow for the smart release under
physiological conditions solely in the presence of a targeted
stimulus. This was the goal of our work.

Herein, we report and demonstrate the use of chemically
functionalized MSN to form conjugates with an enzyme via
formation of stimulus-responsive covalent bonds (Figure 1).
Carbonic anhydrase (CA) was selected as the model biological
molecule, since it is a well-characterized enzyme with easily
measurable bioactivity, which makes it an ideal candidate for
the proof-of-concept of our system.””*® CA (EC 4.2.1.1) in this
study was from bovine erythrocytes and thus belongs to the
group of a-CAs, Zn>" containing metalloenzymes. CAs catalyze
the conversion of CO, and H,O to H,CO;, essential to various
biological processes including maintaining the acid—base
balance in blood and tissues, enabling efficient transport of
carbon dioxide out of tissues, and increasing the CO,
concentration in chloroplasts.”” We demonstrate that CA can
be released from the silica nanoparticles under conditions
emulating intra- but not extracellular redox conditions with
more than 80% of residual activity. The system developed is the
first step in the direction of a smart protein delivery system,
which could be used to treat various diseases.

B EXPERIMENTAL PROCEDURES

Mesoporous silica nanoparticles (product number 643637), (3-
mercaptopropyl)trimethoxysilane (MPTMS), 4-nitrophenyl
acetate (p-NPA), L-glutathione, dithiothreitol (DTT), toluene
(99.9%), and acetone (99.9%) were from Sigma-Aldrich (St.
Louis, MO). Carbonic anhydrase (CA, EC 4.2.1.1) from bovine
erythrocytes was from Worthington Biochemical Corporation
(Lakewood, NJ). Sulfosuccinimidyl 6-(3-[2-pyridyldithio]-
propionamido)hexanoate (Sulfo-LC-SPDP) was from Proteo-
chem (Denver, CO). The CellTiter 96 AQ,.,, nonradioactive
cell proliferation assay was from Promega (Madison, WI).
HeLa cells were purchased from ATCC (Manassas, VA).
Dialysis membranes were obtained from Spectrum Laboratories
(Rancho Dominguez, CA). All reagents were used as supplied
without further purification.

Thiol-Functionalized Mesoporous Silica Nanopatrticles
(MSN—SH). MSN were activated by functionalization with
thiol groups. The activation was done by the addition of 3.75
mL of (mercaptopropyl)-trimethoxysilane (MPTMS, 95%) to
3.75 mL of a stirred suspension of 125 mg of MSN in refluxing
toluene at 110 °C for 1 h. After slow cooling of the mixture, the
solid phase was recovered by filtration and washed with 200 mL
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of toluene and 500 mL of acetone. The product was dried
overnight under vacuum.

X-ray Photoelectron Spectroscopy (XPS). XPS was
performed using a PHI 5600ci spectrometer with an Al Ka
monochromatic source (350 W, 15 kV) and at a takeoff angle
of 45°. Survey spectra were obtained at 187.85 eV.

FTIR Spectroscopy. FTIR studies were conducted with a
ThermoNicolet Nexus 470 FTIR spectrometer. Silica nano-
particles and the conjugates were measured as KBr pellets (0.5
mg sample per 200 mg of KBr). Each sample was measured at
least five times.

Dynamic Light Scattering (DLS). The size of particles was
determined by dynamic light scattering (DLS) using a DynaPro
Titan.

Carbonic Anhydrase Modification with Sulfo-LC-
SDPD. The protein was dissolved in 50 mM phosphate
buffered saline (PBS) with 0.15 M NaCl and 10 mM EDTA at
pH 7.2 to a final concentration of 2 mg/mL. Sulfosuccinimidyl
6-[3'(2-pyridyldithio)-propionamido Jhexanoate (Sulfo-LC-
SPDP, 8.5 mg) was added directly to the reaction flask. The
mixture was reacted for 30 min at room temperature under
gentle stirring and dialyzed thrice against nanopure water at 4
°C using cellulose ester membranes with a 10 kDa cutoff. A
volume ratio of 1:100 (sample-to-nanopure water) was used
during dialysis. Modified carbonic anhydrase (CA-SPDP) was
subsequently lyophilized for 48 h using a 6-L lyophilizer (model
77530, Labconco, Kansas City, MO) at a condenser temper-
ature of —45 °C and a pressure of <60 ym Hg. The lyophilized
powder was stored until use at —20 °C.

Degree of Protein Modification. The extent of enzyme
modification (i.e., the number of amine groups coupled to the
cross-linker) was determined by measurement of the release of
pyridine-2-thione and the 2,4,6-trinitrobenzene sulfonic acid
(TNBSA) assay. For the pyridine-2-thione release assay,
modified carbonic anhydrase was dissolved in 50 mM PBS
with 0.15 M NaCl and 10 mM EDTA at pH 7.2 to achieve a
protein concentration of 0.5 mg/mL. The absorbance of the
samples was measured and recorded at 343 nm. Then, 10 yL of
15 mg/mL dithiothreitol (DTT) solution was added to each
sample. After 15 min, the absorbance of the samples was
measured and recorded at 343 against a blank treated as above.
The molar ratio of SPDP to protein was calculated. For the
TNBSA assay, modified carbonic anhydrase was dissolved in
0.1 M sodium bicarbonate buffer, pH 8.5, at a concentration of
0.05—0.2 mg/mL. Then, 0.25 mL of 0.01% (w/v) of a TNBSA

dx.doi.org/10.1021/bc200301a | Bioconjugate Chem. 2012, 23, 698—704



Bioconjugate Chemistry

solution was added to 0.5 mL of sample solution. The solutions
were incubated at 37 °C for 2 h. After incubation, 0.25 mL of
10% SDS solution and 0.125 mL of 1 N HCI were added to
each sample. The absorbance of each sample was measured at
335 nm against a blank treated as above. The amount of SPDP
bound to the protein was obtained from a calibration curve. For
both assays, the samples were prepared in triplicate.

Circular Dichroism (CD) Spectroscopy. CD spectra were
acquired with an OLIS DSM-10 UV—vis CD spectropho-
tometer at 20 °C in the near-UV region (250—320 nm) at 0.5
nm spectral resolution using a 10 mm quartz cell with a protein
concentration of 0.6 mg/mL in 15 mM Tris-sulfate buffer at pH
7.6 and 25 °C. Each spectrum was obtained by averaging six
scans. Spectra of buffer blanks were measured prior to sampling
and were digitally subtracted from the sample CD spectra.

Carbonic Anhydrase Activity. Carbonic anhydrase (1.2
uM) activity was determined at 25 °C by monitoring the
hydrolysis of p-nitrophenol acetate (p-NPA) in 1S mM tris-
sulfate buffer, pH 7.6. The hydrolysis was monitored at 400 nm
using a Shimadzu 2450 UV—vis spectrophotometer. The assay
was performed in a 1 mL cuvette. The reaction was started by
mixing 700 uL of 15 mM tris-sulfate buffer, pH 7.6, 100 uL of
16.56 mM p-NPA dissolved in acetonitrile, and 200 yL of
enzyme solution. The residual activity was calculated with
respect to the specific activity of native carbonic anhydrase.***'

Covalent Immobilization of CA into MSN. 2.0 mg of
MSN-SH was sonicated for 3 min in 50 mM PBS, 0.15 M
NaCl, and 10 mM EDTA, pH 7.2, in Eppendorf vials to create a
suspension. Different volumes of a carbonic anhydrase stock
solution were added to each MSN—SH suspension. The
mixtures were gently stirred overnight at 4 °C. Then, the
samples were centrifuged at 14 000 rpm for 20 min. To remove
the unreacted enzyme, three cycles of washing/centrifugation
were performed. The washing steps were performed with 50
mM PBS containing 0.15 M NaCl and 10 mM EDTA at pH
7.2. The amount of immobilized enzyme was determined by
depletion by measuring the protein concentration in the
supernatants obtained during washing and comparing it to the
total protein amount employed. Protein concentration in the
supernatant was determined from the absorbance at 280 nm
using a calibration curve generated with native carbonic
anhydrase.

Cytotoxicity Assay. Experiments were performed using a
human cervical cancer cells line (HeLa). The cells were
cultured as recommended by ATCC in minimum essential
medium (MEM) with r-glutamine supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin. HeLa cells were
incubated at 37 °C under 5% CO, and used before 25 passages.
Mitochondrial function was assessed using the CellTiter 96
aqueous nonradioactive cell proliferation assay (Promega,
Madison, WI). About 40 000 cells/well were seeded into 96-
well microtiter plates in 100 uL of penicillin free culture
medium with 10% FBS. After 24 h, culture medium was
replaced with culture medium containing serial dilutions of the
MSN—CA bioconjugate suspensions. The cells were incubated
with the suspended bioconjugate for 24 h. The MSN
suspension settled down over time, and consequently, the
cells were in direct contact with the nanoparticles during
incubation. Then, 20 uL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt, (MTS) was added to each well. After 2 h, the optical
intensity of each well was measured spectrophotometrically at
490 nm in a microplate reader (Thermo Electron Corporation,
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Multiskan Ascent).>**> The spectrophotometer baseline was
obtained using culture medium without cells. Experiments were
performed 8 times.

Controls: HeLa cells treated with 2 M staurosporin for 6 h
were used as positive control, and cells without any treatment
were used as negative control.>* The statistical analysis for the
cell viability results indicated that under the tested conditions
the cytotoxicity obtained for a CA—SPDP concentration
>30.87 ug/mL is highly significant from that obtained for the
negative control (p < 0.001). Consequently the concentration
range used for the experiments was 0.3—30.87 ug/mL.

Residual Activity of Released CA from MSN. The
MSN—CA bioconjugates were suspended in 1 mL of 50 mM
PBS containing 10 mM DTT. The samples were incubated
overnight at 37 °C under constant shaking at 125 rpm. Then,
the samples were centrifuged at 14 000 rpm for 20 min to
precipitate the MSN. DTT was removed from the supernatant
using Centricon devices with an exclusion size of 10 kDa and
the released enzyme obtained in the supernatant. The specific
activity of modified carbonic anhydrase was obtained using
these supernatants and the residual activity determined.

Release of Carbonic Anhydrase from MSN in the
Presence of Glutathione. The release of CA from MSN was
measured by preparing a suspension of 5 mg of MSN—CA
conjugates in 1 mL of 50 mM PBS with 1 mM EDTA at pH 7.4
and glutathione (GHS) concentrations of 0, 0.001, and 10 mM.
The chemical stability of thiols is affected by parameters such as
temperature, pH, and the presence of metal ions. Addition of a
chelating agent, ie, EDTA, greatly improves the chemical
stability of thiols.>® Incubation was performed for 24 h at 37 °C,
and the MSN were pelleted by centrifugation at 14 000 rpm for
20 min. The supernatant was removed and used to determine
the concentration of released CA and the pelleted MSN were
resuspended in fresh GHS—PBS buffer. The solubility of CA is
>10 mg/mL according to the manufacturer. The MSN—CA
conjugate used in the release experiments contained a total of
1.1 mg of immobilized CA. Therefore, all the release
experiments were performed under sink conditions.

Statistical Data Treatment. All data were obtained at least
in triplicate, the data averaged, and standard deviations
calculated. Statistical significance for comparisons of multiple
groups was established using one-way multiple Tukey
comparison post-test ANOVA. All statistical analysis were
performed with InStat 3.06 (GraphPad Software Inc, San
Diego, CA, USA).

B RESULTS AND DISCUSSION

MSN Activation and Characterization. The goal of our
investigation was to immobilize CA in MSN by introducing a
redox-sensitive covalent SS-bond to accomplish release under
intracellular redox conditions. To accomplish this, it was
necessary to first chemically decorate MSN with thiol groups.
This was accomplished using (3-mercaptopropyl)-
trimethoxysilane (MPTMS). MPTMS reacts with the hydroxyl
groups of silica forming a covalent bond. Thiol groups are
introduced in this way into the material and presented terminal
of the propyl groups. XPS was used to investigate the MSN
prior to and after modification to confirm the introduction of
the thiol groups (Figure 2). The introduction of SH groups into
the MSN was evident from photoemission peaks of the 2s and
2p orbitals of S in the MSN—SH spectrum, which were absent
in the spectrum of MSN. FTIR spectroscopy was also
employed to characterize the product. A broad band centered
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Figure 2. Wide-scan XPS spectra for MSN, MSN—SH, and MSN—CA
conjugates.

at 3442 cm™' was observed in the MSN—SH spectrum
corresponding to hydroxyl stretching vibrations (Figure 3).
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Figure 3. FTIR spectra of MSN, MSN—SH, and MSN-CA
conjugates. The inset shows the area corresponding to the SH
stretching vibrational mode (2800—2300 nm) expanded (same
experiments as main spectra).

Peaks at lower frequencies are due to various vibrational modes
of the silicate (Si—OH and Si—O—Si). Bands at 2922 and 2861
cm™" are due to partial hydrolyzation of the material used to
synthesize the silica nanoparticles.*® However, importantly the
spectrum of MSN—SH shows a band at 2571 cm™" consistent
with SH-stretching vibrations, which is missing in the spectrum
of MSN.

Dynamic light scattering (DLS) was employed to determine
if the chemical modification process had an effect on the
particle size or would cause aggregation of the suspended silica
nanoparticles (Table 1). In principle, introduction of SH-

Table 1. Particle Sizes of MSN, MSN—SH, and MSN—-CH
Determined by Dynamic Light Scattering

sample diameter (nm)“ % intensity
MSN in water 317.2 90.8
626.0 9.2
MSN—-SH in water 184.3 70.6
687.5 29.4
MSN—CA in water 312.5 100
MSN—CA in 0.9% NaCl 311.5 100

“Polydispersity index for all the samples was less than 20%.
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groups could cause formation of interparticle disulfide bonds
and thus covalent aggregation. DLS data revealed two different
hydrodynamic particle size distributions for both samples.
Furthermore, somewhat in contrast to our expectations, the
data revealed a reduction in the hydrodynamic radius upon
chemical modification of the particles (Table 1). SEM
micrographs were obtained to evaluate the effect of the
modification process on the morphology of the MSN. No
substantial morphology changes were detected in the micro-
graphs (for details, see Supporting Information). The character-
istics of the particles after modification were still in line with the
end application in mind, namely, passive targeted delivery. It
should be noted, however, that for clinical applications
nanoparticles with a diameter of over 400 nm should be
removed from the preparation, because these particles will be
effectively cleared by the mononuclear phagocytic system
(MPS).

CA Activation and CA—SPDP Characterization. We
selected carbonic anhydrase (EC 4.2.1.1, CA) as the model
enzyme in our studies because it is a well-studied, accessible,
and relatively inexpensive enzyme.”” First, we introduced an
SH-group at the surface of the enzyme in order to immobilize it
into the thiol-functionalized MSN. This was accomplished by
utilizing the reagent sulfo-LC-SPDP, which reacts with amines
through the succinimidyl group. The SPDP molecule also has a
disulfide-containing linkage that can be cleaved with reducing
agents such as DTT and glutathione.*” After performing the
reaction with the enzyme, the extent of enzyme modification
was assessed using two different assays. In the first, the release
of pyridine-2-thione was determined, which is the product of
the reaction of Sulfo-LC-SPDP with a thiol-containing
reagent.*® The results were corroborated by using the 2,4,6-
trinitrobenzene sulfonic acid (TNBSA) assay, which determines
the amount of amino groups on the protein surface (largely the
g-amino groups of lysines).>® Under the conditions employed
in this work, both assays demonstrated that the protein was
modified with the cross-linker at a linker-to-carbonic anhydrase
molar ratio of 1.0 + 0.5, which represents a ca. 5% modification
of the available enzyme surface amino groups. The enzyme
activity was reduced to 80.0 + 0.7% by the chemical
modification. [It should be noted that higher levels of
modification caused larger enzyme inactivation (for details,
see Supporting Information).] Near UV-circular dichroism
(CD) spectroscopy was employed to investigate if the enzyme
tertiary structure was affected by the modification. The spectra
revealed that no significant changes in tertiary structure of
SPDP-CA occurred after attaching the cross-linker (Figure 4).

MSN-CA Bioconjugate and Its Characterization.
SPDP—CA was covalently immobilized into the thiol-
functionalized MSN. The strategy was that the 2-pyridyl
disulfide group of the immobilized cross-linker on the enzyme
surface would react with the thiol groups introduced into MSN
by thiol—disulfide interchange to form aliphatic disulfides.>” To
establish the amount of SPDP—CA that could be immobilized
into the MSN—SH, we reacted different amounts of SPDP—CA
with 2 mg of MSN—SH. The amount of immobilized enzyme
increased proportionally to the amount of enzyme added into
the MSN—SH suspension (Figure S). The maximum
immobilization was determined to be 577 + 65 mg of carbonic
anhydrase per 1.0 g of MSN—SH under our conditions.

The bioconjugate was characterized by XPS and FTIR to
confirm protein immobilization. The XPS spectrum of MSN—
CA presents a new N (Is) signal confirming enzyme
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SH.

immobilization (Figure 2). The FTIR spectrum of the MSN—
CA bioconjugate shows the appearance of two strong bands at
1645 cm™ and 1542 cm™ due to the protein amide I and II
vibrational modes. Thus, these data unequivocally demonstrate
immobilization of the enzyme into the functionalized MSN.
However, these data do not distinguish adsorption from
covalent immobilization.

However, proof was obtained by being able to remove the
CA from the MSN using 10 mM DTT but not with buffer. The
activity of the released enzyme was measured and was
compared with that obtained for CA-SPDP (see Experimental
section for details). The enzyme retained 79 & 11% of activity
after immobilization and release. This demonstrates some
detrimental impact of the procedure on enzyme integrity. While
some inactivation of the enzyme is probably inevitable using
such strategies, future experiments are being designed to
minimize this by increasing protein thermodynamic stability
and minimizing protein—surface interactions.

To identify potential changes in the morphology of the MSN
due to enzyme immobilization, we employed SEM and
dynamic light scattering. The SEM micrographs show that no
major morphology changes (size and porosity) occurred due to
enzyme immobilization (for details, see Supporting Informa-
tion). Dynamic light scattering showed that the size of the
MSN—CA bioconjugates was similar to that of nonmodified
MSN (Table 1).
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Controlled Release of CA from Nanoparticles. In vitro
release studies were conducted to assess the release of
immobilized CA from the nanoparticles under somewhat
physiological conditions in PBS at pH 7.4 and 37 °C.
Intracellular glutathione concentrations (1—10 mM) are
sufficient to cleave disulfide bonds and thus should afford
release of the immobilized enzyme while the concentration of 1
UM glutathione representing extracellular plasma conditions
should have no effect.'® However, release could also be
promoted by other cell-produced antioxidants, such as NADH
and dihydrolipoic acid.*” It is consequently possible that the
intracellular release in vivo could be faster than in our in vitro
assay. Fresh glutathione had to be added daily to each sample
during release due to limited glutathione stability in the in vitro
release assays. We found that only a small amount of 1% and
3% of CA was released using no or 1 M concentrations of
glutathione (Figure 6). In contrast, when exposing the CA—
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Figure 6. In vitro release profile of carbonic anhydrase from MSN at
different glutathione concentrations.

MSN to 10 mM glutathione, CA was released from the
nanoparticles (Figure 6). The fact that carbonic anhydrase
release only occurred in the presence of glutathione proves that
the enzyme was indeed covalently immobilized and not
absorbed at the surface in agreement with our spectroscopic
evidence.

The protein was completely released from the MSN under
reducing conditions in 480 h. In contrast, in systems using
adsorption for protein immobilization typically only 45—55% of
the immobilized protein was released.”’ Figure 6 also shows
that the CA release profile at intracellular glutathione
concentrations is sigmoidal, which is characteristic of an
energy-dependent release process. This type of system is
characterized by slower release at initial stages followed by
increased release at later stage.*

In summary, our results demonstrate the ability of our
system to release the enzyme under intracellular conditions but
not at extracellular conditions.

Cell Viability Studies. Cell viability is essential when
creating a new drug delivery system to avoid nonselective
cytotoxic events and was thus studied herein. Several
publications have already established the noncytotoxity of
MSN."*** However, the cytotoxity of MSN—CA bioconju-
gates has not been investigated. Cell viability was studied via
the measurement of cell metabolic activity. The mitochondrial
function was measured using the MTS assay after incubating
HeLa cells with different concentrations of MSN—CA
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bioconjugate for 24 h. Viable cells convert tetrazolium salts
(MTS) to formazan dyes that are measured spectrophoto-
metrically.”> The assay was performed by varying the
concentrations of the silica and the enzyme. Figure 7a shows
the obtained results of the assay performed in terms of varying
silica concentration. In general, the cytotoxic effect of the
MSN—CA conjugate is lower than that of the MSN—SH alone
(except for the 17.15 pg/mL concentration). Cell viability
decreased from 97% to 63% at increasing CA concentration
compared with 100% to 80% at increasing MSN—CA conjugate
concentration, respectively (Figure 7b). However, statistical
analysis by ANOVA demonstrated that there was no significant
difference between the two groups (p > 0.0S).

B CONCLUSION

In summary, we have explored the covalent immobilization of a
model protein into MSN to generate a stimulus—response
controlled release. We demonstrate that the release of the
immobilized enzyme occurs under intracellular but not
extracellular redox conditions. The released enzyme was still
functional and active, but some activity decrease was
encountered. Cell viability studies establish good biocompati-
bility of the generated bioconjugate. Future experiments
include studies related to endocytosis and endosomal escape
of the bioconjugate. We envision that this bioconjugate could
serve as a platform for the creation of a drug delivery system
utilizing therapeutic proteins.

B ASSOCIATED CONTENT

© Supporting Information

Scanning electron microscopy micrographs of (A) MSN, (B)
MSN-SH, and (C) MSN—CA. Residual activity of CA—SPDP
bioconjugates at different levels of modification. This material is
available free of charge via the Internet at http://pubs.acs.org.
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ABSTRACT: Photoresponsive bioconjugation empowers the
development of novel methods for drug discovery, disease
diagnosis, and high-throughput screening, among others. In
this paper, we report on the characteristics of a traceless
photocleavable cross-linker, di-6-(3-succinimidyl carbonylox-
ymethyl-4-nitro-phenoxy)-hexanoic acid disulfide diethanol
ester (SCNE). The traceless feature and the biocompatibility
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of this photocleavable cross-linking reagent were corroborated. Consequently, we demonstrated its application in reversible
phage particle immobilization that could provide a platform for direct single-phage screening. We also applied it in protein-
photoprinting, where SCNE acts as a “photo-eraser” to remove the cross-linked protein molecules at a desired region in a simple,
clean, and light-controllable fashion. We further demonstrated the two-tier atomic force microscopic (AFM) method that uses
SCNE to carry out two subsequent AFM tasks in situ. The approach allows guided protein delivery and subsequent high-
resolution imaging at the same local area, thus opening up the possibility of monitoring protein functions in live cells. The results
imply that SCNE is a versatile cross-linker that can be used for a wide range of applications where photocleavage ensures clean
and remote-controllable release of biological molecules from a substrate.

B INTRODUCTION

Photocleavable cross-linkers play important roles in biological,
pharmaceutical, and biotechnology research'™ in studies
involving high-throughput target identification,>® kinetic
analysis of biorecognition,” ™ dissection of signal trans-
duction,'”"" and ion transportation processes.,12 to name a
few examples. The use of a photocleavable cross-linker as a
remote control has become increasingly common in dru
discovery processes for identifying the target of drugs,'
determining the affinity and selectivity of drug-target
interaction,"* and identifying the binding site on a target.">~"
Among the photophores synthesized, o-nitrobenzyl derivative
molecules show great promising. Upon photoirradiation, the
nitro group is changed to a nitroso group, and the benzyl
alcohol is oxidized to aldehyde or ketone.'® Due to its rapid
photoreaction, nitrobenzyl derivatives have become one of the
most popular photolabile molecules in the field. Two strategies
were engaged in applying nitrobenzyl derivatives. One is to
deactivate a molecule by caging it with a nitrobenzyl group.
Upon the photolysis of the nitrobenzyl group, the molecule is
uncaged, and its function is resumed. A range of breakthrough
applications have been established using this strategy, including
(a) the creation of tunable surface active layers' and
controllable protein micro/nano patterns’>*" by activating
biotin—avidin interactions>> and nickel complex-His-tagged
protein interactions;*> (b) directing cell adhesion in selected
regions by activating arginyl-glycyl-aspartic acid peptides;** (c)
manipulating the bioactivity of metals or their coordinating
ligands for potential therapeutic application;*> (d) the
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intervention of DNA strand—strand interactions;*® and (e)
the establishment of near-field lithography, a new fabrication
method for nanostructured patterns.””** Another strategy is to
position the nitrobenzyl group in the middle of a diad molecule.
The nitrobenzyl group functions as a photocleavable cross-
linker, thus conferring a photocontrollable way to dissociate the
diad into two molecules. Intriguing applications established
using this strategy include the generation of controllable
substrates for protein adhesion and dissociation,” a precise
fabrication method to generate supported bilayer structures,*
and the rapid release of bioactive materials from inactive
precursors.>!

Previously, we reported the synthesis and characterization of
a heterobifunctional photocleavable cross-linker, succinic acid
succinimidyl ester S-thioyloxy-2-nitrobenzyl ester (SSTN).**
We demonstrated its application in manipulating protein
attachment/detachment to substrates.”® Recently, we synthe-
sized a new multifunctional photocleavable cross-linker, di-6-
(3-succinimidyl carbonyloxymethyl-4-nitro-phenoxy)-hexanoic
acid disulfide diethanol ester (SCNE)** (see Supporting
Information). The molecule was designed to include a disulfide
bond, acting as the attaching group to a substrate (especially for
a gold-coated substrate). SCNE is a homodimer containing two
identical nitrobenzyl ester motifs with succinimidyl groups for
photocleavable cross-linking of two identical or distinct

Received: June 30, 2011
Revised:  March 6, 2012
Published: March 21, 2012

dx.doi.org/10.1021/bc200343u | Bioconjugate Chem. 2012, 23, 705-713



Bioconjugate Chemistry

biomolecules at each terminal. Importantly, we placed the
succinimidyl carbonyloxymethyl group next to the nitro-
benzene ring to eliminate any residual tags on the biomolecules
after photocleavage and decarboxylation, a way to prevent any
possible change of functionality of the biomolecules upon their
release by SCNE photocleavage.

In this paper, we first verify the traceless feature and the
biocompatibility of SCNE. We then demonstrate its application
in reversible phage particle attachment, protein-photoprinting,
and the development of a two-tier AFM method. The results
imply that SCNE can effectively conjugate biomaterials to a
substrate, and warrant the photoreleased biomaterials to retain
both chemical structure and biofunctionality.

B MATERIALS AND METHODS

Chemicals and Reagents. All solvents as well as
phosphate buffered saline (PBS) with pH 7.4, N-hydroxysycci-
nimidyl-11-mercapto-undecanoate (HSC1INHS), antihuman
immunoglobulin G (anti-IgG), and human IgG (IgG) proteins
were purchased from Sigma-Aldrich (St. Louis, MO) and were
used as received. A succinimidyl derivative dye, 6-(((4-((,4-
difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-indacene-3-yl)-
phenoxy)acetyl)amino)hexanic acid succinimidyl ester (BOD-
IPY TR), and a permanent cross-linker, succinimidyl 3-(2-
pyridyldithio) propionate (SPDP), were purchased from
Molecular Probes (Grand Island, NY). Ultrapure water (18.2
MQ) was obtained with a Barnstead Nanopure filtration system
(Thermo Fisher Scientific Inc., Franklin, MA) and was used
throughout the experiments.

Surface Modification. Anti-IgG or phage particles were
modified on a gold-coated Si wafer substrate via the previously
synthesized cross-linker’* (see Supporting Information), di-6-
(3-succinimidyl carbonyloxymethyl-4-nitro-phenoxy)-hexanoic
acid disulfide diethanol ester (SCNE). A precleaned Si
substrate was coated with 7 nm of titanium, followed by 50
nm of gold using a vacuum evaporator (Denton Vacuum,
Moorestown, NJ). The substrate was immediately immersed in
SCNE solution (10™* M in acetonitrile) and kept for 12 h at
room temperature under N, gas protection. After thoroughly
rinsing by acetonitrile and PBS buffer, the substrate was dipped
in 10" pfu/mL phage particle solution or 107° M protein
solution, and incubated overnight at 4 °C under N, gas
protection. After thoroughly rinsing with PBS buffer, the
sample was subjected to phage particle photorelease or protein
photoprinting experiment.

AFM tips were modified in a similar way. Si;N, tips were
cleaned via UV/ozone treatment for 30 min using a tip cleaner
(BioForce Nanosciences, Inc, Ames, IA). Thinner metal
coating (3 nm titanium and 15 nm gold) was applied to the
tips. The freshly coated tips were modified by either SPDP or
SCNE for permanent or photocleavable conjugation of IgG on
the tip to perform lateral force measurement or to establish the
two-tier AFM method.

Protein patterning was achieved by microcontact printing. A
gold-coated Si substrate was immersed in a HSC;NHS
solution (107> M in ethanol) overnight at 4 °C under N, gas
protection. After thoroughly rinsing with ethanol and PBS
buffer, the surface was printed with anti-IgG using a preinked
PDMS stamp. It was immediately rinsed by PBS buffer and
Tris-HCI buffer (pH 8.0) to passivate the hydroxysuccinimide
groups at the unprinted regions of the surface.

Characterization of SCNE Photolysis. To monitor the
photocleavage reactions, UV—vis spectra were collected using a
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HP 8453A diode array spectrophotometer (Agilent Technology
Inc, Santa Clara, CA). The steady-state emission-spectral
measurements were conducted using 1 cm X 1 cm quartz cells
in a PTI C60 spectrofluorimeter (Photon Technology
International, Inc,, Birmingham, NJ) equipped with a 75 W
mercury lamp as an irradiation source. Potassium ferrioxalate
actinometry was utilized to determine the reaction quantum
yield. Photolysis of SCNE for protein or phage particle
detachment was achieved using a 60 W mercury lamp equipped
with an IR filter and an interference filter (330 + S nm,
Andover Corporation Optical Filter) at a dose rate of 1 yW/
cm’.

Cross-Linking of Homodimeric pilM Protein (3HG9).
Homodimeric pilM protein (Protein Data Bank code 3HG9) of
3.65 X 107° M was prepared in PBS (pH 7.4) and cross-linked
by SCNE. To 300 uL of freshly prepared 3HG9 solution, 50 uL
SCNE (5 mM in acetonitrile) was added, and the mixture was
kept at room temperature for 8 h followed by the addition of
250 mM Tris-HCI buffer (pH 8.0) to passivate any unreacted
SCNE. Prior to MALDI-TOF analysis, the samples were
desalted/concentrated with a C4 ZipTip (Millipore Corpo-
ration, Billerica, MA) according to the manufacturer’s
instructions. To carry out the photolysis and recover the
proteins, 20 uL of cross-linked protein solution was transferred
to a quartz cuvette and irradiated under UV light at 330 nm for
2 h. Samples were desalted/concentrated with a C4 ZipTip
after 30 min, 1 h, and 2 h, respectively, followed by MALDI-
TOF analysis.

MALDI-TOF Mass Spectrometry. MALDI-TOF mass
spectrometry analysis of the cross-linked peptides was
performed on a Voyager Biospectrometry DE-STR Work-
station (Applied Biosystems, Foster City, CA) equipped with a
nitrogen laser (330 nm). The instrument was operated in
positive ionization mode and the measurements were
performed in linear mode (mass range m/z 10000 to 40
000) using sinapinic acid as the matrix. A saturated matrix
solution was prepared in 80% acetonitrile, 19.9% water, and
0.1% TFA (v/v/v). Samples were prepared using the dried
droplet method by spotting 1 uL of matrix solution and 1 yL of
zip-tipped sample solution onto the target. Spectra from 100 to
300 laser shots were accumulated to produce one spectrum.
The instrument was calibrated using the monoisotopic masses
of standard proteins (New England Biolabs Inc., Ipswich, MA):
RNase A (Bovine), average MW 13 690.29 Da, monoisotopic
MW 13 681.32; triose phosphate isomerase (E. coli), average
MW 26971.81 Da, monoisotopic MW 36954.82; bovine
serum albumin, average MW 66 462.98 Da, monoisotopic MW
66 419.87.

Plaque Assay. A plaque assay was applied in determining
the phage activity. Serial dilution of the phage solution was
conducted by gradually diluting the phage solution by 100-fold.
The mixture of phage dilution, bacteria, and agarose was loaded
on top of the LB/Agar. After incubation overnight at room
temperature, individual plaques appeared as clear dots in the
dish. The concentration of the original phage solution (pfu/
mL) can be calculated by

number of plaques/(d e V)

where d is the dilution factor, and V'is the volume of the diluted
phage added to the plate.

AFM Analysis. The AFM study was carried out using a
multimode Nanoscope IIla AFM (Digital Instruments, Santa
Barbara, CA), equipped with a J-type scanner. Topographic
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imaging was performed using oxide-sharpened Si;N, tips in
PBS buffer in a fluid cell. The images were acquired in the fluid-
tapping mode at 512 pixels per line at a thermal resonance
frequency of 8—10 kHz. The scan rate was less than 1.00 Hz.
To detect the photoprinted anti-IgG, imaging in lateral force
(LF) mode was carried out using an IgG modified tip at a scan
angle of 90°. Line direction was set for both “trace” and
“retrace” to compare and corroborate the high frictional force
attributed to the specific interaction between IgG and anti-IgG.
Alternatively, an IgG modified tip was utilized to scan a surface
at a resolution of 32 pixels per line; a force—distance curve was
collected at each pixel to detect the presence of anti-IgG via the
specific interaction, indicated by an adhesive force in the
retraction force curve.>> >* The spring constant of the AFM
cantilever was 0.07 + 0.01 N/m, calibrated by using reference
cantilevers with known spring constants.*

Protein delivery was achieved by applying direct irradiation
to SCNE that conjugates IgG molecules to an AFM tip. The tip
was positioned at an anti-IgG patterned region, engaged, and
scanned at a preset area of 0.0001 X 0.0001 nm” and a scan rate
of 0.02 Hz (in practice, the tip was fixed in position and in
contact with the substrate). Twenty minutes of irradiation was
applied to photorelease IgG molecules from the AFM tip. To
minimize the light penetration through the sample, we applied
irradiation parallel to the sample surface. The protein-free tip
was then used to scan this local area to examine the delivered
proteins.

B RESULTS

SCNE Photolysis, Traceless Nature, and Biocompati-
bility. The photolytic reaction of SCNE was carried out by
irradiating a SCNE solution in CH;CN with a high-pressure
mercury lamp equipped with a band-pass filter centered at 330
nm. On the basis of NMR, elementary analysis, and mass
spectroscopic experimental results®® (also see Supporting
Information), we concluded the photolysis scheme as outlined
in Figure 1A. The photolysis process was also monitored by
UV—vis spectroscopy. Figure 1B illustrates the absorption
spectral changes of the SCNE solution during photolysis with
10 min irradiation time intervals. The presence of an isosbestic
point at 274 nm indicates a clean conversion from o-nitrobenzyl
ester to nitrosobenzaldehyde.*® The reaction is characterized
quantitatively by monitoring the reduction of the peak at 313
nm. Using a potassium ferrioxalate ;1ctinometry,32’41 the
quantum yield of the photoreaction was calculated at 0.020 +
0.00S under the irradiation at 330 nm.

SCNE conjugates to amine groups in a target molecule via
the N-hydroxysuccinimidyl terminal. It was anticipated that the
photocleavage of SCNE results in the recovery of the amine
groups without any residues. We thus designed experiments to
illustrate the reinstatement of the amine groups after SCNE
photolysis. As shown in Figure 2A, a primary amine modified
substrate was prepared by forming a monolayer of 2-
aminoethanethiol on a gold-coated substrate. SCNE was then
anchored to the substrate by amine-succinimidyl reaction to
form a covalently bound monolayer. Such SCNE-anchored
substrates were subjected to two separate treatments: (1) after
exposure to irradiation of 330 nm light for 2 h, the substrate
was rinsed (sample i) and then incubated with a succinimidyl
derivative dye solution (BODIPY TR, 1 X 107 M in
acetonitrile) for 2 h at room temperature, followed by
thoroughly rinsing to remove any unbound dye molecules
(sample ii); (2) without irradiation, the substrate was treated
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Figure 1. Photolysis reaction of SCNE. (A) Scheme of the photolysis
of SCNE. (B) Absorption spectra of SCNE solution (5.6 X 1075 M)
under different period of irradiation: (a) 0 min, (b) 10 min, (c) 20
min, (d) 30 min, (e) 40 min, (f) SO min, (g) 60 min, (h) 70 min, (i)
80 min, (j) 90 min, (k) 110 min, (1) 120 min.

with the same dye solution (sample iii). In sample i, no
fluorescence signal was detectable. Strong fluorescence signal
peaked at 625 nm was observed in sample ii (Figure 2B, green
line); whereas negligible fluorescence signal was detected in
sample iii in the absence of irradiation (Figure 2B, blue line).
Apparently, the clean photocleavage of SCNE led to restoration
of the amine groups on the substrate, and permitted the same
amine-succinimidyl chemistry to couple the dye. The
fluorescence intensity in sample ii is close to that obtained in
sample iv (red line in Figure 2B), in which the amine modified
substrate was incubated directly with the dye solution under the
same conditions. It implies that ~100% amine group recovery
was achieved after photolysis of SCNE. We also carried out a
negative control experiment, in which SCNE was replaced by a
permanent cross-linker, SPDP, to react with the amine-
modified substrate (data not shown). After the surface was
irradiated and treated with dye solution under the same
experimental conditions, dye molecules were undetectable. It
provides further evidence that SCNE is a traceless, photo-
cleavable cross-linker.

The traceless nature of SCNE was also examined when
SCNE was applied in protein cross-linkage. The homodimeric
pilM protein from Pseudomonas aeruginosa 2192 (3HG9) was
chosen as a model system because of its simplicity, possessing
only two lysines per monomer for convenient mass
spectroscopic data analysis. Although the X-ray crystallographic
analysis indicated that 3HGY is a homodimer,** the protein was
in the forms of both monomer (m/z 13673) and dimer
complex (m/z 27 348) when dissolved in solution as indicated
by the MALDI data analysis (Figure 3A). Cross-linking by
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Figure 3. MALDI TOF spectra of protein cross-linking and recovery via irradiation of 330 nm light: (A) untreated protein 3HG9; (B) cross-linked
3HGY by SCNE; (C) cross-linked 3HG9 after 30 min irradiation; (D) cross-linked 3HG9 after 2 h irradiation.

SCNE caused the increase of the monomer mass from 13 673
to 14411 (Figure 3B), indicating that two lysines in the
monomer were intra-cross-linked by SCNE. A shoulder peak at
m/z 15122 is likely a result of the reaction of SCNE with the
amino group at the N-terminal, and the additional mass of 712
Da is attributed to the hydrolyzation of the carbonated ester at
the other end of SCNE while a CO, is lost. In the dimer
complex, there are six primary amines: four in lysines, and two
in N-terminals. The cross-linking gave rise to several peaks.
Among them, the peak at m/z 28 823 is associated with dimers
with two intracomplex cross-links. Other peaks ranging from
m/z 29483 to m/z 29 615 are likely associated with dimers
having various numbers of intra-cross-links and N-terminal
labels. After 30 min irradiation (Figure 3C), we observed the
partial recovery of the cross-linked proteins in both monomers
and dimers. After 2 h irradiation (Figure 3D), the proteins were
fully recovered, as evidenced by the clean peaks at m/z 13 673
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and m/z 27 384 for the original protein monomer and dimer,
respectively. Note that the laser of MALDI-TOF is significantly
weaker than the UV light used for photolysis. Thus, the laser-
induced SCNE cleavage during MALDI measurement is
negligible.

One concern in SCNE application is that, the irradiation at a
wavelength of 330 nm for SCNE photolysis may cause
degradation of biofunctions of biomolecules (such as DNA,
proteins) or living organisms. The results from MALDI analysis
suggest that cross-linked proteins can fully resume their primary
chemical structures upon 2 h irradiation by the light of 330 nm.
To demonstrate the safety of SCNE photocleavage toward
biofunctions, we further investigated the bioactivity of T7
phage particles under the same irradiation condition. Using a
plaque assay, we found the number of infectious T7 phage
particles remained constant after 2 h irradiation with light of
330 nm. However, the number decreased dramatically within
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30 min when the phage particles were irradiated with light of
297 nm (Figure 4A). The result implies that T7 phage particles
survived the irradiation condition for SCNE photolysis well.
Taken together, SCNE is a traceless cross-linker for protein
conjugation; the irradiation condition of its photolysis has a
negligible impact on the function of biomaterials. These are
further evidenced when we demonstrate the application of
SCNE in the following three areas.

Photorelease of Covalently Immobilized Phage
Particles. In this study, we applied SCNE in achieving the
photorelease of conjugated phage particles from a microchannel
array (Figure 4B) with the potential application in direct phage
screening (see Discussion section). The microchannel array has
a total of 2682 channels. Each channel is 5 ym in diameter, 25
um long, and the adjacent channels are separated 25 ym apart
(center-to-center distance). A gold ring with a width of 1 ym is
embedded in the microchannel for anchoring phage particles
via SCNE. The effective volume of the compartment within
each channel is ~20 fL. T7 phage particles were loaded at a
solution concentration of 1.9 X 10'! pfu/mL, and conjugated to
the gold ring via SCNE. Statistically, only one or two phage
particles can be accommodated in each channel at this loading
concentration. After thoroughly rinsing, the final wash solution
was collected as the control sample. As shown in Figure 4C, less
than 15 phage particles presented in the final washing elute
before the photolysis, providing a baseline for counting the
number of particles photocleaved from the surface. After
irradiation with the light of 330 nm, the elutes from the
experiment were collected for plaque assay analysis. 1340 + 30
and 2970 + 20 T7 phage particles (out of at least five
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measurements) were present in the post-irradiation elute upon
30 min and 2 h irradiation, respectively. It suggests efficient
detachment and recovery of phage particles after 2 h irradiation.
Control experiments were also conducted using SPDP, a
permanent cross-linker, to anchor the T7 phage particles. Due
to the noncleavable nature of SPDP, most phage particles
remained even after two hours of irradiation (Figure 4C). Note
that, when SPDP was used, the number of phage particles was
higher in the final wash elute prior to irradiation. We speculate
that the shorter chain in SPDP impedes its ordered monolayer
assembly on gold, leaving more defects for physical adsorption
of phage particles and consequently a larger number of particles
in the wash elute.

Protein Photoprinting. We combined the use of SCNE
with the photolithographic technique to achieve simple and
clean protein photoprinting. Anti-IgG molecules were anchored
on a gold-coated substrate via SCNE. As shown in the AFM
images in Figure SA, the surface is flat and featureless, except
some bright dots which are likely protein aggregates or gold
particle aggregates. A 1 h irradiation of 330 nm light was carried
out through a Cr mask that possesses arrays of dots with a
diameter of 3 ym. SCNE cleavage occurred at areas exposed to
the irradiation, causing detachment of the antibody molecules,
whereas antibodies in the shadow of the mask (within the circle
in Figure 5B) remained intact. After thoroughly rinsing, protein
patterns were visualized as shown in Figure 5B. The height of
the anti-IgG patterns is 7.1 &+ 0.9 nm above the surrounding
areas, indicating a monolayer of anti-IgG covalently anchored
on the substrate.>”?%*~%
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Figure 5. Tapping-mode AFM images of a gold-coated Si wafer
substrate functionalized by anti-IgG via SCNE cross-linker before (A)
and after (B) 330 nm light irradiation through a Cr mask. Image size:
30 X 30 um?; irradiation time: one hour.

To investigate the binding activity of the photoprinted
protein layer, an IgG-modified AFM tip was used to perform
measurements in LF mode. In this mode, when the line
direction is set to “trace”, high lateral (frictional) forces are
indicated by bright contrast; the relative signal strength inverts
as the scan direction is reversed to “retrace”, thus high lateral
forces are indicated by dark contrast.***” Reversed contrast of
the patterns is shown in the “trace” (Figure 6B) and “retrace”
(Figure 6C) LF images. In contrast, when a BSA-modified tip
was applied in repeating the experiment, no clear pattern was
observed in LF images even though the patterns were clearly
visible in topographic images. The results imply that the origin
of the high friction force in Figure 6 is the anti-IgG—IgG
specific interaction. It verifies the binding activity of the
photoprinted proteins.

Two-Tier AFM. A two-tier AFM assay was established based
on the use of SCNE in the AFM probe modification. It permits
two sequential AFM tasks at the same site to locate specific
protein species on a surface (tier 1) and to deliver its binding
partner at a targeted position (tier 2). In addition, the
postdelivery event can be monitored in situ.

We modified an AFM tip with human IgG via SCNE. Anti-
IgG was patterned on a surface by microcontact printing, as
shown in the height image in Figure 7A. When the tip scanned
the surface in force mode, a force—distance curve was collected
at each pixel. Typical adhesion force curves at the bright (M)
and dark (N) pixels in Figure 7B are shown in Figure 7C. The
adhesion force measured on the anti-IgG patterns was 1.2 & 0.2
nN, in contrast to the low adhesion force of 0.2 £ 0.1 nN at the
surrounding regions where anti-IgG was absent. Hence, the
strong adhesion force is attributed to the specific interaction
between IgG and anti—I%G, which identifies anti-IgG at the
bright-contrasted regions.”>>* This was verified by locating the
same area in the height image in Figure 7A (highlighted
region), in which the anti-IgG patterns (in bright contrast)

elevate above the surrounding areas. Note that the tip apex of a
gold-coated AFM probe was 35 nm in radius, much greater
than the dimension of IgG.**~* Hence, multiple anti-IgG
molecules were immobilized on the AFM probe. The measured
adhesion force is ascribed to the specific interaction between
multiple pairs of anti-IgG and IgG. Adhesion force based
protein identification is particularly important when a surface
contains a mixture of unknown proteins, as in the case of live
cell membranes.”>™>* In the current experiment, we demon-
strated that the IgG-modified tip provided guidance to identify
the anti-IgG pattern for the follow-up IgG photodelivery. By
selectively modifying IgG at the tip apex, we were able to
restrict IgG delivery to a desired region of the anti-IgG pattern
upon SCNE photocleavage (Figure 8A,B). After photocleavage,
the protein-free tip was then employed to collect images to
monitor the IgG and anti-IgG binding event. As illustrated in
the height profile analysis (Figure 8C,D), the IgG is
characterized by a 7.7 nm elevation above the round-shaped
platform of anti-IgG pattern, and the anti-IgG in the pattern is
7.2 nm above the surrounding area. The measured height of
IgG is consistent with the value reported in the liter-
ature.**~**® 1gG binding was not detected on other patterns
of the same surface, indicating the successful local protein
delivery and effective monitoring of the postdelivery event. The
photodelivered IgG molecules are stable even after continuous
scans of the local area, and remained for days when the sample
was kept in PBS buffer. In the absence of anti-IgG on the
substrate, the delivered proteins were visualized instantly, but
disappeared from the surface upon continuous scans. It
provides further evidence that the delivered proteins retained
biofunctionality to recognize the binding partners on the
substrate.

B DISCUSSION

SCNE is a trifunctional cross-linker. The N-hydroxysuccini-
midyl and the disulfide groups permit conjugation of proteins
to a gold-coated substrate. The photolysis of the nitrobenzyl
ester group in SCNE offers clean cleavage and reinstatement of
the amine group of the conjugated protein. Thus, SCNE is
capable of attaching proteins or organisms to a substrate, and
subsequently releasing them from the substrate without a trace
of alteration in structure and function. Note that the ether
group in the S'-position places the quantum yield of SCNE
photolysis at the lower end among the o-nitrobenzyl
compounds.'® However, the presence of an ether group in
the S'-position renders SCNE a longer-wavelength absorption
(absorption maximum at ~310 nm) when compared to an
absorption maximum at ~260 nm for a pure o-nitrobenzyl
molecule. This effectively prevents the photodamage of

Figure 6. AFM images of Anti-IgG patterned surface collected by an IgG-functionalized AFM probe: (A) height image; (B) LF mode image in
“trace” direction; (C) LF mode image in “retrace” direction”. Image size: 16 X 16 ym®
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Figure 7. AFM study of an anti-IgG patterned surface. (A) 16 X 16 um? height image of anti-IgG patterns in round shape with a diameter of 2.5 ym,
captured at 512 pixels per line. (B) 12 X 12 um?® force map collected at the highlighted region in (A) at 32 pixels per line using an AFM tip
conjugated with IgG via SCNE. (C) Typical force curves collected at bright (M) and dark (N) contrasted pixels in (B).
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Figure 8. Protein delivery to an identified anti-IgG pattern followed by
surface characterization. (A) 4 X 4 um? height image of the identified
anti-IgG pattern (highlighted in Figure 7B), where IgG was locally
delivered by SCNE photocleavage. (B) Higher-resolution height
images, captured at the highlighted region in (A), showing the
structural difference before and after IgG local delivery (ie., in the
circled area). (C) Height profile at regions marked in (D), with the
height differences of 7.7 and 7.2 nm between the pairs of red and
green marks, respectively. (D) 5 X 5 um” height image of the same
anti-IgG pattern after IgG delivery.

proteins and other biomolecules when irradiation is employed
for photocleavage, as was substantiated in our experiments
(Figures 3—S5).

We have demonstrated the application of SCNE in attaching
and detaching phage particles from a microchannel array
(Figure 4). The experiment was inspired by the need for new
methods for phage particle based screening. Phage display has
been the workhorse for mapping the protein—protein
interactions of proteins of interest. In phage display, proteins
or peptides are expressed as fusions to a capsid protein. The
target-specific phage particles can be isolated by a biopanning
process. The key advantage of phage display or a phage-
particle-based screening method is the capability of linking the
binding proteins with the genetic information that encodes
them within the phage. It enables the identification of a protein
sequence at the single molecule level, a capability that no other
method can achieve so far. To fully attain this potential, it is
critical to develop a method that is capable of collecting
individual phage particles from a phage mixture. One strategy

for such a challenge is (1) to compartmentalize the phage
mixture at the single phage particle per compartment level; (2)
to immobilize the phage particle to the compartment for
binding reactions and subsequent washing; and (3) to release
and recover the selected phage particle for corresponding
protein identification. To implement this strategy, we designed
the microchannel array with a total of 2682 channels that
served as well-separated compartments. 2970 + 20 phage
particles were photocleaved from the channels, indicating that
an average of one to two phage particles were accommodated
in each channel. Individual phage particles are expected to be
revealed against the target in each compartment for effective
screening. This can be accomplished by introducing fluores-
cent-tagged targets to the substrate and visualizing the target-
specific phage complexes by a fluorescence microscope. The
efficient release of phage particles from the microarray, as
demonstrated in Figure 4, permitted the recollection of selected
phage particles from the compartments for further amplification
and sequencing. Such a system has the potential to screen a
mixture of phage particles in a one-by-one fashion to eliminate
the tedious multistep enrichment procedure in conventional
biopanning processes. The same principle can be applied to the
screening of subpopulation cells within a cell mixture to
understand the collective behavior of communicative cells. This
research has been undertaken in our group.

Protein chips play increasingly important roles in modern
biology and biotechniques.** ™' One essential feature of chips
is to array the proteins in a desired pattern. Current approaches
rely on the fabrication of patterned substrate via lithography or
microcontact printing, followed by selectively anchoring
protein molecules at the patterned regions through specific
chemistry. Herein, we introduced a simple and direct way to
generate protein patterns applicable on a large scale. Starting
with a uniform protein layer via SCNE conjugation to a
substrate, we selectively removed unwanted proteins with light
to transfer a geometric pattern from a photomask to the protein
molecules on the substrate. Desired proteins within a pattern
remain intact throughout the process, and the binding activity
remains unchanged (Figure 6). While UV irradiation at a
shorter wavelength can also remove the proteins by photo-
decomposition, products of photodecomposition will be left
behind as small debris and intrude upon the protein patterns
via random physical adsorption. Due to the traceless nature of
SCNE, the proteins cleaved from the substrate are in their
native form, and thus can be cleaned and eliminated from the
surface by thoroughly rinsing. This has been demonstrated in
the clear and reproducible protein patterns as shown in Figure
S.
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One of the greatest challenges in cell biology is the ability to
visualize and make measurements of individual proteins of an
identified species in a living organism. We expect to tackle this
challenge by the two-tier AFM assay established in the current
study. Living cell membranes consist of a number of cell-surface
proteins, generating a sophisticated surface. An antibody-
modified AFM tip can distinguish a target protein from other
species via force measurement, thus provide guidance to
register a target protein. As demonstrated in the model system
of the biomimic surface (Figures 7 and 8), the IgG-modified tip
identifies anti-IgG patterns. Due to the use of SCNE as the
cross-linker, natural IgG can be released from the tip and
delivered to a local region by remotely switching on the light.
Importantly, the postdelivery event can be in situ investigated
immediately. This approach offers great potential in live cell
studies, as it permits the monitoring of the initial ligand—
receptor binding events, such as protein redistribution and
rearrangement, associated with the protein function. We expect
that the application of two-tier AFM will open up new avenues
to elucidate cellular functions at the molecular level, and
provide novel strategies for correcting cell dysfunction and for
drug design.

In conclusion, SCNE is a versatile cross-linker that can be
used for a wide range of applications where photocleavage
ensures clean and remote-controllable release of biological
molecules from a substrate.
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membrane-bound enzymes, and the activity difference

between free and immobilized enzymes is discussed. Sialyltransferase (PmST1, from Pasteurella multocida) and cytidine
monophosphate (CMP)-sialic acid synthetase (CSS, from Neisseria meningitides) were chosen as water-soluble enzymes and
expressed using an intein expression system. The enzymes were site-specifically and covalently immobilized on PEGylated-N-
terminal cysteine MNPs through native chemical ligation (NCL). Increasing the length of the PEG linker between the enzyme
and the MNP surface increased the activity of the immobilized enzymes relative to the free parent enzymes. In addition, the use
of a fluorescent acceptor tag for PmST1 affected enzyme kinetics. In contrast, sialyltransferase from Neisseria gonorrheae (NgST, a
membrane-bound enzyme) was modified with a biotin-labeled cysteine at the C-terminus using NCL, and the enzyme was then
assembled on streptavidin-functionalized MNPs. Using a streptavidin—biotin interaction, it was possible to immobilize NgST on
a solid support under mild ligation conditions, which prevented the enzyme from high-temperature decomposition and provided
an approximately 2-fold increase in activity compared to other immobilization methods on MNPs. Finally, the ganglioside GM3-
derivative (sialyl-lactose derivative) was synthesized in a one-pot system by combining the use of immobilized PmST1 and CSS.
The enzymes retained 50% activity after being reused ten times. Furthermore, the results obtained using the one-pot two-
immobilized-enzyme system demonstrated that it can be applied to large-scale reactions with acceptable yields and purity. These
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features make enzyme-immobilized MNPs applicable to organic synthesis.

B INTRODUCTION

Enzymes are versatile biocatalysts and are useful in many areas
of research, including organic synthesis, immunoassays, and
substrate sensing.1 The specific chemo-, regio-, and stereo-
selectivity of enzyme-mediated transformations remarkably
demonstrates their superiority compared to chemical catalytic
reactions.””* However, the reusability and long-term stability of
enzymes have limited their applications in organic synthesis.®
Due to the current high cost and time-consuming process of
enzyme production, the effective recovery of stable, reusable
enzymes should facilitate their application in organic synthesis.
The use of immobilized enzymes simplifies enzyme recovery
from aqueous solutions by providing a convenient route to
recycle expensive biocatalysts through solid-phase separation.
Such an approach would significantly reduce the separation
time of enzyme recovery. In some cases, the denaturing of
immobilized enzymes can be prevented.®”®

The most robust techniques to immobilize enzymes on solid
support systems use covalent linkages.”'® However, in most
immobilization approaches, the enzymes are attached to solid
supports by random amide bonds or Schift bases, resulting in a
significant loss of enzyme activity.'"”'> One solution to these
problems is to develop properly oriented site-specific

-4 ACS Publications  © 2012 American Chemical Society
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immobilization techniques. Although enzymes have been
noncovalently immobilized on solid supports with site-specific
controls using recognition pairs, such as His-tag/ Ni,lz"14 MBP/
amylose,'® anti-GST/antibody,'® or biotin/streptavidin,'” the
enzyme can potentially dissociate from the solid surface,
possibly interfering with the long-term storage and reusability
of the immobilized enzyme.

Recently, many efforts have focused on the site-specific
covalent immobilization of proteins on solid supports.'®'” One
of the most popular approaches used to achieve this goal is to
fuse a protein of interest to a tagged peptide that reacts with a
substrate immobilized on a solid support, forming a covalent
adduct catalyzed by enzymes, such as PPTase,”® FTase,>"**
SrtA,>® or TGase.>* However, the efficiency of transforming or
immobilizing enzyme-catalyzed functional groups could be
jeopardized by the location of the tag due to steric effects. To
circumvent this problem, a number of selective ligation
chemistries have been developed, such as the intein-based
system,25 click chemistry,26 Staudinger ligation,n’28 the Diels—

Received: July 21, 2011
Revised:  December 19, 2011
Published: March 18, 2012

dx.doi.org/10.1021/bc200396r | Bioconjugate Chem. 2012, 23, 714-724



Bioconjugate Chemistry

Alder reaction,” and native chemical ligation (NCL).***'

These chemoselective approaches for the conjugation or
immobilization of proteins have attracted much attention due
to the high reaction efficiency and their bioorthogonal reactivity
for proteins.*

Magnetic nanoparticles (MNPs) have received increasing
attention in biorelated research due to their distinct properties,
such as their magnetic behavior, ease of surface modification,
and high surface-area-to-volume ratio.>> Various MNPs have
been demgned as powerful carriers in diverse areas of
research.>*~*' MNPs should also function as ideal solid
supports for enzyme immobilization because of their
pseudohomogeneous properties in solutions and their ease of
recovery using magnetic fields.'*** Thus, the combination of
MNPs with site-specific enzyme immobilization strategies can
be an efficient platform to retain high activity and facilitate
recovery.

In principle, the stability, activity, and kinetic properties of an
enzyme are significantly affected after immobilization by the
choice of support material and immobilization method
employed.®”’ Blocking of MNPs with PEG suppresses non-
specific protein adsorption while enhancing the nanoparticle’s
water solubility. Therefore, PEG-functionalized MNPs may be
attractive solid supports for the immobilization of water-soluble
enzymes. However, membrane-bound enzymes, which are
naturally hydrophobic, will not be suitable for immobilization
on hydrophilic solid supports. Recently, some investigators
have reported using “protein-friendly” surfaces to immobilize
membrane-bound enzymes using lipid bilayers or self-
assembling hybrid bilayers.* * However, reproducing the
formation of these lipid bilayers is difficult to control, and the
resulting liposomes may be not stable. In this study, we
fabricated MNPs with different surface properties to develop a
suitable surface for the immobilization of membrane-bound
enzymes.

Sialic acid is often found as a terminal, nonreducing end
sugar in glycoproteins and glycolipids, and is associated with
many biological processes. However, chemical sialylation
requires multistep synthesis and the stereospecific control of
a-sialosides, which is difficult. In contrast, the synthesis of sialic
acid-containing carbohydrates using enzymatic sialylation via
sialyltransferases (STs)*’ ™' is very straightforward. STs
catalyze glycosylation by transferring a sialic acid molecule to
an acceptor sugar using CMP-sialic acid as the donor.
Previously, the synthesis of CMP-sialic acid has been achieved
on a 100 mg scale using MNP functionalized with CMP-sialic
acid synthetase (CSS@MNP); the capability to recycle the
immobilized enzyme in organic synthesis was also demon-
strated in that case.>® Hence, ST would be an ideal model
enzyme for immobilization in conjugation with previously
developed CSS@MNPs and could expand the application of
sialoside production via a one-pot—two-enzyme@MNPs
strategy. In this report, two a-2,3-sialyltransferases from
Pasteurella multocida P-1059 (PmST1)*® and Neisseria gonor-
rheae F62 (NgST)53 were chosen as target enzymes. Truncated
PmST1 is a soluble enzyme, whereas NgST, a membrane-
bound enzyme, is relatively insoluble. Herein, we describe two
strategies for the immobilization of water-soluble and
membrane-bound enzymes in a site-specific manner (Figure
1). The water-soluble enzymes (PmST1 and CSS) were then
site-specifically and covalently immobilized on the cysteine-
poly(ethylene glycol)-functionalized MNPs (Cys@MNP) by
NCL. The activity of the immobilized enzymes was noticeably
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Figure 1. Strategies for site-specific enzyme immobilization. Poly-
(ethylene glycol) surface-functionalized magnetic nanoparticles were
used for water-soluble enzyme immobilization, whereas protein
surface-functionalized magnetic nanoparticles were suitable for
membrane-bound enzyme immobilization.

higher when they were equipped with longer PEG linkers,
indicating that the length of the linker is critical for its activity.
In contrast, NgST was modified with a biotin-labeled cysteine
at the C-terminus using NCL and assembled on streptavidin-
functionalized MNP (SAv@MNP). Using the specific recog-
nition between biotin and streptavidin, we immobilized NgST
on the solid support under mild ligation conditions, preventing
thermal enzyme decomposition and providing more acceptable
activity.

B EXPERIMENTAL PROCEDURES

Materials and Methods. Bacterial source of Pasteurella
multocida genomic strain Pm70 and Neisseria gonorrheae were
purchased from ATCC. All buffers and solutions were prepared
by using Millipore water. The chemicals for the synthesis were
all obtained from Sigma-Aldrich. HPLC was carried out on
Agilent 1100 series system equipped with a UV detector. 'H
and C NMR spectra were recorded on Bruker AV-400 or
DMX-600 MHz. Assignment of 'H NMR spectra was achieved
using 2D methods (COSY). Chemical shifts are expressed in
ppm using residual CDCl; (7.24 ppm) or CD;0D (3.31 ppm)
or D,O (4.67 ppm at 298 k) as internal standard. Low-
resolution and high-resolution mass spectra were recorded
under ESI-TOF mass spectra conditions. Analytical thin-layer
chromatography (TLC) was performed on precoated plates
(Silica Gel 60). Silica gel 60 (E. Merck) was employed for all
flash chromatography. All reactions were carried out in oven-
dried glassware (120 °C) under an atmosphere of argon unless
indicated otherwise. All solvents were dried and distilled by
standard techniques.

Cloning, Overexpression, and Purification of the Full-
Length Sialyltransferase from Pasteurella multocida
(PmO188Ph). A pair of primers: the forward primer 5’ CAT
ATG AAA ACA ATC ACG CTG TAT TTA GAT CCT GCC
TCC 3’ (the Ndel restriction site is underlined) and the reverse
primer 5’ GCT CTT C CGC AGC CCAACT GTT TTA AAC
TGT CCC AAA AG 3’ (the Sapl restriction site is underlined)
were used to amplify the full-length gene of Pm0188Ph using
PCR from the Pasteurella multocida genomic strain Pm70. The
reaction was performed in a total volume of 50 mL containing
Tris-HCl (50 mM, pH 8.8), NaCl (50 mM), MgCl, (5 mM),
template DNA (100 ng), each primer (400 nM), dNTPs (0.2
mM), and Easy-A high-fidelity PCR cloning enzyme (2.5 U,
Stratagene). After heating at 95 °C for 3 min, we performed 30
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cycles (denaturation at 95 °C for 30 s, annealing at 58.4 °C for
30 s, and elongation at 72 °C for 30 s). The elongation step was
extended by 1 s each cycle, and a final elongation at 72 °C for 3
min was used. The amplified fragment (1.2 Kb) was cloned into
a pGEM-T Easy Vector using the pPGEM-T Easy Vector System
I (Promega). The insert was further confirmed using blue/
white screening and sequence analysis. The target gene was
digested from a constructed T vector and inserted into an
Ndel/Sapl-treated vector, pTXB1 (commercially available from
NEB, USA). The ligated product was transformed into
competent E. coli DHSa cells. Positive plasmids were selected
and subsequently transformed into BL21 (DE3) competent
cells. DNA sequencing was used to confirm in-frame cloning of
the full length Pm0188Ph gene product. The E. coli BL21
(DE3) harboring the recombinant plasmid was grown in LB
rich medium (10 g/L tryptone, S g/L yeast extract, and 10 g/L
NaCl) containing ampicillin (100 pg/mL) at 37 °C until the
ODygy, reached 0.5—0.8. Protein expression was then induced
by adding 0.1 mM of IPTG (isopropyl-1-thio-a-p-galacto-
pyranoside) followed by incubation at 16 °C for 16 h with
vigorous shaking at 200 rpm in a shaking incubator (Firstek
S300R). The bacterial cells were harvested by centrifugation at
4 °C, 5000 g, for 15 min. The cell pellet was resuspended in
column buffer (HEPES 20 mM pH 8.0, containing Triton X-
100 0.1%, NaCl 500 mM, and EDTA 0.1 mM) and sonicated
on ice for 2 min 50 s at 10 s intervals, before being centrifuged
at 4 °C, 24 000 g, for 60 min. The cell lysate was collected and
applied to a 6 mL chitin bead column, which had been pre-
equilibrated with column buffer. After the sample was loaded
onto the chitin column and incubated with the chitin affinity
beads for 30 min at 4 °C, the column was washed with 20
volumes of the same buffer. The resin was then quickly washed
with 1 column volume of the same buffer containing 50 mM
DTT, and the effluent was reloaded. The column was clamped
at both ends, and the intein tag was cleaved on-column from
the fusion protein by incubating the column at 4 °C for 16 h.
The purified protein was eluted using column buffer without
DTT. The effluent was concentrated using a centrifugal filter
device (Amicon Ultra, Millipore), divided into aliquots, and
stored at 4 °C.

Cloning, Overexpression and Purification of the Full-
Length Sialyltransferase from Neisseria gonorrheae
(NgST). The steps performed for the cloning, overexpression,
and purification of the full-length sialyltransferase from
Neisseria gonorrheae (Genbank no. U60664) were performed
exactly as previously mentioned except for the following
distinctions. NgST used a pair of primers: the forward primer 5’
CCG GCA TAT GGG GTT GAA AAAAGT CTGTTT G 3’
(the Ndel restriction site is underlined) and the reverse primer
S GGC TCT TCC GCA GCC GCC ATT TTT ATC GTC
AAA TGT 3’ (the Sapl restriction site is underlined) for PCR
amplification of the full-length gene from Neisseria gonorrheae.
NgST fusion protein expression was induced by adding 0.3 mM
of IPTG followed by incubation at 16 °C for 16 h. NgST used
Tris column buffer system (TrisHCI 20 mM pH 8.0, containing
Triton X-100 0.1%, NaCl 500 mM, and EDTA 0.1 mM) for
purification. After breaking cells, the insoluble fraction was
pelleted by centrifugation at 4 °C, 24000 g, for 1 h. The
inclusion body pellet was resuspended in 10 mL of Tris column
buffer. The suspension was stirred at 4 °C for 1 h and
centrifuged at 4 °C, 24000 g for 1 h to obtain NgST fusion
protein, followed by affinity column purification as mentioned
as PmST1.
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Preparation of Amino-Functionalized Magnetic Nano-
particles (NH,@MNP). Superparamagnetic nanoparticles
(Fe;0,) were obtained by the coprecipitation of FeCl, and
FeCl; under basic conditions. The surface of the particles was
then transformed with a sol—gel process using tetraethyl
orthosilicate (TEOS) followed by the addition of 3-amino-
propyltrimethoxysilane (APS) to yield an amino-functionalized
magnetic nanoparticle (NH,@MNP). As shown in Scheme 1,
the NH,@MNP was used as starting material for the
preparation of cysteine-functionalized magnetic nanoparticles.
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?(a) Boc-Cys(Trt)-OH, EDC, HOBt, NEt;, r.t., O/N, 97%; (b) acetic
anhydride, pyridine, r.t., 3 h, 100%; (c) DSS, DMSO, r.t., 1 h, 81%; (d)
3, DMF, 4 °C, O/N. 19%, then capping reagent; (e) 10, DMF, 4 °C,
O/N, 19%, then capping reagent; (f) TFA acid, triisopropylsilane,
H,O, r.t, 30 min, 100%.

Synthesis of Cysteine-Functionalized Magnetic Nano-
particles (MNP1). EDC (19.1 mg), HOBt (13.5 mg),
triethylamine (1S pL), and Boc-Cys(Trt)-OH (47 mg) were
added to a solution of amino-functionalized magnetic nano-
particles (50 mg) in dry dichloromethane (DCM, 2 mL). The
resulting mixture was stirred for 12 h under nitrogen to obtain
protected cysteine-functionalized magnetic nanoparticles. Then,
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a pyridine/acetic anhydride mixture was added to the protected
cysteine-functionalized magnetic nanoparticle, and the resulting
solution was stirred at room temperature for 3 h. The acid-
labile protecting group on the MNP was deprotected using a
cocktail of reagents comprising trifluoroacetic acid (TFA, 1
mL), triisopropylsilane (TIPS, 33 uL), and deionized H,O (32
uL) to obtain the cysteine-functionalized magnetic nano-
particle, MNP1.

Synthesis of Cysteine-Functionalized Magnetic Nano-
particles (MNP2). Aminated Fe;O, nanoparticles (NH,@
MNPs) (1 mg) were dispersed into dimethyl sulfoxide
(DMSO, 250 uL) and sonicated for 30 min. After sonication,
suberic acid bis N-hydroxysuccinimide ester (DSS, S mg, 0.03
mmol) was added to the solution and stirred at room
temperature for 1 h. The resulting nanoparticles were washed
3 times with DMSO (100 uL) to remove excess DSS. Cys 3
(200 puL, 50 mM) was added to the above black solid in DMF
and shaken at room temperature for 12 h. The MNPs were
separated using a magnet and washed 3 times with deionized
H,0. Ac,O/pyridine (1/2, 300 uL) was then added and the
mixture was stirred at room temperature for 3 h. Subsequently,
300 uL of 100 mM ethanolamine was added to the mixture and
shaken at room temperature for 6 h. After separation by a
magnet, the nanoparticles were washed 5 times with deionized
H,O to yield the protected cysteine-functionalized magnetic
nanoparticle as a black powder. The acid-labile protecting
groups on the MNPs were deprotected by following the
procedures mentioned in the synthesis of MNP1 above to yield
MNP2.

Synthesis of Cys-Functionalized Magnetic Nano-
particles (MNP3). The synthesis of MNP3 was similar to
the described synthesis of MNP2, except that Cys 10 was used.

Site-Specific Immobilization of PmST1/NgST on Cys@
MNPs. The cell Iysate containing intein-fused PmST1/NgST
was collected and applied to a 6 mL chitin bead column that
had been pre-equilibrated with column buffer. After incubating
at 4 °C for 30 min, the column was washed with 20 volumes of
the same buffer. The resin was quickly washed with 1 volume of
the same buffer containing 2-mercaptoethanesulfonic acid
(MESNa, 300 mM) and tris(2-carboxyethyl)-phosphine hydro-
chloride (TCEP, 0.5 mM), and the effluent was then reloaded.
The column was clamped at both ends, and the intein tag was
cleaved on-column from the fusion protein by incubating the
column at 4 °C for 16 h. The effluent was concentrated using a
centrifugal filter device. To immobilize PmST1/NgST on the
cysteine-functionalized MNPs, 30 uM of protein was reacted
with § mg of cysteine-functionalized MNPs in 1 mL of HEPES
buffer while vigorously shaking at room temperature for 12 h.
The resulting enzyme@MNP complex was washed 3 times with
HEPES column buffer.

Quantification of the Purified and MNP-Immobilized
Proteins. The amount of protein on the MNPs was
determined using the BCA Protein Assay Kit (PIERCE). To
quantify the amount of protein on the MNPs, PmST1/NgST@
MNPs were reacted with the BCA reagent at 60 °C for 30 min
and then separated using a magnet. The absorbance of the
separated reagent was measured at 562 nm. A standard curve
was prepared by plotting the absorbance at 562 nm for each
BSA standard vs its concentration (ug/mL). The standard
curve was used to determine the protein concentration of each
sample.

Sialyltransferase Activity Assay. Typically, the enzymatic
assay was performed in a total volume of 50 uL in Tris-HCI

buffer (100 mM, pH 8.5) containing MgCl, (20 mM), CMP-
sialic acid (1 mM), lactose-Cy3 (0.59 mM), and the
recombinant enzyme (22.5 ng). The reaction was allowed to
proceed at 37 °C for 3 min and quenched by adding sodium
dodecyl sulfate (SDS) (10%, 10 pL). The sample was analyzed
using RP-HPLC with a reverse phase C18 column (Vydac
218TPS54, GRACE) equipped with a C18 guard column system
and a UV—vis detector. The fluorescent compounds, lactose-
Cy3 and GM3-Cy3, were monitored at 550 nm and the system
was controlled via the chromatography software. Solution A
(deionized H,O + 0.1% TFA) and solution B (acetonitrile)
were prepared and used in two gradient conditions for the
separation of the various compounds. The gradient conditions
consisted of 100—64% A for S min, 64—53% A for 15 min, and
53—50% A for S min. The flow-rate was maintained at 1 mL/
min for all separations. All assays were carried out in triplicate.
Kinetic Studies of PmST1 Sialyltransferase. Apparent
kinetic parameters were obtained by varying the concentration
of the fluorescent acceptor (0.25 mM, 0.5 mM, 1 mM, 2 mM, 4
mM, 8 mM) and using a fixed concentration of CMP-sialic acid
(1 mM). All other components in the reaction mixture were the
same as those described for the sialyltransferase activity assays.
The reaction was then analyzed using RP-HPLC. The RP-
HPLC peak areas were integrated, and the product
concentration was calculated as a percentage of the total peak
area. Initial velocity data were fit to the Michaelis—Menten
equation using the computer software KaleidaGraph.
The synthetic scheme of linkers is shown in Scheme 2.
1-(N-a-t-Boc-S-Trityl-L.-cysteinamido)-8-azido-3,6-di-
oxaoctane (2). Triethylamine (0.28 mL, 2 mmol) was added
to a solution of Boc-Cys(Trt)-OH (463.6 mg, 1 mmol), 1 (209
mg, 1.2 mmol), EDC (382 mg, 2 mmol), and HOBt (270 mg, 2
mmol) in DCM. After stirring at room temperature for 16 b,
the reaction was quenched using saturated NaCly,y and
extracted with DCM. The organic layer was dried over
MgSO,, filtered, and evaporated. The crude product was
purified by column chromatography to afford a white solid (497
mg, 80% yield); Re 0.2 (1:1 EtOAc-hexane); 'H NMR (400
MHz, CDCL,) & 1.40 (s, 9H), 2.49 (dd, J = 5.2, 12.6 Hz, 1H),
2.68 (br, 1H), 3.33 (t, J = 5.0 Hz, 2H), 3.37-3.40 (m, 2H),
3.49 (t, ] = 4.9 Hz, 2H), 3.56 (s, 4H), 3.62 (t, ] = 4.8 Hz, 2H),
3.90 (br, 1H), 4.88 (br, 1H), 6.38 (br, 1H), 7.20 (t, ] = 7.1 Hz,
3H), 7.24 (t, J = 7.8 Hz, 6H), 7.39 (d, ] = 8.6 Hz, 6H); *C
NMR (100 MHz, CDCIl;) § 28.1, 34.1, 39.1, 50.4, 53.3, 66.9,
69.5, 69.8, 70.1, 70.3, 79.8, 126.7, 127.8, 129.4, 144.2, 155.1,
170.2; HRMS (ESI) caled for C33H, N;ONaS [M + Nal™:
642.2726, found: 642.2717.
1-(N-a-t-Boc-S-Trityl-L-cysteinamido)-8-amino-3,6-di-
oxaoctane (3). Palladium on charcoal (Pd/C) (30 mg; 5% Pd
content) was added to a solution of 2 (310 mg, 0.5 mmol) in
MeOH (5 mL). The flask was purged with H,, and a hydrogen
balloon was attached. After the mixture was stirred for 2.5 h, the
catalyst was filtered out through a pad of Celite. The resulting
solvent was removed in vacuo, and the residue was purified
using flash silica gel column chromatography to obtain linker 3
as white foam (220 mg, 74% yield). Rz 0.25 (1:4 MeOH—
CH,CL); 'H NMR (400 MHz, CDCL,) 8 1.42 (s, 9H), 2.43—
2.54 (m, 2H), 2.75 (t, J = 5.3 Hz, 2H), 3.27-3.36 (m, 2H),
347 (t, ] = 5.3 Hz, 2H), 3.49 (br, 2H), 3.56 (s, 4H), 3.96 (t, ] =
6.6 Hz, 1H), 7.21 (t, ] = 6.1 Hz, 3H), 7.27 (t, ] = 7.9 Hz, 6H),
7.38 (d, ] = 7.6 Hz, 6H); *C NMR (100 MHz, CDCL,) 6
2827, 34.36, 39.26, 41.52, 53.38, 66.87, 69.68, 69.98, 70.32,
73.02, 79.89, 126.76, 127.9S, 129.52, 144.42, 155.25 170.46;
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Scheme 2°
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“(a) Boc-Cys(Trt)-OH, EDC, HOBt, NEt;, CH,CL, r.t, 16 h, 80%;
(b) H,, Pd/C, MeOH, r.t,, 2.5 h, 74%; (c) NPCC, Pyr,, CH,Cl, rt,, 6
h, then §, NEt;, CH,Cl,, r.t, 10 h, two steps 67%; (d) NPCC, Pyr.,
CH,CL, r.t, 6 h, then 7, NEt;, CH,CL, r.t,, 10 h, two steps 70%; (e)
TFA, MeOH. H,0, r.t, S h, then Boc-Cys(Trt)-OH, HBTU, NEt;,
DMEF, rt, 10 h, two steps 83%; (f) PPh,, THF, H,O, r.t,, 20 h, 85%.

HRMS (ESI) caled for C33HuN;OS [M + HI™: 594.3002,
found: 594.3001.
N-{2-[2-(2-Hydroxyethoxy)ethoxy]ethyl}-2-[2-(2-
azidoethoxy)ethoxylethoxy Ester (6). Pyridine (1.84 mlL,
22.7 mmol) was added to a solution of compound 4 (2.00 g,
11.36 mmol) in DCM (45 mL). After stirring at 0 °C for S min,
4-nitrophenyl chloroformate (2.52 g, 12.5 mmol) was added to
the reaction mixture. The reaction mixture was then stirred for
a further 6 h at room temperature, quenched using NaHCO;
(10 mL), and diluted with ethyl acetate. The mixture was
subsequently washed with saturated NaCl,q (10 mL). The
organic phase was dried (using MgSO,) and concentrated. The
residue was used for the next reaction without further
purification. A monoamine-linker § (2.03 g, 13.63 mmol) and
triethylamine (2.37 mL, 17.04 mmol) were added to a solution
of the residue in DCM (14 mL) at room temperature. After
stirring at room temperature for 10 h, the reaction mixture was
concentrated. The residue was purified using silica gel
chromatography (50% gradient ethyl acetate in hexane + 10%
MeOH) to afford 6 (2.66 g, 67% yield for two steps). 'H NMR
(400 MHz, CDCL,) 5 2.78 (s, 1 H), 3.34 (q, ] = 4.9 Hz, 4 H),
3.52 (t, J = 5.0 Hz, 2 H), 3.54—3.57 (m, 2 H), 3.59—3.65 (m,
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12 H), 3.69—3.72 (m, 2 H), 4.17 (t, ] = 42 Hz,2 H), 5.53 (s, 1
H); C NMR (100 MHz, CDCl,) § 40.56, 50.42, 61.36, 63.66,
69.44, 69.85, 70.04, 70.12, 70.29, 70.38, 72.38, 156.39. HRMS
(ESI-TOF) Calcd for C;3H,N,O,Na [M + Na]*: 373.1699,
found: 373.1692.
5,8,13,16,19,24,27,30-Octaoxa-2,11,22-triazalacceroic
acid,32-azido-12,23-dioxo-1,1-dimethylethyl Ester (8).
Compound 8 was synthesized from compound 6 using a
method similar to that described for the synthesis of compound
6 with 70% yield (yield for two steps): '"H NMR (400 MHz,
CDCly) §2.78 (s, 1 H), 3.34 (q, J =49 Hz, 4 H), 3.52 (t, ] =
5.0 Hz, 2 H), 3.54—3.57 (m, 2 H), 3.59—3.65 (m, 12 H), 3.69—
3.72 (m, 2 H), 4.17 (t, ] = 42 Hz, 2 H), 5.53 (s, 1 H); *C
NMR (100 MHz, CDCL,) 5 40.56, 50.42, 61.36, 63.66, 69.44,
69.85, 70.04, 70.12, 70.29, 70.38, 72.38, 156.39. HRMS (ESI-
TOF) Calcd for C;3H,4N,O-Na [M + Na]*: 373.1699, found:
373.1692.
8,11,16,19,22,27,30,33-Octaoxa-2,5,14,25-tetraaza-
ceroplastic acid,35-azido-4,15,26-trioxo-3-
{[(triphenylmethyl)thiolmethyl}-1,1-dimethylethyl Ester
(9). A mixture of TFA (1.30 mL) and water (0.10 mL) was
added dropwise to a solution of compound 8 (0.20 g, 0.32
mmol) in DCM (2.60 mL). After stirring at room temperature
for S h, the reaction mixture was neutralized with DOWEX 550
(OH-) resin, filtered, and evaporated in vacuo. The resulting
amine was used for the next reaction without further
purification. To a solution of Boc-Cys(Trt)-OH (0.13 g, 0.28
mmol) in DCM (2.40 mL), O-benzotriazole-N,N,N’,N'-
tetramethyl-uronium-hexafluoro-phosphate (0.16 g, 0.42
mmol) was added at 0 °C. The resulting solution was stirred
at 0 °C for 10 min, and an aliquot of the amine crude product
and diisopropylethylamine (87 mL, 0.56 mmol) in DMF (0.60
mL) were added slowly to the reaction vessel. After stirring at
room temperature for 10 h, the reaction mixture was diluted
with ethyl acetate, and the resulting organic layer was washed
with NaCl,) (10 mL). The organic phase was dried (using
MgSO,) and concentrated. The residue was purified using silica
gel chromatography (50% gradient ethyl acetate in hexane +
10% MeOH) to afford compound 9 (0.22 g, 83% yield for two
steps): 'H NMR (400 MHz, CDCl;) § 1.36 (s, 9 H), 2.58—
270 (m, 2 H), 3.28—3.33 (m, 4 H), 3.36 (t, ] = 4.7 Hz, 4 H),
3.44-3.52 (m, 10 H), 3.54—3.58 (m, 4 H), 3.60—3.68 (m, 10
H), 3.82—3.88 (m, 1 H), 4.15—4.23 (m, 4 H), 5.00 (s, 1 H),
548 (s, 1 H), 5.64 (s, 1 H), 6.53 (s, 1 H), 7.17 (t, = 7.1 Hz, 3
H), 725 (t, ] = 7.5 Hz, 6 H), 7.35 (d, ] = 7.6 Hz, 6 H). *C
NMR (100 MHz, CDCL,) 5 28.14, 29.15, 33.84, 39.14, 40.61,
50.50, 63.78, 63.95, 66.99, 69.57, 69.75, 69.88, 69.99, 70.23,
70.28, 70.49, 80.20, 126.81, 127.95, 129.43, 144.27, 155.29,
157.12, 177.16. HRMS (ESI-TOF) Calcd for C,;HgN,O,;Na$
[M + Na]*: 992.4415, found: 992.4426.
8,11,16,19,22,27,30,33-Octaoxa-2,5,14,25-tetraaza-
ceroplastic acid,35-amino-4,15,26-trioxo-3-
{[(triphenylmethyl)thiolmethyl}-1,1-dimethylethyl Ester
(10). To a solution of compound 9 (80 mg, 0.082 mmol) in
tetrahydrofuran (0.40 mL) and water (0.40 mL), triphenyl-
phosphine (43 mg, 0.165 mmol) was added. After stirring at
room temperature for 20 h, the reaction mixture was
concentrated. The residue was purified using silica gel column
chromatography (50% gradient methanol in dichloromethane)
to afford compound 10 (63 mg, 83% yield): '"H NMR (400
MHz, D,0/CD;0D) § 1.41 (s, 9 H), 2.48—2.54 (m, 2 H), 3.14
(t, ] = 49 Hz, 2 H), 3.26—3.34 (m, 6 H), 3.48—3.58 (m, 10 H),
3.60—3.64 (m, 4 H), 3.66—3.74 (m, 10 H), 3.90 (t, ] = 6.1 Hz,
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1H), 4.14—4.24 (m, 4 H), 723 (t,]= 6.9 Hz,3H),7.29 (t, ] =
7.4 Hz, 6 H), 7.35 (d, ] = 7.3 Hz, 6 H). *C NMR (150 MHz,
D,0/CD;0D) & 28.69, 30.56, 35.36, 40.35, 40.60, 41.57, 55.07,
64.14, 64.97, 65.09, 67.73, 67.96, 70.37, 70.45, 70.85, 71.09,
71.15, 71.36, 8122, 128.04, 129.07, 130.62, 145.80, 157.28,
158.92, 173.03. HRMS (ESI-TOF) Caled for C,H,oNO,S
[M + H]*: 944.4691, found: 944.4681.

C-terminal Cysteine Modified NgST. The cell lysate
containing intein-fused NgST was collected and applied to a 6
mL chitin bead column that had been pre-equilibrated with
column buffer. After incubating at 4 °C for 30 min, the column
was washed with 20 volumes of column buffer. As shown in
Scheme 3, the resin was then quickly washed with 1 column

Scheme 3. Site-Specific Immobilization of NgST on MNPs
through the Biotin—Streptavidin Interaction”
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#(a) Tris-HCI (20 mM), pH 8.0, MESNa (200 mM), TCEP 0.5 mM,
Cys-biotin 1 mM, 16 h, 4 °C, then dialysis for 2 days, 4 °C; (b) Tris-
HCl (20 mM), pH 8.0, SAv-MNP, 1 h, 4 °C. MESNa, 2-
mercaptoethanesulfonic acid; TCEP, tris(2-carboxyethyl)phosphine;
SAV@MNP, streptavidin-functionalized magnetic nanoparticles.

volume of the same buffer containing MESNa (300 mM),
TCEP (0.5 mM), and 1 mM of the cysteine derivatives, and the
effluent was reloaded. The column was clamped at both ends,
and the intein tag was cleaved on-column from the fusion
protein by incubating the column at 4 °C for 16 h. The effluent
was concentrated using a centrifugal filter device, divided into
aliquots, and stored at 4 °C.

Immobilization of NgST-Biotin on Streptavidin@MNP.
Cysteine-modified NgST (1 mL, 30 uM) was incubated with
SAV@MNP (5 mg) in 1 mL of Tris column buffer and
vigorously shaken at 4 °C for 1 h. The resulting enzyme@MNP
complex was washed 3 times with Tris column buffer.

Recycling of Enzyme@MNPs. PmST1@MNP3 and
CSS@MNP3 were used in a one-pot—two-enzyme@MNP
system for the synthesis of GM3-Cy3. The reaction was carried
out in 250 uL Tris-HCI buffer (100 mM, pH 8.5) containing
lactose-Cy3 (1.1 mg, 1.25 mmol), CTP (1.32 mg, 2.5 mmol),
sialic acid (0.775 mg, 2.5 mmol), MgCl, (20 mM), PmST1@
MNP3 (225 ng/PmST1), CSS@MNP (2.5 ng/CSS), and
inorganic pyrophosphatase (0.4 U). After incubation at 37 °C
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for 3 min, the enzyme@MNPs were recovered by applying a
magnet and washed with Tris buffer (100 mM, pH 8.5) for 3
times. The recovered enzyme@MNPs were used for next
reaction. The procedure was repeated 10 times as described
above.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Cys@MNPs. Re-
cently, it was demonstrated that site-specific protein immobi-
lization can provide h1§her protein activity than random
immobilization.”**"*%*%5 However, compared to free protein,
activity is decreased.”® In an attempt to further increase
immobilized protein activity in this study, different lengths of
hydrophilic ethylene glycol linkers®® were used to modify the
surface of MNPs. The addition of a linker provided a spacer,
which minimized steric hindrance between the enzyme and the
solid supports, and also increased the flexibility of the
immobilized enzyme.>” Cysteine functionalized magnetic
nanoparticles were then synthesized to react with the
corresponding protein a-thioester through NCL*® to achieve
site-specific protein immobilization. The synthesis of the
amine-functionalized MNP (NH,@MNP) was achieved using
a reported method (see Supporting Information, SI, Figures S1
and $2).** As shown in Scheme 1, Boc-Cys(Trt)-OH was
conjugated with NH,@MNP via amide bond formation and
then capped with acetic anhydride in the presence of pyridine,
forming a black powder. The product was then deprotected
using trifluoroacetic acid (TFA) and triisopropylsilane (TIPS)
to yield MNP1.

To investigate the effect of the length of the linker between
the immobilized enzyme and the MNP surface, PEG-
functionalized cysteine moieties 3 and 10 were synthesized
(Schemes 1 and 2) and assembled on the MNP. As shown in
Scheme 2, the amino group of compound 1°” was coupled with
Boc-Cys(Trt)-OH to obtain compound 2, which was then
hydrogenated to yield linker 3. To elongate the linker, 4-
nitrophenyl chloroformate (NPCC) was used as bridge to
conjugate ethylene glycol moieties.’ In this way, the hydroxyl
group of compound 4 was reacted with NPCC to form the
carbamate compound which was reacted with the amine group
of compound 5°° to afford linker 6 with a total yield of 67% in
two steps. Similar reactions were performed from 7°¢ to
synthesize the long linker, 8. The Boc group of linker 8 was
deprotected and coupled with Boc-Cys(Trt)-OH using 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU) to obtain compound 9. The Staudinger
reduction was applied to reduce the azide of compound 9 to
obtain linker 10. As shown in Scheme 1, linkers 3 and 10 were
respectively incubated with N-hydroxy-succinimide (OSu)-
activated MNPs (OSu@MNP), which were prepared by
incubating NH,@MNP with disuccinimidyl suberate (DSS)
followed by capping with acetic anhydride and ethanolamine to
obtain black powders. Removal of the protecting groups on the
MNPs by TFA and TIPS yielded MNP2 and MNP3,
respectively. The introduction of an ethylene glycol linker on
MNP2 and MNP3 resulted in a better suspension in aqueous
solutions than MNP1. The capping steps were performed to
block the nonreacted amine and activated ester on the MNP
surface, thereby reducing the nonspecific reaction between the
functionalized MNPs and the target molecule. The amount of
cysteine on the MNPs was indirectly estimated by a
colorimetric amine assay.”” The amount of amino groups on
the NH,@MNPs was determined to be 95.56 nmol/mg MNP,
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whereas that for the MNPs treated with DSS and ethylenedi-
amine was estimated to be 17.75 nmol/mg MNP. The results
demonstrate a low overall coupling efficiency when using DSS.
Thus, MNP2 and MNP3 prepared by the OSu-activated ester
coupling were anticipated to have a lower surface density of
cysteine compared to MNPI1, which was prepared by direct
amino acid coupling.

Immobilization and Characterization of PmST1 and
CSS. Glycosyltransferases are less robust than hydrolases, and
therefore their activities may be more sensitive to the
immobilization method used.”® To test this hypothesis, we
chose PmST1 as a target enzyme in this study. Accordingly, we
overexpressed the gene-encoded PmST1 in E. coli using the
commercially available IMPACT (intein-mediated purification
with an affinity chitin-binding tag) vector system to produce
the PmST1-intein fusion protein. To reduce potential non-
specific protein adsorption, we purified the PmST1 as a protein
a-thioester by treating 2-mercaptoethanesulfonic acid
(MESNa) during the affinity separation to exchange intein
with MESNa. MNP1, MNP2, and MNP3 were incubated with
purified PmST1 in the presence of MESNa for 12 h at room
temperature, and the enzyme was immobilized on the MNPs at
its C-terminus using NCL to obtain PmST1@MNPI,
PmST1@MNP2, and PmSTI@MNP3, respectively (Figure
2a). The conjugation efficiency was determined by measuring
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Figure 2. Relative activities of immobilized PmST1 and CSS. (a)
Immobilization of PmST1 on MNPs. (b) Relative activities of
immobilized PmST1: column 1, free PmST1; column 2, site-specific
immobilized PmST1@MNPI1; column 3, site-specific immobilized
PmST1@MNP2; and column 4, site-specific immobilized PmST1@
MNP3. (c) Relative activities of immobilized CSS: column 1, free
CSS; column 2, site-specific immobilized CSS@MNP1; column 3,
site-specific immobilized CSS@MNP2; and column 4, site-specific
immobilized CSS@MNP3.

the amount of protein on the MNPs using a BCA protein
assay.>”
complex was determined to be 38.4, 18.9, and 22.4 ug for
PmSTI@MNP1, PmSTI@MNP2, and PmST1@MNP3,
respectively. PmST1@MNP1 contained a greater amount of

The amount of protein per mg of enzyme@MNP

protein on the surface of the nanoparticle than PmST1@
MNP2 or PmST1@MNP3. This may have resulted from the
greater density of cysteine on the surface of MNP, leading to a
greater concentration of effective cysteine moieties available to
react with protein. The greater amount of protein on PmST1@
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MNP3 than on PmST1@MNP2 may have resulted from steric
effects. Because the thioester enzyme reacts with cysteine,
which is located on the outermost surface, longer linkers result
in a decrease in steric hindrance during NCL and provide
greater coupling efficiency. We also prepared MNP4, a
derivative of MNP3, from a high amine density MNP and
subsequently immobilized PmST1 to give PmST1@MNP4,
which was found to contain a high concentration of protein on
its surface (57.7 pg/mg MNP), but the enzymatic activity was
lower than that of PmSTI@MNP3. Similarly, the lower
enzyme activity was also observed in the case of PmST1@
MNP1 which shows related higher density of immobilized
enzyme on the nanoparticle surface. Thus, the close packing of
the enzyme on the surface of MNPs likely prevented enzyme
flexibility, leading to a lower overall reaction yield.

Evaluation of PmST1@MNP Activity. To evaluate the
activity of immobilized PmST1, we used a RP-HPLC assay to
measure the decrease of a lactose-Cy3 substrate and the
formation of the GM3-Cy3 product. The PmST1-catalyzed
reaction was performed in Tris-HCl buffer (pH 8.5) containing
MgCl,, lactose-Cy3, and CMP-sialic acid. The reaction was
initiated by adding sialyltransferase, and the resulting mixture
was shaken at 37 °C for 3 min and stopped by adding SDS. The
resultant precipitate was filtered through a 0.22 mm membrane
and analyzed using RP-HPLC. The site-specifically immobilized
PmST1@MNP1 remained 80% active (compared to free
PmST1) (Figure 2b). The loss of approximately 20% activity by
the immobilized enzyme agrees with previous observations>>
(see Figure 2c). The decrease in activity may be caused by the
large size of the MNP, which decreases the enzyme dynamics in
solution resulting in a lower reaction rate. Surprisingly, the
activities of PmSTI@MNP2 and PmST1@MNP3 were
enhanced to 165% and 225%, respectively, as shown in Figure
2b. The higher enzymatic activities of PmST1@MNP2 and
PmST1@MNP3 may be caused by the increased length of the
linker distancing the immobilized PmST1 away from the solid
support, thereby increasing the enzyme dynamics and flexibility
on the surface.

To further confirm the enhancement of enzyme activity after
immobilization, CSS was overexpressed and immobilized on
MNPI1, MNP2, and MNP3 to yield CSS@MNP1, CSS@
MNP2, and CSS@MNP3, respectively. The initial rate of
CMP-sialic acid production and the decrease in the CTP
substrate were measured using RP-HPLC. Compared to free
CSS, the relative activities of CSS@MNP1, CSS@MNP2, and
CSS@MNP3 were 80%, 81%, and 86%, respectively, as shown
in Figure 2c. The activity of CSS@MNP1 measured here is
almost fitted with earlier published data.>> Although the activity
of the immobilized enzyme increased with linker length, the
activity of the immobilized enzyme did not exceed the activity
of the free enzyme. In general, the activity of immobilized
enzyme should not be greater than that of free enzyme, as the
protein dynamics decrease after conjugation with a bulky solid
support. However, for PmST1, the immobilized enzyme
exhibited a promising enhancement of activity. To further
understand the intrinsic properties of the differences in activity,
we studied the kinetics of the immobilized enzyme.

Kinetics of Immobilized PmST1. The kinetic behavior of
PmST1 was examined before and after immobilization. The
kinetic parameters of free PmST1, PmST1@MNP1, PmST1@
MNP2, and PmST1@MNP3 were measured using RP-HPLC
under saturating conditions of CMP-sialic acid and various
concentrations of lactose-Cy3 in Tris buffer (pH 8.5). The
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Table 1. Comparison of the Kinetic Parameters of PmST1 Immobilized on Different MNPs Using Lactose-Cy3 as the Acceptor”

enzyme@MNP complex Vax (mM/min) Ky (mM) ke (min~') kepe/Kyy (mM ™" min~") protein loading rate (ug/mg MNP)
PmST1 0.559 9.80 5.59 x 10* 5.70 X 10° -
PmST1@MNP1 0.128 3.85 1.28 x 10* 3.32 x 10° 38.36 + 4.95
PmST1@MNP2 0.125 1.29 1.25 x 10* 9.69 x 10° 18.94 + 0.25
PmST1@MNP3 0.136 0.95 1.36 x 10* 143 x 10* 2245 + 0.65

“Reactions were carried out under saturation concentration of CMP-sialic acid at 1 mM with varying concentrations of Lactose-Cy3.

results were obtained by fitting the curve to the Michaelis—
Menten equation (Table 1). The specific activity of free PmST1
was determined to have a turnover number (k_,) of 5.59 x 10*
min~!, a maximum reaction rate (V) of 0.559 mM/min, and
a Michaelis—Menten constant (Kp) of 9.8 mM. The site-
specifically immobilized PmST1@MNP1, PmST1@MNP2,
and PmST1@MNP3 exhibited low k. and V,_, values,
which were 1.28 X 10* min~!, 1.25 X 10* min™), and 1.36 X
10* min™'; and 0.128 mM/min, 0.125 mM/min, and 0.136
mM)/min, respectively. Values of Ky were improved and found
to be 3.85 mM, 129 mM, and 0.95 mM, respectively. The
immobilization of the enzyme on bulky MNPs decreased
enzyme flexibility, resulting in a decrease of catalytic activity.
Thus, the apparent V. and k., values of the immobilized
enzyme were lower than those of free enzyme. Notably, the k,,
of PmSTI@MNP remained constant while its Ky, values
exhibited significant differences. The Ky, value of an enzyme
reflects its affinity for a substrate. Thus, the decreased Ky of
PmST1@MNPs indicated that the immobilized enzyme
provided higher substrate affinity than free PmST1. The higher
substrate affinity of immobilized PmST1 is most likely due to
either partitioning effect,’ which result in the nonspecific
adsorption of lactose-Cy3 to the MNP surface, or a structural
change in the active site of the enzyme after immobilization.
PmST1@MNP3, which contains the longest linker, had the
highest activity of the three immobilized PmST1@MNPs. This
could be caused by the flexibility of the enzyme when linked
with a long linker, providing greater substrate accessibility.
However, the charged lactose fluorescent tag may have caused
nonspecific interaction. To investigate the effect of the
fluorescent tag, lactose-dansyl and lactose-FITC (fluorescein
isothiocyanate) were synthesized, and their reaction rates were
evaluated. The site-specifically immobilized PmST1@MNP3
retained 53.5% and 38.4% of the activity of free PmST1 when
using lactose-dansyl and lactose-FITC as substrates, respec-
tively (see SI Figure S3). The results indicated that lactose-
dansyl and lactose-FITC might not be favored to be adsorbed
to the surface of PmST1@MNP3 by nonspecific interaction.
Therefore, the enzyme did not react with substrates easily,
resulting in lower enzymatic activities. Additionally, the
reactivity of free PmST1 with both lactose-dansyl and lactose-
FITC was investigated. Neither substrate showed a substantial
improvement of reaction rate over that observed when using
lactose-Cy3 as the acceptor (see SI Figure S4), indicating that
the fluorescent tag indeed affected the reaction.®
Immobilization of NgST on MNPs. To further evaluate
enzyme immobilization, we tested membrane-bound a-2,3-
sialyltransferase (NgST) from Neisseria gonorrheae F62, which
was expressed and purified using previously described
methods.>> However, NgST is a membrane-bound protein,
and this typically results in low expression yield and poor
solubility.>**>%® The purified NgST a-thioester was incubated
separately with MNP1 and MNP3 in the presence of MESNa
to yield NgST@MNP1 and NgST@MNP3, respectively.
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NgST@MNP1 and NgST@MNP3 retained only 7.5% and
18.1% of the activity of purified free NgST, respectively.
Because NgST contains four cysteines, which may form two
disulfide bonds, the presence of a large amount of cysteine on
the MNP surface may cause the cleavage of such disulfide
bonds, resulting in denaturation of the immobilized enzyme.
For this reason, we adjusted the amount of cysteine on the
surface of the MNPs by dilution with glycine moieties during
the acid-amine coupling step (SI Table S1). However, reducing
the cysteine density on the MNPs did not improve the enzyme
activity. Therefore, we needed a different strategy for the site-
specific immobilization of NgST. It has previously been
demonstrated that the cycloaddition of 1,3-dipolar alkyne/
azide using click chemistry is a very efficient chemical
conjugation technique for the site-specific immobilization of
proteins onto solid surfaces from their C-terminals while
retaining protein activity.**>* Therefore, we fused the C-
terminal of NgST with alkyne or azide using expression protein
ligation.>® Although the C-terminally modified NgST retained
its activity (>95%), the enzyme completely lost its activity
under click chemistry conditions due to the toxicity of Cu(I) to
the enzyme64 (Table 2 and SI Table S1). These results indicate

Table 2. Relative Activity of Immobilized NgSTs Obtained
Using Different Site-Specific Immobilization Strategies

ligation relative activity

entry ST MNPs condition (%)
1 azido ST alkynated rt, 12 h @
MNP

2 alkynated ST  azido MNP t, 12 h @

3 NgST- MNP1 rt, 12 h 7.5
MESNa

4 NgST- MNP3 rt, 12 h 18.1
MESNa

S NgST-biotin ~ SAv@MNP 4°C, 1h 34

“No product formation. The relative activity was measured by RP-
HPLC.

that the small-molecule-modified MNPs might not provide a
suitable surface for the site-specific immobilization of
membrane-bound enzymes.

Previously, Wakarchuk and co-workers expressed CSS-fused
NgST and demonstrated improved solubility of NgST while
retaining activity.”> These findings provide an attractive
approach to the retention of immobilized enzyme activity by
introducing a “protein surface” onto MNPs. Taking advantage
of the specific recognition between streptavidin (SAv) and
biotin (Kp = 107" M, almost as strong as a covalent bond),
the biotin-tagged protein can be immobilized on a streptavidin-
functionalized solid support. Thus, we fabricated SAv
immobilized MNP (SAv@MNP) using random amide bond
formation between the protein amines and OSu@MNP. As
shown in Scheme 3, intein-fused NgST was purified using a
chitin bead column and then treated with MESNa in the
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presence of biotinylated cysteine (Cys-biotin). NgST-biotin
was then obtained using NCL, which was performed under very
mild reaction conditions (pH 8.0, 4 °C) to protect the enzyme
from denaturation and degradation. Notably, the concentration
of Cys-biotin was controlled at 1 mM to prevent any decrease
in enzyme activity. Interestingly, NgST-biotin retained >95%
enzymatic activity after modification. The desired NgST-biotin
was analyzed using SDS-PAGE and Western blot analysis, and
biotin-specific stain was used to verify the success of ligation
(see SI Figure SS). After removal of the unreacted Cys-biotin
using dialysis, we incubated the NgST-biotin with SAV@ MNP
under mild conditions (Tris buffer, pH 8.0, 4 °C, 1 h) to yield
the site-specific and noncovalently bound immobilized NgST-
SAV@MNP complex. The biotin—streptavidin immobilization
method provided approximately a 2-fold increase in enzyme
activity on the MNP compared to the direct NCL
immobilization method and retained 34% of the NgST-biotin
activity (Table 2, entry S). The decreased effect of the “protein”
linker on the activity of the immobilized enzyme compared to
that observed using small molecules may arise from two factors:
(1) the surface properties of SAV@MNP and (2) the lower
reaction temperature and shorter reaction time of the
immobilization procedure. Although the immobilized enzyme
does not retain high activity, this study demonstrates that
several approaches should be considered when immobilizing
soluble and membrane-bound enzymes.

Reusability and Productivity of enzyme@MNPs. 1t is
important that immobilized enzymes be operationally stable
without significant loss of their activity for an immobilized
enzyme to be economically advantageous in a synthetic process.
Therefore, we evaluated the potential for reuse of the
immobilized enzymes in the synthesis of the GM3 derivative.
By combining PmST1@MNP3 with CSS@MNP3, we
developed a one-pot—two-enzyme@MNP system for the
synthesis of GM3 (Figure 3a). Initially, the reusability of
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Figure 3. One-pot—two-enzyme@MNP system for reuse and
synthesis of GM3-NH,. (a) PmST1I@MNP3 and CSS@MNP3 were
used in a one-pot—two-enzyme@MNP system to synthesize GM3
derivatives. (b) The reusability of the one-pot—two-enzyme@MNP
system. The relative activity was analyzed by RP-HPLC using lactose-
Cy3 as the acceptor for UV—vis detection. (c) 100 mg scale synthesis
of GM3-NH, was performed using a one-pot—two-enzyme@MNP
system, and the crude product was further purified using size-exclusion
column chromatography.
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PmST1@MNP3 and CSS@MNP3 was determined by
assessing the enzyme activities of the recovered enzyme@
MNPs from repeated reactions. After vigorously mixing with
substrates for 3 min to allow the reaction to proceed, the
enzyme@MNPs were separated from the solution using a
magnet. The remaining solution was analyzed by HPLC to
determine how much GM3-Cy3 was formed. The enzyme@
MNPs were recovered and washed with Tris buffer, and directly
reused for the next, identical assay. As shown in Figure 3b, the
total efficiency of the one-pot—two-enzyme@MNP system
remained at 50% of its initial activity after 10 cycles. These
results demonstrate the feasibility of recycling these immobi-
lized enzymes.

To further demonstrate the practical application of PmST1@
MNP3 and CSS@MNP3 in carbohydrate synthesis, we used
the one-pot—two-enzyme@MNP system to synthesize a GM3
derivative on 100 mg scale. PmST1@MNP3 and CSS@MNP3
were incubated with CTP, sialic acid, and lactose-NH,, and the
reaction mixture was vigorously stirred for 4 h at 37 °C.
Subsequently, the enzyme@MNPs were easily separated using
a magnet, and the solution was added to an equal volume of
EtOH. Insoluble precipitates were removed by centrifugation,
after which the supernatant was concentrated and applied to a
P-2 gel filtration column to obtain 202 mg (61% yield) of the
GM3 derivative of purity >98% after one trial (Figure 3c).
These results demonstrate the advantage of using immobilized
enzymes to simplify the purification of desired products.

Bl CONCLUSIONS

PmST1 was site-specifically immobilized on ethylene glycol
functionalized MNPs using NCL. The resulting enzyme
demonstrated greater activity than the free enzyme. The
increase of enzyme activity may be due to an intriguing
nonspecific interaction between the fluorescent tag of the
substrate and the surface of the MNP, which is supported by
the observation that the charged fluorescent tag on the
substrate affected the activities of the free enzyme and
enzyme@MNPs. Therefore, the use of fluorescent tag-
conjugated substrates in enzyme kinetic analysis should be
considered cautiously. In addition, the length of the hydrophilic
ethylene glycol linker affected enzyme activity: the longer the
linker, the greater the activity of the immobilized enzyme and
the higher the loading efficiency of the protein on the solid
support. However, the close packing of the enzymes on the
surface of the MNPs likely prevented their flexibility, leading to
a lower overall reaction yield.

The hydrophilic surface of the MNP can be an attractive
choice for the immobilization of water-soluble enzymes.
However, to immobilize the membrane-bound a-2,3-sialyl-
transferase NgST, a protein surface was required on the MNP
to retain the stability of the immobilized enzyme. By taking
advantage of the specific recognition and tight binding between
streptavidin and biotin, we were able to immobilize the C-
terminal biotinylated NgST on the SAV@MNPs to prevent the
enzyme deactivation caused by aggregation. Due to their small
(nanoscale) size, the MNPs maximized the surface area
available for enzyme attachment. In addition, the MNPs were
easily recovered from aqueous suspensions by applying a
magnetic field. By combining PmST1@MNP3 and CSS@
MNP3, we developed a one-pot—two-enzyme@MNP system
to prepare a 100-mg-scale reaction of a desired carbohydrate
while retaining 50% activity after ten consecutive uses. These
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features of the enzyme@MNPs make them useful in organic
synthesis.
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ABSTRACT: Ruthenium(II) complexes have rich photophysical attributes, which enable novel design of responsive
luminescence probes to selectively quantify biochemical analytes. In this work, we developed a systematic series of Ru(II)-
bipyrindine complex derivatives, [Ru(bpy),,(DNP-bpy),](PF), (n = 1, 2, 3; bpy, 2,2-bipyridine; DNP-bpy, 4-(4-(2,4-
dinitrophenoxy)phenyl)-2,2-bipyridine), as luminescent probes for highly selective and sensitive detection of thiophenol in
aqueous solutions. The specific reaction between the probes and thiophenol triggers the cleavage of the electron acceptor group,
2,4-dinitrophenyl, eliminating the photoinduced electron transfer (PET) process, so that the luminescence of on-state complexes,
[Ru(bpy)s.,(HP-bpy),]** (n = 1, 2, 3; HP-bpy, 4-(4-hydroxyphenyl)-2,2"bipyridine), is turned on. We found that the complex
[Ru(bpy) (DNP-bpy),]** remarkably enhanced the on-to-off contrast ratio compared to the other two (37.8 compared to 21 and
18.7). This reveals a new strategy to obtain the best Ru(II) complex luminescence probe via the most asymmetric structure.
Moreover, we demonstrated the practical utility of the complex as a cell-membrane permeable probe for quantitative
luminescence imaging of the dynamic intracellular process of thiophenol in living cells. The results suggest that the new probe
could be a very useful tool for luminescence imaging analysis of the toxic thiophenol in intact cells.

H INTRODUCTION These mechanisms have been demonstrated to render the

In the last two decades, fluorescent probes/sensors have fluorescence probes responsive to a variety of specific analytes,

revolutionized the fields of biochemistry, molecular biology, such 1?715_ : 9meta1 i0n25672_111 anions, ™' riiczthe small mole-

and clinical diagnostics. This analytical technology offers clear cules, proteins,”"" and nucleic acids.”*** The complexity

advances in simplicity, sensitivity, specificity, and robustness, in biological systems has been directing the current research to

enabling both in vivo and in vitro bioassays.1 Recent efforts have focus on the specificity of a responsive fluorescence probe to an

been motivated to develop responsive fluorescence probes/ analyte carrying rich biological signals. Another emphasis is on

sensors, whose overall fluorescence or relativity is a defined strategies to enhance the on/off contrast ratio and enlarge the

function of a specific-targeted biochemical variable. These dynamic range, to improve the detection limit.

“smart” probes/sensors enable intracellular dynamic imaging, Although there are a variety of fluorophores, such as organic

so that both the presence and dynamic interactions of dyes, fluorescent proteins, and emissive metal complexes,

biologically important species can be visualized under a succeeding as the cores in various fluorescence probes, the

fluorescence microscope.2_6 recent attentions have been brought to the emissive transition
In general, a responsive fluorescence probe consists of a metal complexes, especially those of Ru(II), Re(I), and Ir(III),

fluorescent core and a switch moiety to be triggered by an thanks to their desirable features including large Stokes shifts;

analyte. There are several efficient transfer processes regulating

the fluorescence switch, such as photoinduced electron transfer Received: September 13, 2011

(PET), internal charge transfer (ICT), electronic energy Revised:  February 28, 2012

transfer (EET), and monomer—excimer formation (MEF). Published: March 21, 2012
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high photo-, thermal, and chemical stabilities; and low
cytotoxicities.**>* The Ru(II) complexes, for example, own
rich photophysical and coordination chemistry attributes.
Different from other fluorophores, the luminescent Ru(II)
complexes typically entail three diimine ligands, mainly
including bipyridine, phenanthroline, and bathophenanthroline
derivatives. Since each diimine ligand can be modified to bind
to a luminescence-switch group (generally an electron donor or
acceptor group), a Ru(II) complex may incorporate with one,
two, or three switch groups. This flexibility may be used to tune
its recognition and luminescence responsive ability to a specific
analyte. Though the influence of the substitution position of a
switch group on the photophzrsical properties of Ru(Il)
complexes has been investigated,” " the effect of the switch
group number on the luminescence properties remains unclear.

Thiophenols are a class of thiols with high toxicity and are
widely used for pharmaceuticals, pesticides, and polymer
materials.>> Exposure of either liquid or vapor of thiophenols
to human beings can damage the central nervous system,
showing symptoms such as wheezing, laryngitis, headache,
nausea, vomiting, and even death.®® In this work, we designed
and synthesized a systematic series of Ru(II)-bipyridine
complex derivatives, [Ru(bpy);.,(DNP-bpy),]** (n = 1, 2, 3;
bpy, 2,2-bipyridine; DNP-bpy, 4-(4-(2,4-dinitrophenoxy)-
phenyl)-2,2"-bipyridine), as luminescent probes for recognition
and detection of thiophenol. The electron acceptor group, 2,4
dinitrophenyl (DNP), is the switch moiety capable of
withholding the luminescence of the Ru(Il) complexes in the
dark state via a PET process. The reaction between the
complexes and thiophenol triggers the cleavage of the DNP
group to eliminate the PET process, so that the luminescence
of the Ru(II) complexes is turned on (Scheme 1). Through a

Scheme 1. Luminescence Response Reaction of
[Ru(bpy),..,(DNP-bpy),]** (n = 1, 2, 3) towards Thiophenol

O,N
0 NO, OH
N N n N N n
@ thiophenol @
N N N N
3-n 3-n

[Ru(bpy)s.n(DNP-bpy),** §
non-luminescent

[Ru(bpy)s.o(HP-bpy)n]
highly luminescent

detailed characterization on the luminescence properties, an
effective strategy to optimize the number of the electron
acceptor groups was established for the rational design of the
Ru(Il) complex-based luminescence probes. The newly
synthesized probes showed highly selective and sensitive
luminescence response to thiophenol in aqueous solutions,
and could be easily transferred into living cells using the
ordinary coincubation method for imaging the intracellular
thiophenol molecules. Our present work not only realized the
Ru(II) complex-based luminescence probes quantifying the
thiophenol in aqueous solutions, but also revealed the effect of
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the number of the electron acceptor moiety on the
luminescence properties of the Ru(Il) complexes.

B RESULTS AND DISCUSSION

Design, Synthesis, and Characterization of the Probe.
Recently, we demonstrated that the PET mechanism is a useful
tool for developing Ru(Il) complex-based luminescence
probes.** ™ In this work, to investigate the effect of the
number of the electron acceptor moiety on the luminescence
properties of Ru(Il)-bipyridine complex derivatives, three
Ru(Il) complexes containing the increased number of 24-
dinitrophenoxyphenyl-substituted bipyridine ligand, [Ru-
(bpy)s,(DNP-bpy),J** (n = 1, 2, 3), were designed and
synthesized as luminescence probes for recognition and
detection of thiophenol. Due to the presence of intramolecular
PET process from the excited Ru(Il) complexes to the
acceptor, 2,4-dinitrophenyl (DNP), the complexes themselves
are almost non-luminescent. After reacting with thiophenol,
following the cleavage of the DNP group in the complexes,
highly luminescent Ru(II) complexes, [Ru(bpy),.,(HP-bpy),]**
(n = 1, 2, 3; HP-bpy, 4-(4-hydroxyphenyl)-2,2"-bipyridine), are
generated. Thus, the metal-to-ligand charge transfer (MLCT)-
based luminescence from the Ru(II)-bipyridine complexes is
turned on.

The complexes [Ru(bpy),.,(HP-bpy),](PFs), and [Ru-
(bpy);.,(DNP-bpy), ] (PFy), (n = 1, 2, 3) were synthesized
according to the procedures shown in Scheme 2. The key
intermediate Ru(Il) complexes 1, 3, and 4 were synthesized by
reacting RuCl; with different bipyridine derivatives. After
treating with BBr; in anhydrous CH,Cl,, the methyl ether
bonds were cleaved, and [Ru(bpy),.,(HP-bpy),](PFq), (n = 1,
2, 3) were obtained with high yields. Then, the probe
complexes, [Ru(bpy),.,(DNP-bpy),](PFs), (n = 1, 2, 3),
were synthesized by reacting [Ru(bpy),.,(HP-bpy),](PFs), (n
= 1, 2, 3) with 2,4-dinitrofluorobenzene in anhydrous CH,CN
in the presence of NaH. All the complexes were well-
characterized by the NMR, ESI-MS, and elementary analyses.
Both [Ru(bpy)s.,(HP-bpy),](PFs), and [Ru(bpy);.,(DNP-
bpy),J(PF), (n = 1, 2, 3) are stable in solid state and in
aqueous buffers.

Figure 1 shows the UV—vis absorption spectra of [Ru-
(bpy)s..(HP-bpy),]*" and [Ru(bpy);.,(DNP-bpy),]** (n = 1,2,
3) in 20 mM HEPES buffer at pH 7.0. All the complexes
exhibited two strong absorption bands at ~290 nm and ~460
nm, assigned to the spin-allowed ligand localized z—n*
transition and metal-to-ligand charge transfer (MLCT)
transition, respectively. The two transitions of [Ru-
(bpy)s..(DNP-bpy),]** (n = 1, 2, 3) displayed a gradual
bathochromic shift with increasing number of the DNP-bpy
ligand. However, there were no obvious differences in MLCT
and 7—7* transitions between [Ru(bpy),.,(DNP-bpy),]** and
their corresponding reaction products with thiophenol, [Ru-
(bpy);.,(HP-bpy),]**, which suggests that the luminescence of
[Ru(bpy),.,(DNP-bpy),]** should be surely quenched via the
PET mechanism, as expected.

The luminescence properties of both [Ru(bpy).,(DNP-
bpy),]** and [Ru(bpy);.,(HP-bpy),]** (n = 1,2, 3) are listed in
Table 1.7 All the complexes exhibited the characteristic
MLCT-based luminescence as typically observed in the spectra
of Ru(Il)-diimine complexes. Three luminescent Ru(II)
complexes [Ru(bpy);,(HP-bpy),]>* (n = 1, 2, 3) showed the
luminescence quantum yields at the same level with long
luminescence lifetimes, and their emission bands displayed a

dx.doi.org/10.1021/bc200506w | Bioconjugate Chem. 2012, 23, 725—-733
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Scheme 2. Synthesis Procedures of the New Ru(II) Complexes
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Figure 1. UV—vis absorption spectra of [Ru(bpy),(HP-bpy)]**
(black), [Ru(bpy),(DNP-bpy)]** (red), [Ru(bpy)(HP-bpy),]**
(green), [Ru(bpy)(DNP-bpy),]** (blue), [Ru(HP-bpy);]** (cyan),
and [Ru(DNP-bpy);]** (purple) in 20 mM HEPES buffer at pH 7.0
(the complex concentration, 30 zM).

gradual red-shift with increasing number of the HP-bpy ligand.
Incorporated with the 2,4-dinitrophenyl moiety, the lumines-
cence of the Ru(II) complexes [Ru(bpy)s.,(DNP-bpy),]** (n =
1, 2, 3) was effectively quenched with very low luminescence
quantum yields and short luminescence lifetimes. Interestingly,
the dual-substitution complex, [Ru(bpy)(DNP-bpy),]*, dis-
played the largest red-shift of emission band and was the
darkest with the lowest quantum yield among the three
complexes of [Ru(bpy).,(DNP-bpy),]**. The reason might be
attributed to the quenching efficiency induced by the alteration
of the symmetry. The structure of [Ru(bpy),]*" is highly
symmetric with three identical ligands. After a Ru(II) center
was coordinated by bipyridine derivatives having different
numbers of substitution groups, the symmetry, as an important
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“All data were obtained in 20 mM HEPES buffer of pH 7.0 at room
temperature. “Luminescence quantum yield was measured by using
[Ru(bpy);]Cl, (¢ = 2.8%)*" as a standard.

factor to influence the luminescence properties, could be
changed.* A higher unsymmetric structure of Ru(II) complex
should make the luminescence quenching by PET more
effective, which further decreases the luminescence quantum
yield in the dark state. The on-to-off contrast ratios of the
synthesized Ru(II) complexes were calculated as 21, 37.8, and
18.7 with increased numbers of DNP groups from 1 to 3.
Therefore, the off-state complex [Ru(bpy)(DNP-bpy),]** is
the darkest complex, which enables it to be the most responsive
luminescence probe among the three DNP-containing Ru(II)
complexes for the detection of thiophenol. Our results prove
that the sophisticated combination of PET mechanism and the
unsymmetry of Ru(II) complexes is a noteworthy approach for
designing the Ru(II) complex-based luminescence probes.
Reaction of the Probe with Thiophenol. Recently, a
variety of fluorescence probes for sensing thiols have been
developed and demonstrated in some applications.”® *!
However, only a few of probes can be used to selectively

dx.doi.org/10.1021/bc200506w | Bioconjugate Chem. 2012, 23, 725—-733
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discriminate thiophenol from aliphatic thiols.*****' Jiang and

co-workers reported two PET and ICT based fluorescence
probes for discriminating thiophenol,>®*® but did not
demonstrate their utilities for sensing thiophenol in environ-
mental or living systems. Lin and co-workers developed a
coumarin dye-based probe for thiophenol, but the probe could
only be used in a mixture of water—DMF (11/9, v/v).*' Thus,
we expect that our new Ru(Il) complex-based luminescence
probes can be used for the selective and sensitive detection of
thiophenol in aqueous media.

At first, the effect of pH on the reaction between
[Ru(bpy) (DNP-bpy),]** (10 #M) and thiophenol (50 xM)
was examined in 50 mM phosphate buffers with different pHs.
As shown in Figure 2, the luminescence intensity of
[Ru(bpy) (HP-bpy),]** was strong at acidic pHs, and decreased
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Figure 2. Effect of pH on the luminescence intensities of
[Ru(bpy) (DNP-bpy),]** (10 uM, e), [Ru(bpy)(HP-bpy),]*" (10
uM, O), and the product (M) of [Ru(bpy)(DNP-bpy),]** (10 uM)
reacted with thiophenol (50 #M) in 50 mM phosphate buffers with
different pHs.

gradually with pH increase. This is due to the phenol/
phenolate interconversion on the ligand of the complex. In
contrast, [Ru(bpy) (DNP-bpy),]** remained dark and stable in
a pH range of 4.5—12.0. In the presence of thiophenol, the
thiolysis of the dinitrophenyl ether in [Ru(bpy)(DNP-bpy),]**
proceeded through nucleophilic substitution by the nucleo-
philic thiolate yielded [Ru(bpy) (HP-bpy),]**. Due to the effect
of pK, (~6.5) of thiophenol on the thiolysis reaction and the
effect of pH on the luminescence intensity of [Ru(bpy)(HP-
bpy),]**, the luminescence intensity of the product of
[Ru(bpy) (DNP-bpy),]** reacted with thiophenol increased,
reached a peak at the pH value of ~6.2, and then decreased
along with the trend of [Ru(bpy)(HP-bpy),]*" at increased
pHs. The pH effects on the reactions between [Ru-
(bpy),(DNP-bpy)]**/[Ru(DNP-bpy),;]** and thiophenol
were also measured, respectively (SI Figure S1 and S2). Our
results show that all these new Ru(Il) complexes are useful
luminescence probes for detecting thiophenol under the
physiological pH condition.

Figure 3 shows the temporal dynamics of the luminescence
responses of [Ru(bpy);.,(DNP-bpy),]** (n = 1, 2, 3, 10 uM) to
the addition of thiophenol (40 uM) in 20 mM HEPES buffer at
pH 7.0. Upon the addition of thiophenol, a rapid increase in
luminescence intensity was observed in a few minutes. After
~30 min reaction, the luminescence intensity reached a plateau
and remained stable afterward. Moreover, the Job’s plotting
analyses of the reactions between [Ru(bpy),.,(DNP-bpy),]**
(n=1,2,3) and thiophenol were conducted in 20 mM HEPES

728

200

150

Luminescence intensity/arb. unit

100
50
0 T T T T T T
0 10 20 30 40 50 60
Time/min

Figure 3. Temporal dynamics of the luminescence responses of
[Ru(bpy)s..,(DNP-bpy),]** (n = 1, 2, 3, 10 uM) to the addition of
thiophenol (40 yM) in 20 mM HEPES buffer of pH 7.0.
[Ru(bpy),(DNP-bpy)]** (O), [Ru(bpy)(DNP-bpy),]** (e), [Ru-
(DNP-bpy),]** ().

buffer at pH 7.0, respectively (SI Figures S3, S4, SS). The
maximum luminescence intensities were achieved at ~0.5,
~0.67, and ~0.76 molecular fractions for the reactions between
[Ru(bpy),(DNP-bpy)]**/[Ru(bpy) (DNP-bpy),]**/[Ru(DNP-
bpy);]** and thiophenol, respectively. These results indicate
that the reactions between [Ru(bpy);,(DNP-bpy),]** and
thiophenol have the stoichiometries of 1:1, 1:2, and 1:3 for the
three complexes (n = 1—3), which demonstrates that all the
DNP groups, the luminescence quenchers, in the Ru(II)
complexes can be removed by reacting with thiophenol.

To investigate the performance of [Ru(bpy)s.,(DNP-
bpy),]*" as luminescent probes for the quantitative detection
of thiophenol, the excitation and emission spectra of [Ru-
(bpy);..(DNP-bpy),]** (n =1, 2, 3, 10 uM) in the presence of
different concentrations of thiophenol in 20 mM HEPES buffer
at pH 7.0 were measured at room temperature (Figure 4, SI
Figures S6 and S7). As expected, [Ru(bpy)(DNP-bpy),]*"

250+

Luminescence intensity/arb. unit
[ thiophenol] increased

700

600
Wavelength/nm

Figure 4. Excitation and emission spectra of [Ru(bpy) (DNP-bpy),]**
(10 uM) in the presence of different concentrations of thiophenol in
20 mM HEPES buffer at pH 7.0. The concentrations of thiophenol are
0, 5, 10, 12.5, 15, 17.5, 20, 25, 30, 35, 40, 45, 50, 75, and 100 xM,
respectively.

showed the lowest background luminescence signal among
the three DNP-containing complexes. Upon the addition of
thiophenol, the luminescence of the three complexes was
significantly enhanced. Interestingly, the enhancement in
luminescence intensity was quantitatively proportional to the
concentration of thiophenol from 1 to 12 uM for [Ru(bpy)-
(DNP-bpy),]**, from 12.5 to 30 uM for [Ru(bpy),(DNP-
bpy)]**, and from 20 to 35 uM for [Ru(DNP-bpy);]** (Figure
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S). A sequential linearity relationship was obtained by using
[Ru(bpy);.,(DNP-bpy),]*" (n = 1, 2, 3) to detect thiophenol.
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Figure S. Dose-dependent luminescence responses of [Ru-
(bpy);.,(DNP-bpy),]** (10 uM; A, n=2; B, n = 1; C, n = 3) toward
thiophenol in 20 mM HEPES buffers at pH 7.0.

According to the reported method defined by TUPAC,* the
detection limit for thiophenol using [Ru(bpy)(DNP-bpy),]*"
as a probe was calculated to be 32.9 nM. These results indicate
that our new Ru(II) complex-based luminescence probes are
remarkably sensitive with a large dynamic range and low
detection limit for the quantitative detection of thiophenol in
aqueous solutions.

The luminescence response specificity of [Ru(bpy)(DNP-
bpy),]** toward thiophenol was evaluated in 20 mM HEPES
buffer at pH 7.0. As shown in Figure 6, [Ru(bpy)(DNP-
bpy),]** (10 uM) did not give any luminescence responses to
the additions of 100 uM of various relevant aliphatic thiols,
amino acids, and other common nucleophiles including valine
(Val), Iysine (Lys), aspartic acid (Asp), histidine (His), arginine

200

150

100+

Luminescence intensity/arb. unit

oabcde fghi jklmnopqrstuvwx

Figure 6. Luminescence intensities (616 nm) of the products of
[Ru(bpy)(DNP-bpy),]** (10 uM) reacted with various species (100
uM) and thiophenol (40 M) in 20 mM HEPES buffer at pH 7.0
(black bars). The red bars show the luminescence intensities (616 nm)
of the products of [Ru(bpy)(DNP-bpy),]** (10 uM) reacted with
thiophenol (40 uM) in the presence of various possible interfering
species (100 #uM) in 20 mM HEPES buffer at pH 7.0: (a) blank, (b)
Val, (c) Lys, (d) Asp, (e) His, (f) Arg, (g) Met, (h) Leu, (i) GSH, (j)
Cys, (k) Hcy, (1) Ser, (m) Tyr, (n) Na,S, (o) KI, (p) PhOH, (q) V¢,
(r) aniline, (s) NH,CH,CH,SH, (t) the mixture of all possibly
interfering species (10 uM for each), (u) thiophenol, (v) 4-bromo-
thiophenol, (w) 4-amino-thiophenol, (x) 2-amino-thiophenol.
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(Arg), methionine (Met), leucine (Leu), glutathione (GSH),
cysteine (Cys), homocysteine (Hcy), serine (Ser), tyrosine
(Tyr), sodium sulfide (Na,S), potassium iodide (KI), phenol
(PhOH), ascorbic acid (Vc), aniline, and cysteamine
(NH,CH,CH,SH), whereas the luminescence intensity was
significantly enhanced in the presence of thiophenol or its
derivatives such as 4-bromo-thiophenol, 4-amino-thiophenol,
and 2-amino-thiophenol. These competition experiment results
indicate that all the possible interfering species have no
considerable influence on the luminescence detection of
thiophenol, which reveals the fact that [Ru(bpy)(DNP-
bpy),]*" can be used as a luminescence probe for the highly
selective detection of thiophenol even in the presence of other
interference species. Similar to [Ru(bpy)(DNP-bpy),]*, the
other two complexes, [Ru(bpy),(DNP-bpy)]** and [Ru(DNP-
bpy);]**, also showed high luminescence response specificity
toward thiophenol (SI Figure S8).

Luminescence Imaging of Thiophenol in Living Cells.
In living cells, thiophenol is readily autoxidized at neutral pH to
form its corresponding disulfide with the generations of
superoxide radical (O,”") and hydrogen peroxide (H,0,) in
the process.>> These products can further generate other
reactive oxygen/nitrogen species (ROS/RNS), such as singlet
oxygen ('0,), hydroxyl radical (-OH), hypochlorite (CIO™),
and peroxynitrite (ONOOT), to cause a high level of oxidative
stress in living cells.**** Moreover, the autoxidation reaction is
strongly catalyzed in the presence of metal catalysts including
copper, iron, or cobalt-containing protein, such as hemeatin
and hemoglobin. The oxidation production, diphenyl disulfide,
may be reduced back to thiophenol by intracellular
glutathione.”® The toxicity caused directly or indirectly by
thiophenol will be amplified by these autoxidation/reduction
reactions.

To examine the practical utility of the new Ru(I) complex
luminescence probe for imaging thiophenol in living systems,
the [Ru(bpy) (DNP-bpy),]**-loaded HeLa cells were prepared
by coincubating the cells with the complex, and then the cells
were used for the luminescence imaging of thiophenol. As
shown in Figure 7A, no intracellular luminescence could be
observed after HeLa cells were coincubated with 50 uM
[Ru(bpy)(DNP-bpy),]** at 37 °C for 2 h. When the
[Ru(bpy) (DNP-bpy),]**-loaded cells were coincubated with
thiophenol (50 uM), the specific red luminescence from the
cells was gradually enhanced with the increase of the incubation
time (Figure 7B—H). These results indicate the increasing
formation of [Ru(bpy)(HP-bpy),]** in the cells, and
demonstrate that [Ru(bpy)(DNP-bpy),]** can be easily
transferred into the cultured HeLa cells by an ordinary
coincubation method to trap the intracellular thiophenol
molecules. By analyzing the recorded images, the exogenous
thiophenol could be taken up into the cells in less than 10 min
(Figure 7A—C). After 20 min incubation, the luminescence
distribution of thiophenol in the cells could be clearly observed
and the localization profiles remained unchanged for the
extended incubation time (Figure 7D—H). Figure 8 shows the
quantitative analysis result of the luminescence intensity
distribution in the 1 h thiophenol-treated cells. It was notable
that the strong luminescence mainly appeared in the nucleoli
and around the nuclear membrane of the cells, and only the
pale luminescence in the cytoplasm could be observed. The
luminescence intensity of the nucleolus was found to be ~1.5
times higher than that of the nuclear membrane and ~2.3 times
higher than that of the cytoplasm. These results clearly indicate
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Figure 7. Luminescence images of the [Ru(bpy) (DNP-bpy),]*

4

*-loaded HeLa cells in the presence of thiophenol at different incubation times (A, 0

min; B, 5§ min; C, 10 min; D, 20 min; E, 30 min; F, 40 min; G, 50 min; H, 60 min). Scale bar: 10 ym.

that the concentrations of probe molecules in nucleolus and
perinuclear regions are significantly higher than that in
cytoplasm, which is similar to the subcellular localization of
the reported Eu®*-azathiaxanthone complex. *> Moreover, like
some malignant cells, more than two nucleoli were also
observed in the examined HeLa cells.**

The possible leakage of the probe molecules after internal-
ization by the cells may be a concern to cell imaging for a new
luminescence probe. To evaluate the intracellular retention of
the probe, the [Ru(bpy)(DNP-bpy),]**-loaded cells were
assessed by a time-lapse experiment: the HeLa cells were
incubated with 50 uM of [Ru(bpy) (DNP-bpy),]** for 2 h at 37
°Cin a 5% CO,/95% air incubator, and washed five times with
the isotonic saline solution, and then treated with thiophenol
for another 1 h. After washing, the luminescence images of the
cells were recorded for a period of 60 at 10 min intervals. As
shown in SI Figure S9, there were no significant changes in the
luminescence intensity during the period of 60 min, suggesting
that the reaction product of [Ru(bpy)(DNP-bpy),]** and
thiophenol, [Ru(bpy)(HP-bpy),]**, has excellent intracellular
retention.

To examine the photostability of [Ru(bpy)(HP-bpy),]** in
the cells, the 1 h thiophenol-treated [Ru(bpy)(DNP-bpy),]**-
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loaded HeLa cells were illuminated for 15 min by successive
intense irradiation of 450—490 nm light from a 100 W Hg
lamp, and the luminescence images of the cells were acquired
during the photobleaching experiment at 3 min intervals. As
shown in SI Figure S10, the red signals from the cells could still
be observed clearly after 15 min irradiation. This result
indicates that the photobleaching of the Ru(II) complex in
the cells is rather slow, suggesting that the dynamic intracellular
process of thiophenol in living systems could be tracked long-
term by using [Ru(bpy)(DNP-bpy),]** as a luminescence
probe.

As a new luminescence probe for monitoring the behavior of
thiophenol in living cells, the cytotoxicity characteristic is
another important factor to evaluate the practical utility of the
probe. Therefore, the methyl thiazolyl tetrazolium (MTT)
assay of [Ru(bpy)(DNP-bpy),]** (0, 50, 100 uM) in HelLa
cells was performed. As shown in SI Figure S11, no obvious
effect on the cell proliferation was found after the cells were
incubated with S0 uM of [Ru(bpy)(DNP-bpy),]** for 4 h.
When the concentration of [Ru(bpy)(DNP-bpy),]** was
increased to 100 pM, the cell viability still remained above
97%. These results indicate that the toxicity of [Ru(bpy)(DNP-
bpy),]** is low to the cultured HeLa cells.
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Figure 8. Luminescence image (A) of the 1 h thiophenol-treated
[Ru(bpy)(DNP-bpy),]**-loaded HeLa cells, and the luminescence
intensity profile along the line in the image (B).

B CONCLUSIONS

In summary, we designed, synthesized, and characterized a
systematic series of Ru(II)-bipyridine complex derivatives that
can be used as luminescence probes for highly selective and
sensitive detection of thiophenol in aqueous solutions with a
large dynamic range and low detection limit. To further
enhance the on-to-off switching contrast ratio for a Ru(Il)
complex, we discovered a new strategy by considering both the
unsymmetry and the number of the electron acceptor groups in
a complex. Our results reveal the fact that the luminescence
quantum yields of the Ru(1I) complexes are influenced by the
alteration of the structure and symmetry of the unitary
complex. A thorough investigation of the luminescence
properties of [Ru(bpy),,,(DNP-bpy),]** (n = 1, 2, 3) for
sensing thiophenol indicates that the unsymmetric [Ru(bpy)-
(DNP-bpy),]** has the lowest quantum yield in dark state,
showing the highest on-to-off contrast ratio and best
luminescence response to thiophenol. The complex was used
as a luminescence probe for the quantitatively cellular imaging
of thiophenol. The results demonstrated the practical utility
and advantages of the probe for examining the distribution and
dynamic process of thiophenol in living cells. These achieve-
ments provide a new flexible strategy for the rational design of
Ru(Il) complex-based luminescence bioprobes.
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B EXPERIMENTAL SECTION

Materials and Physical Measurements. HeLa cells were
obtained from Dalian Medical University. The isotonic saline
solution consisting of 140 mM NaCl, 10 mM glucose, and 3.5
mM KCI was prepared in our laboratory. The concentrated
stock solution (10 mM) of thiophenol was prepared by
dissolving thiophenol in acetonitrile and diluted to suitable
concentrations with aqueous buffers before use. Unless
otherwise stated, all chemical materials were purchased from
commercial sources and used without further purification.

The NMR spectra were recorded on a Bruker Avance
spectrometer (400 MHz for 'H and 100 MHz for *C). ESI-MS
spectra were measured on a Q-TOF Micro MS spectrometer.
Absorption spectra were measured on a Perkin-Elmer Lambda
35 UV—vis spectrometer. Emission lifetimes were measured on
an ISS-Chronos multifrequency cross-correlation phase and
modulation lifetime spectrometer (ISS Inc., Champaign, IL).
Elemental analysis was carried out on a Vario-EL analyzer.
Luminescence spectra were measured on a Perkin-Elmer LS
S0B luminescence spectrometer with excitation and emission
slits of 10 nm. All bright-field imaging and luminescence
imaging measurements were carried out on a Nikon TE2000-E
luminescence microscope. The microscope, equipped with a
100 W mercury lamp, a Nikon B-2A filter (excitation filter,
450—490 nm; dichroic mirror, 505 nm; emission filter, >520
nm), and a color CCD camera system (RET-2000R-F-CLR-12-
C, Qimaging Ltd.), was used for the luminescence imaging
measurements with an exposure time of 2 s.

Syntheses of the Ru(ll) Complexes. The details of the
syntheses and characterizations of all the Ru(II) complexes are
shown in Supporting Information.

Luminescence Responses of [Ru(bpy);_,(DNP-bpy),]**
(n =1, 2, 3) toward Thiophenol. The luminescence titration
experiments were performed in 20 mM HEPES buffer at pH
7.0. Typically, the solutions of [Ru(bpy);.,(DNP-bpy),]** (n =
1, 2, 3, 10 uM) containing different concentrations of
thiophenol were stirred at 37 °C for 40 min, and then
subjected to the luminescence measurements at room temper-
ature. The time dependences of the luminescence responses of
[Ru(bpy);.,(DNP-bpy),]** (n = 1,2, 3, 10 uM) to the addition
of thiophenol (40 uM) were measured with the same buffer
and reaction temperature as above. For each reaction time
point (0, S, 10, 15, 20, 25, 30, 35, 40, 45, S0, SS, 60 min), the
luminescence intensities of the solutions were measured.

The luminescence response selectivity experiments of
[Ru(bpy);.,(DNP-bpy),]** (n = 1, 2, 3) toward different
species were also carried out in 20 mM HEPES bufter at pH
7.0. After [Ru(bpy);.,(DNP-bpy),]** (10 uM) was reacted with
different species (100 yM) for 40 min at 37 °C, respectively,
the solutions were subjected to the luminescence measure-
ments. The competition experiments were performed with the
solutions containing [Ru(bpy),,(DNP-bpy),]*" (10 uM),
thiophenol (40 yM), and various possibly interfering species
(100 uM). After stirring for 40 min at 37 °C, the solutions were
subjected to the luminescence measurements.

Luminescence Imaging of Thiophenol in Living Cells.
Hela cells were cultured in RPMI-1640 medium (Sigma-
Aldrich, Inc.), supplemented with 10% fetal bovine serum
(Corning Incorporated), 1% penicillin (Gibco), and 1%
streptomycin (Gibco) at 37 °C in a 5% CO,/95% air incubator.
The concentrated stock solution of [Ru(bpy)(DNP-bpy),]*"
(50 mM) was prepared by dissolving [Ru(bpy)(DNP-bpy),]-
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(PF¢), in dimethylsulfoxide (DMSO). Before cell loading, the
solution was 1000-fold diluted with the cell culture medium
(final concentration of the complex: 50 yM). The cultured
HeLa cells in a 25 cm” glass culture bottle were washed with the
culture medium, and then incubated with 5 mL of the above
Ru(Il) complex solution. After incubation for 2 h at 37 °C in a
5% CO,/95% air incubator, the cells were washed five times
with an isotonic saline solution consisting of 140 mM NaCl, 10
mM glucose, and 3.5 mM KCl, and then further incubated with
the isotonic saline solution containing 50 M of thiophenol.
The luminescence images of the cells were recorded at different
incubation times.

MTT Assay. Hela cells were cultured in RPMI-1640
medium (Sigma-Aldrich, Inc.), supplemented with 10% fetal
bovine serum (Corning Incorporated), 1% penicillin (Gibco),
and 1% streptomycin (Gibco) at a density of 5 X 10° cells/mL
in a 25 cm? glass culture bottle. After [Ru(bpy)(DNP-bpy),]**
(final concentration: 0, 50, or 100 M) was added to the
medium, the cells were incubated at 37 °C in a 5% CO,/95%
air incubator for 4 h, and then the culture medium was
removed. The cells were further incubated for 4 h in the culture
medium containing 20 L of a PBS solution of 3-(4,5-dimethyl-
2-thiazoyl)-2,5-diphenyltetrazolium bromide (MTT, Sigma,
final concentration: 250 pg/mL). After the supernatants were
removed, the cells were dissolved in 1.5 mL DMSO. The
DMSO solution was 15-fold diluted, and then the absorbance at
540 nm was measured.
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Sensitive Detection of Proteins Using Assembled Cascade
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ABSTRACT: A novel cascade fluorescence signal amplifica-
tion strategy based on the rolling circle amplification (RCA)-
aided assembly of fluorescent DNA nanotags as fluorescent
labels and multiplex binding of the biotin—streptavidin system
was proposed for detection of protein target at ultralow
concentration. In the strategy, fluorescent DNA nanotags are
prepared relying on intercalating dye arrays assembled on
nanostructured DNA templates by intercalation between base
pairs. The RCA product containing tandem-repeat sequences
could serve as an excellent template for periodic assembly of
fluorescent DNA nanotags, which were presented per protein
recognition event to numerous fluorescent DNA nanotags for
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assay readout. Both the RCA and the multiplex binding system showed remarkable amplification efficiency, very little nonspecific
adsorption, and low background signal. Using human IgG as a model protein, the designed strategy was successfully
demonstrated for the ultrasensitive detection of protein target. The results revealed that the strategy exhibited a dynamic
response to human IgG over a three-decade concentration range from 1.0 pM to 1.0 M with a limit of detection as low as 0.9 fM.
By comparison with the assay of multiple labeling antibodies with the dye/DNA conjugate, the limit of detection was improved
by 4 orders. The designed signal amplification strategy would hold great promise as a powerful tool to be applied for the

ultrasensitive detection of target protein in immunoassay.

B INTRODUCTION

Sensitive protein detection is critically important in basic
discovery research and clinical practice, because a few
molecules of protein are sufficient to affect the biological
functions of cells and trigger pathophysiological processes."”
Great efforts have been made to develop some new protein
detection techniques to improve sensitivity.z_10 Among them,
fluorescence detection techniques combined with signal
amplification are one of the most popular techniques.'’ In
low-abundancy protein analysis, signal amplification is one of
the most critical issues and is typically achieved by multiple
fluorophore labeling, such as organic dyes. However, two major
difficulties, low fluorescence signal intensity and poor photo-
stability, limit the sensitivity when these fluorophores are used.
To achieve strong and photostable fluorescence signals, a series
of functionalized nanoparticle probes, such as quantum dots,
dye-doped nanoparticles, and nanoparticles whose surfaces
were modified with enzymes or nucleic acids, have been
developed to enhance recognition events of targets and
significantly lower the detection limit for protein analysis.>~'°
These nanoparticles were used as carriers by biofunctionaliza-
tion with antibodies or aptamers for recognization of targets.
However, there are some limitations involved in using
functionalized nanoparticles as signal probe, such as the
stability in different reaction systems, compatibility with
biomolecules, and dispersion in aqueous solutions, and reaction
kinetics.””"*™'* An extra functionalized process on the surface
of these particles adds a step to the assay and may decrease
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analytical accuracy.>'"® Furthermore, the variability of the
probes often affects reproducibility and quantification.'>'® The
synthesis of such functionalized fluorescent nanoparticle probes
also requires a complicated and tedious process and
considerable synthetic expertise, and it is time-consuming.'”'”

Herein, aiming at the need for detection of low-abundancy
proteins and the problems existing in the amplification
techniques by multiple fluorophores and nanoparticle probes,
this work proposed a novel cascade fluorescence signal
amplification strategy for ultrasensitive detection of protein,
based on the rolling circle amplification (RCA)-aided and
assembled cascade fluorescent DNA nanotags as signal label
and multiplex binding of the biotin—streptavidin system. As
seen in Scheme 1A, it integrated two advanced amplification
techniques, rolling circle amplification, the fluorescence signal
amplification of fluorescent DNA nanotags, and a general signal
amplification method, the multiplex binding of the biotin—
streptavidin system. RCA, an isothermal DNA amplification
procedure, can generate a linear concatenated DNA molecule
containing up to 1000 complementary copies of the circular
DNA in 1 h."®" The RCA product contains tandem-repeat
sequences.”” In the proposed method, the RCA product
containing tandem-repeat sequences serves as an excellent
template for periodic assembly of fluorescent DNA nanotags.

Received: October 8, 2011
Revised: ~ February 21, 2012
Published: March 4, 2012

dx.doi.org/10.1021/bc200537g | Bioconjugate Chem. 2012, 23, 734—739



Bioconjugate Chemistry

Scheme 1. Illustration of the Immunoassy Labeling Formats®
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The use of RCA provides a high ratio of assembled fluorescent
DNA nanotags to labeling protein. This is an advantage for
substantially improving the detection sensitivity. Moreover, the
method does not require complicated conjugation chemistry
and considerable synthetic expertise, and it shows fast reaction
kinetics and simple manipulation in the process of assembling
cascade fluorescent DNA nanotags as labels.

“Fluorescent DNA nanotags” represent a bright, self-
assembling multichromophore array.”' In the array, a
fluorescent DNA probe is bound noncovalently to a double-
helical DNA nanostructure at high ratios by the specific binding
interaction with DNA. DNA nanostructures serve as a template
for organizing and concentrating multiple fluorescent dye
molecules into fluorescent arrays to amplify fluorescence. DNA
steric constraints impede multiple dyes from binding at the
same intercalation site and keep them far enough away from
each other to prevent self-quenching. Also, the free (unbound)
probe does not emit fluorescence; measurement can be
performed without a separation step.”'* “Fluorescent DNA
nanotags” resolve the self-quenching of electronically excited
dyes by ground-state dyes at high labeling densities and amplify
fluorescence.”' Furthermore, the signal amplification efficiency
of the fluorescent DNA nanotags can potentially be enhanced
substantially by using longer DNAs to carry more fluorescent
dyes. To the best of our knowledge, there is no previous report
on using the RCA-aided and assembled cascade fluorescent
DNA nanotags as signal labels to further amplify the
fluorescence signal. Here, the integration of a series of
amplification techniques further extends the application of
fluorescent DNA nanotags.

This work used human IgG as a model protein to verify the
practicability of the proposed strategy. As seen in Scheme 1A,
in our experiment, human IgG was first immobilized on an
epoxy-coated glass slide. Human IgG captured on the substrate
was then detected by its immunoreaction with biotinylated
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mouse antihuman antibody. The streptavidin bound to the
biotinylated immunocomplex could anchor three biotinylated
single-strand oligonucleotides to act as RCA primers for
binding of the circular template. In the presence of nucleotides
and phi29 DNA polymerase, the RCA was initiated to produce
micrometer-long single-strand DNA, which contained hundreds
of tandem-repeat sequences for linear periodic assembly of a
large number of DNA complementary detection probes. A
highly fluorescent DNA probe, SYBR Green I (SG), is bound
to the double-stranded oligonucleotide at high ratios by the
specific binding interaction to assemble cascade fluorescent
DNA nanotags for enhancement of recognition event.” Because
the free (unbound) probe does not emit fluorescence,
measurement can be performed without a wash step.
Fluorescence intensity increase of the cascade fluorescent
DNA nanotags further enhanced the sensitivity of the proposed
protocol for monitoring the recognition events of low-
abundancy protein.

B EXPERIMENTAL SECTION

Materials and Reagents. Human immunoglobulin G
(IgG), monoclonal antihuman IgG-Biotin conjugate (Clone
HP-6017), 3-glycidyloxypropyltrimethoxysilane, and bovine
serum albumin were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA). The oligonucleotides with the following
sequences were obtained from the Genscript Corporation
(Nanjing, China): biotinylated primer, S-biotin-AAA AAA
AAA AAA AAA CAC AGC TGA GGA TAG GAC AT-3}
circular template, 5“p-CTC AGC TGT GTA ACA ACA TGA
AGA TTG TAG GTC AGA ACT CAC CTG TTA GAA ACT
GTG AAG ATC GCT TAT TAT GTC CTA TC-3'; DNA
probe, 5“TCA GAA CTC ACC TGT TAG-3. Phi29 DNA
polymerase, T4 DNA ligase, and dNTP were obtained from
Fermentas (Lithuania). Streptavidin was obtained from Sigma-
Aldrich Co. (St. Louis, MO, USA). Other chemicals (analytical
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grade) were obtained from standard reagent suppliers.
Microscope cover glasses (22 X 22 mm?) were purchased
from Cole-Parmer (Illinois, USA).

The physiological buffer saline (PBS) consisted of 0.15 M
NaCl, 7.6 mM NaH,PO,, and 2.4 mM Na,HPO, (pH 7.4).
PBS-T buffer consisted of 0.15 M NaCl, 7.6 mM Na,HPO,, 2.4
mM NaH,PO,, and 0.05% Tween-20 (pH 7.4). TE buffer
consisted of 10 mM Tris HCl and 1.0 mM Na,EDTA (pH 8.0).
A phosphate buffer (pH 7.0) containing 1% BSA was used as a
buffer for blocking.

Apparatus. We used an inverted microscope (model IX81,
Olympus, Tokyo, Japan) equipped with a high-numerical-
aperture 60X objective lens (PlanApo, Olympus, Tokyo,
Japan), a mercury lamp (OSRAM, HBO, 103w/2, Germany),
a mirror unit consisting of a 470—490 nm excitation filter
(BP470—490), a 505 nm dichromatic mirror (DM 505), a
510—550 nm emission filter (IF510—550), and a 16 bit
thermoelectrically cooled EMCCD (Cascade 512B, Tucson,
AZ, USA). The EMCCD was used for collecting the fluorescent
images. Imaging acquisition and data analysis were performed
using the MetaMorph software (Universal Imaging, Downing-
town, PA, USA).

Circularization of DNA Template. 1.465 nmol of
biotinylated primer oligonucleotide and 1.465 nmol of circular
template oligonucleotide were mixed in 200 uL of ligation
buffer (50 mM, pH 7.5 Tris-HCl buffer, 10 mM MgCl,, 10 mM
dithiothreitol, and 0.5 mM ATP) and incubated at 37 °C for 30
min. Then, 2.5 units of T4 DNA ligase was added and
incubated at 37 °C for 2 h. After ligation, T4 DNA ligase was
inactivated by heating the reaction mixture at 65 °C for 10 min.
The resulting mixture could be used directly or stored at —20
°C.

Substrate Preparation and Antigen Coating. The
epoxy-functionalized glass surfaces were prepared according
to the modification described in the literature.” The freshly
prepared substrate surface was coated with 100 L human IgG
solutions of various concentrations (1.0, 0.5, 0.1, 0.05, 0.01,
0.001 pM). The substrate was immediately placed in a sealed
Petri dish at 37 °C for S h. After that, the substrate was washed
three times with PBS-T washing buffer to remove unbound
human IgG and impurities.

Blocking. We used a phosphate buffer containing 1% BSA
as a blocking buffer. To the substrate of antigen coating was
added 100 uL of blocking, and then, the substrate was
incubated for 3 h. After that, the substrate was washed three
times with PBS-T washing buffer.

Immunoreaction. Antihuman IgG-biotin solution was 40-
fold diluted with a phosphate buffer (pH 7.4) before being
used, and 100 uL of the diluted solution of various
concentrations (40, 20, 4.0, 2.0, 0.4, 0.04 pM) was then
added to the substrate. The biotinylated monoclonal antihuman
IgG (BT-Ab) molecule was bound to the human IgG through
the immunoreaction. After that, the substrate was deposited
hermetically for 2 h at 37 °C. Finally, nonspecifically absorbed
antibodies were washed by PBS-T washing buffer.

Rolling Circle Amplification and Assembly of Fluo-
rescent DNA Nanotags. After the immunoreaction, the wells
were incubated with 100 uL of 1.0 nM streptavidin solution
(SA) (015 M NaCl, 7.6 mM NaH,PO,, and 2.4 mM
Na,HPO,, pH 7.4, 0.2% BSA, 100 ug/mL salmon sperm
DNA) per well at 37 °C for 120 min. After washing three times
with 600 uL of PBS-T washing buffer, 100 uL of circularization
mixture containing 4.0 nM circular template DNA and 4.0 nM
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biotinylated primer DNA was added to each well and incubated
at 37 °C for 30 min. After the wells were washed three times
with 600 uL of PBS-T washing buffer, RCA reaction was
carried out at 37 °C for 80 min in 50 uL of reaction buffer (50
mM, pH 7.5 Tris HCI buffer, 10 mM magnesium acetate, 33
mM potassium acetate, 1 mM dithiothreitol, and 0.1% Tween
20) with 0.8 units of phi29 DNA polymerase and 50 uL of 10
mM dNTP. After the wells were carefully washed three times
with 600 uL of PBS-T washing buffer, 100 uL of 60 nM
complementary detection DNA probe was added to each well
and hybridized at 37 °C for 30 min. After the well were
carefully washed three times with 600 yL of washing buffer to
remove the nonhybridized DNA detection probe, 100 yL 0.2
UM of a highly fluorescent DNA probe, SYBR Green I, was
added to each well and incubated to assemble cascade
fluorescent DNA nanotags for 10 min at room temperature.9
Because the free (unbound) probe does not emit fluorescence,
measurement can be performed without a wash step.

Imaging System. An inverted epi-fluorescence imaging
system was used to acquire all fluorescence images for the array.
The system included a mercury light source, a mirror unit
consisting of a 470—490 nm excitation filter (BP470—490), a
505 nm dichromatic mirror (DM 505), a 510—550 nm
emission filter (IF510—550), microscope objectives (model
IX81, Olympus, Tokyo, Japan), and a 16 bit thermoelectrically
cooled EMCCD (Cascade 512B, Tucson, AZ, USA). The
fluorescence images were obtained by the excitation light within
the wavelength 470—490 nm of the mercury lamp. Thirty
images on the coverslip substrate were acquired one by one by
moving the coverslip. The images were analyzed with
MetaMorph software. Fluorescence quantitation was performed
by the MetaMorph software. Fluorescence intensity values were
acquired for background and signal images using a 90 ms image
exposure time and 60X magnification.

B RESULTS AND DISCUSSION

Characterization of RCA Reaction. To verify the
amplification of the RCA reaction, the agarose gel electro-
phoresis experiment was performed. The RCA products were
investigated by gel electrophoresis. It is observed that the RCA
products in lane 2 reaction show extremely low mobility in
Figure 1A. The anticipated high molecular weight of the RCA
product was confirmed in lane 2. Compared with lane 2, lane 1
displayed no bands in the negative control experiment. These
results give immediate evidence for the high molecular weight
of these products, indicating that the proposed method could
provide enormous signal amplification in immunoassay.”® In
addition, the amplification of the RCA reaction was also verified
using fluorescent imaging experiment. In the experiments,
although most of the ss-DNA molecules generated by RCA
were condensed into small, compact objects, we observed many
extended molecules, which were several micrometers long, lying
on the surface of the glass slide. The discernible strands of RCA
product were observed in Figure 1B with very low frequency by
the assembled fluorescent DNA nanotags.

Effects of SA Concentration and Time-Dependent
Signal Amplification of RCA. With a fixed design strategy,
the performance of the developed immunoassay based on
RCA-aided and assembled cascade fluorescent DNA nanotags
and multiplex binding of the biotin—streptavidin system is still
strongly influenced by the assay conditions such as SA
concentration and RCA reaction conditions. Figure 2 shows
the response of the concentration used for SA in the assembled
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Figure 1. (A) Agarose gel (0.7%) electrophoresis experiments. The
products of RCA reaction (1 h) (indicated by 1—2) were denatured at
95 °C for 5 min and quenched with ice-cooled water for 10 min. The
marker was indicated by M. The high-molecular-weight RCA products
are observed in lines 2. (B) Observation of fluorescent image of the
assembled cascade fluorescent DNA nanotags based on noncondensed
rolling circle DNA product, lying on the surface of a slide.
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Figure 2. Influence of SA concentration on the fluorescent intensity
signal responding to 1 pM of human IgG.

fluorescent DNA nanotag—RCA assay. In these cases, different
concentrations of SA were incubated with the biotinylated
mouse antihuman antibody in the assay. It is clear from Figure
2 that the response increases substantially when the
concentration of SA changes from 40 pM to 1.0 nM. No
significant increase in the sensor response occurred from 1.0 to
4.0 nm. As a result, the optimal concentration of SA for the
assay was selected as 1.0 nM in subsequent studies.

To generate more tandem repeat complementary copies of
the circular template, a long RCA reaction time is expected to
yield enhanced signal amplification. The effect of RCA reaction
time on the fluorescent signal was shown in Figure 3. It is clear
that the fluorescence intensity response was very slow when the
RCA reaction time is at the initial 10 min, indicating a relatively
slow rate of RCA reaction. The fluorescence intensity response
exhibits a rapid increase with a further increase in the RCA
reaction time after 10 min and trends to a constant value at 60
min, indicating saturation of the RCA product due to the
exhaustion of RCA substrates or inactivation of the phi 29
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Figure 3. Influence of RCA reaction time on the fluorescence intensity
signal responding to 1 pM of human IgG.

DNA polymerase. Thus, 80 min was selected as the optimum
time for the RCA reaction in the experiment.

Signal Amplification Performance of Fluorescent DNA
Nanotags Based on RCA Strategy. As seen in Scheme 1B,
to further test the signal amplification of the assembled cascade
fluorescent DNA nanotags based on RCA strategy, a signal
amplification method based on SG/DNA (DNA: 30 bp)
conjugate as labels was designed as a control (Scheme 1B).
Figure 4 shows that the responses of the assembled cascade
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Figure 4. Fluorescence intensity signals using the assembled cascade
fluorescent DNA nanotags based on RCA and using the SYBR Green
I/ds-DNA conjugate as signal amplification methods for detection of
human IgG. Conditions: 1.0 pM human IgG. ds-DNA: 30 bp.

fluorescent DNA nanotag based on the RCA method for
human IgG at the same concentrations were significantly higher
than those of the SG/DNA conjugate-label method. After
subtracting the response to blank solution, the fluorescence
intensity obtained with the assembled cascade fluorescent DNA
nanotags based on RCA as labeling method for 1.0 pM of
human IgG was about ~10 times those based on the SG/DNA
conjugate as labeling method, showing remarkable amplifica-
tion performance. More interestingly, these methods showed
nearly similar responses to the human IgG-free sample,
indicating that the RCA process did not visibly increase the
background response. Also, we found that a larger-scale
assembled fluorescent DNA nanotag based on an RCA product
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could be generated at lower analyte concentration due to the
excess substrates and decreasing steric inhibition. Thus, the
amplification efficiency increased with the decreasing protein
concentration, which greatly improved the sensitivity of the
designed strategy for detection of low-abundancy protein.
Analytical Performance of the Assembled Fluorescent
DNA Nanotags Based on Rolling Circle Amplification as
Labeling Strategy. In view of the outstanding ability of the
assembled cascade fluorescent DNA nanotags based on RCA
for signal amplification, the dynamic range of the designed
method for detection of human IgG analyte was examined. The
fluorescence intensity was proportional to the logarithm value
of human IgG concentration over a three-decade range from 1
fM to 1 pM with a linear correlation coefficient of 0.995 (Figure
5). The calculated limit of lower detection is 0.9 fM in a 3 &
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Figure S. Linear relationship between the fluorescence intensity and
the concentration of human IgG (n = 3). Each data point represents an
average of three measurements (each error bar indicates the standard
deviation).

rule. By comparison with the assay of multiple labeling
antibodies with the dye/DNA conjugate, the limit of detection
was improved by 4 orders.'* The ultrahigh sensitivity and the
broad dynamic range were attributed to the following causes:
(i) a high ratio of assembled fluorescent DNA nanotags to
labeling Ab; (ii) excellent signal amplification capability of RCA
and fluorescent DNA nanotags; and (iii) multiplex binding of
the biotin—streptavidin and very little nonspecific adsorption.

To estimate the reproducibility of the assembled cascade
fluorescent DNA nanotags based on RCA strategy, the intra-
assay imprecision of five different wells at one assay and
interassay imprecision at five different assays for detection of
1.0 pM human IgG were examined. The intra-assay fluorescent
signal intensity differed by 2.2%, and the coefficient of variation
of interassay fluorescent signal intensity was 4.6%, indicating
that the assembled cascade fluorescent DNA nanotags based on
RCA amplification strategy was robust and could be used for
protein analysis with acceptable reproducibility.

The specificity and matrix effect were further examined. The
fluorescence intensities responding to 1 pM mouse IgG and
BSA were similar to that of blank phosphate buffer (Figure 6),
demonstrating that the designed strategy was specific for the
target protein. The fluorescence intensities obtained after
treatment with 1 pM human IgG in phosphate buffer, 50% cell
culture fluid, 50% fetal calf serum, and 5% BSA did not show
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Figure 6. Fluorescence intensities responding to 1 pM human IgG (1),
1 pM mouse IgG (2), 1 pM BSA (3), and 0 (4). Conditions: Each data
point represents an average of three measurements (each error bar
indicates the standard deviation).

any significant difference (Figure 7), indicating very little
interference of complex matrices on the designed strategy. The
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Figure 7. Fluorescence intensities responding to 1 pM human IgG (1)
in phosphate buffe, and 1 pM IgG in 50% cell culture fluid (2), 50%
fetal calf serum (3), and 5% BSA (4). Conditions: Each data point
represents an average of three measurements (each error bar indicates
the standard deviation).

high specificity and low matrix effect could further ensure the
practicality of the proposed strategy.

B CONCLUSION

In conclusion, a versatile cascade fluorescence signal
amplification strategy was developed to implement ultra-
sensitive protein detection by using the assembled cascade
fluorescent DNA nanotags based on RCA technique as
fluorescent labels and the multiplex binding of the biotin—
streptavidin system. It was demonstrated that the proposed
strategy offers an enormous ratio of fluorescent DNA nanotags
to label target molecules and shows a broad dynamic range,
ultrahigh sensitivity, acceptable reproducibility, excellent
specificity, and a low matrix effect. Futhermore, the method
does not require complicated conjugation chemistry and shows
fast reaction kinetics and simply manipulation in assembly of
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fluorescent DNA nanotags. Compared with functionalized
nanoparticles labels, it avoids the complicated and tedious
synthesis process. The proposed strategy would become a
powerful tool to be applied for the ultrasensitive detection of
target protein in immunoassay.
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ABSTRACT: Recombinant fibroblast growth factor-2 (FGE-2)
has been extensively studied and used in several clinical
applications including wound healing, bone regeneration, and
neuroprotection. Poly(ethylene glycol) (PEG) modification of
recombinant human FGF-2 (thFGF-2) in solution phase has
been studied to increase the in vivo biostabilities and
therapeutic potency. However, the solution-phase strategy is
not site-controlled and the products are often not homoge-
neous due to the generation of multi-PEGylated proteins. In

order to increase mono-PEGylated rhFGF-2 level, a novel 5 i Q{‘ eE

solid-phase strategy for rhFGF-2 PEGylation is developed.

RhFGF-2 proteins were loaded onto a heparin-sepharose column and the PEGylaton reaction was carried out at the N-terminus
by PEG20 kDa butyraldehyde through reductive alkylation. The PEGylated rhFGF-2 was purified to near homogeneity by SP
sepharose anion-exchange chromatography and the purity was more than 95% with a yield of mono-PEGylated rthFGF-2 of
58.3%, as confirmed by N-terminal sequencing and MALDI-TOF mass spectrometry. In vitro biophysical and biochemical
measurements demonstrated that PEGylated rhFGF-2 has an unchanged secondary structure, receptor binding activity, cell
proliferation, and MAP kinase stimulating activity, and an improved bio- and thermal stability. Animal assay showed that
PEGylated rhFGF-2 has an increased half-life and reduced immunogenicity. Compared to conventional solution-phase
PEGylation, the solid-phase PEGylation is advantageous in reaction time, production of mono-PEGylated protein, and
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improvement of biochemical and biological activity.

B INTRODUCTION

Fibroblast growth factor 2 (FGF-2) belongs to the heparin
binding growth factor family. It is widely expressed in
developing and adult tissues." It plays critical roles in multiple
physiological functions including organ and tissue develop-
ment,”> wound healing,3 angiogenesisf*’5 bone reg<>_nera1tion,6’7
and neurogenesis and neuroprotection, which have been tested
both in experimental models of spinal cord injury® and in
patients clinically for the treatment of stroke.” However, its
short half-life time in vivo due to the sensitivity to proteolytic
enzymes, kidney filtration, and neutralization by their specific
antibodies and significant immunogenicity and antigenicity”'’
significantly impedes its clinical applications. Moreover,
frequent administration of FGF-2 often results in impaired
homeostasis in vivo and may cause severe adverse effects.

To overcome these common problems of therapeutic proteins,
molecular modification of protein with synthetic water-soluble
macromolecules such as poly(ethylene glycol) (PEG)' has
attracted considerable attention."*™'* PEGylation is a process of
covalently attaching PEG polymer to protein. This modification
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can reduce immunogenicity and antigenicity of the protein. It can
also increase the half-life time of protein in vivo by increasing
molecular size and steric hindrance to reduce the renal excretion
and proteolytic digestion, thus stabilizing the protein structure.'>'¢
As reported previously, PEGylation of some proteins, such as
interleukin-2 (IL-2)," interferon a-2b,'”'® bone morphogenetic
protein,'® and immunotoxin,®® could enhance their therapeutic
potency and reduce undesirable side/negative effects. However,
non-site-specificity and multiple attachments of PEG to the
protein might mask or interfere with the receptor binding sites
and cause a dramatic decrease in in vitro bioactivity, thus
partially limiting the practical application of the solution-phase
PEGylation.*' ** Reductive alkylation of N-terminal residue of
the peptide has been reported as a useful selective target for
homogeneous PEGylation without change of the protein
structure.”*** However, even at optimized conditions, byproducts
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such as di- and tri-PEGylated proteins and their isoforms are
also produced.*® Furthermore, solution-phase reductive alkyla-
tion often needs multiple purification steps to remove undesired
impurities, such as the reducing agent, unreacted PEG, and
multi-PEGylates.””*” Therefore, more site-specific and controlled
mono-PEGylation strategies are needed for improving thera-
peutic protein biofunction.

Recent studies demonstrate that protein PEGylation can be
achieved on ion-exchange media. Proteins were absorbed on
the media by passing the protein solution through the ion-
exchange column. PEG reagent solution was then circulated in
the column allowing reaction with the absorbed protein for
PEGylation.””*® The PEGylated protein is then separated from
the unreacted protein and undesirable PEGylated forms by
gradient elution. The higher site-specificity of PEGylation has
been obtained by this strategy.”” These studies provided a new
strategy for protein PEGylation in the solid phase.

In the present work, we used heparin-sepharose as the solid-
phase matrix for PEGylation of N-terminal residues of rhFGF-
2. The biological function of FGF-2 is mainly through signaling
that begins with the formation of a ternary complex of FGF-2,
FGFR, and heparan sulfate.”’ The heparin and cell surface
heparan sulfate proteoglycan have been shown to modulate
FGF activity." In addition, heparin-sepharose chromatography
has been routinely used for the separation and purification of
some therapeutic proteins.’*>> Therefore, heparin-sepharose
may provide an environment favorable for maintaining rhFGF-
2 bioactivity during mono-PEGylation. Using the heparin-
sepharose strategy, we successfully modified the rhFGF-2 at the
N-terminal residue with 20 kDa mPEG-butyraldehyde
(mPEG20K) and produced a highly homogeneously mono-
PEGylated rhFGEF-2. The bioactivity and secondary structure of
the protein did not change after the solid-phase PEGylation,
and the in vitro and in vivo biostability of PEGylated thFGF-2
was significantly improved compared to the native thFGF-2.

B EXPERIMENTAL PROCEDURES

Materials. PEG20 kDa butyraldehyde (mPEG20K) and
FGF receptor 1 (FGFR1) were purchased from Sigma—Aldrich
(St. Louis, MO, USA). Heparin-sepharose column, Sepharose
G25 column, and AKTA purifier were purchased from GE
Healthcare (Piscataway, NJ, USA). Purified rhFGF-2 was
produced by Key Laboratory of Biotechnology and Pharmaceutical
Engineering of Zhejiang Province, Wenzhou Medical College,
China. The enhanced chemiluminescence (ECL) detection kit was
from Pierce (Rockford, IL, USA). Anti-Erkl/Erk2 rabbit mAb,
antiphospho-Erk1/Erk2 rabbit mAb, antistathmin rabbit mAb, and
goat antirabbit IgG conjugated with horseradish peroxidase (HRP)
antibody were purchased from Cell Signaling Technology
(Danvers, MA, USA). FGF-2 ELISA Kit was purchased from
PeproTech (Princeton, NJ, USA). The protein assay reagent used
for quantitative protein analysis was purchased from Bio-Rad
(Hercules, CA, USA). All chemicals were of analytical grade.

PEGylation of rhFGF-2 in Solution Phase. Solution-
phase PEGylation of rhFGF-2 with mPEG20K was performed
at room temperature in a sodium phosphate buffer (SPB, 20 mM,
pH 6.0) in the presence of 20 mM NaBH;CN. mPEG20K was
allowed to react with the protein at the PEG-to-protein molar
ratios of 2, 4, 8, and 12, respectively, for various time durations.
Reaction was terminated by adding 2% (w/v) glycine and
subjected to 12% SDS-PAGE. The gels stained with Coomassie
Blue were scanned by optical density scanner (Beckman AppraiseT
Densitometer, USA) and protein products were quantified.
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PEGylation of rhFGF-2 in Solid Phase. Three major
procedures were performed for rhFGF-2 PEGylation in solid
phase: (1) 2 mL of 0.1 mM rhFGF-2 in 20 mM SPB (pH 6.0)
(the same solution was used in solution-phase PEGylation) was
applied and bound on heparin-sepharose column. Due to the
high binding affinity, thFGF-2 completely bound on the
column as evidenced by the fact that no protein was detected in
the flowthrough after application of the protein sample on the
column. (2) A solution containing 4.8 mL of 0.5 mM
mPEG20K, which was used in the solution-phase PEGylation,
and 20 mM NaBH;CN in various volumes was circulated in the
column at low flow rate (0.01 mL/min) for 8 h (the same
reaction time was also used in the solution-phase process).
Therefore, one molecule of the immobilized rhFGF-2 was
exposed to 12 molecules of PEG during 8 h reaction time,
which was in the same molar ratio of PEG/rhFGF-2 used in the
solution-phase process. At the end, 30 mL of equilibrium buffer
(20 mM SPB, pH 6.0) was used to wash unreacted mPEG20K.
(3) The reaction complex was completely eluted by applying 2
M NaCl in SPB at a rate of 1 mL/min. The eluate was collected
and desalted by Sepharose G25 column and stored at —20 °C
for subsequent experiments. PEGylation yield was estimated by
SDS-PAGE and densitometry quantification as previously
reported.””**

Purification of Solid-Phase PEGylated rhFGF-2. The
reaction mixture was applied to a SP Sepharose Fast Flow
column (1 mL bed volume) pre-equilibrated with 15 column
volumes (CVs) of binding buffer (20 mM sodium phosphate
buffer, SPB, pH 7.0) at a rate of 0.5 mL/min. The sample was
washed with 10 CVs of binding buffer, and then eluted
with elution buffer A (0.3 M NaCl, 20 mM SPB, pH 7.0) and B
(1.0 M NaCl, 20 mM SPB, pH 7.0) over 10 CVs. All elution
fractions were collected and analyzed by SDS-PAGE.

The purity of PEGylated thFGF-2 was further examined by
reversed-phase high-performance liquid chromatography (RP-
HPLC) analysis. The conditions of RP-HPLC were as follows:
Agilent 1100 RP-HPLC (Agilent Technologies, Palo Alto, CA)
equipped with a manual injector and a 300SB-C18 column
(Agilent Technologies, Palo Alto, CA). The mobile phase
comprised two buffers: Buffer A (distilled H,0, 0.1% TFA) and
Buffer B (acetonitrile, 0.1% TFA). Twenty microliters of the
sample was injected into the RP column, and the column was
eluted by an isocratic gradient of 10% (v/v) acetonitrile—water
for 10 min, followed by a 10—60% (v/v) acetonitrile—water
gradient over 20 min, at a total solvent flow rate of 0.5 mL/min.
Absorbance was measured at 280 nm.

Mass Spectrometry and N-Terminal Analysis of Solid-
Phase PEGylated rhFGF-2. Mass spectra were acquired using
an Applied Biosystems Voyager System DE PRO MALDI-TOF
mass spectrometer with a nitrogen laser. The matrix was a
saturated solution of R-cyano-4-hydroxycinnamic acid in a
50:50 mixture of acetonitrile and water containing 0.1%
trifluoroacetic acid. The mono-PEGylate and matrix were
mixed at a ratio of 1:1, and then 1 yL sample was spotted onto
a 100-well sample plate. All spectra were recorded on a Bruker
Ultraflex instrument (Bruker Daltonik, Germany) and acquired
in positive mode over the range 600—2500 Da under reflection
conditions (20 kV accelerating voltage, 350 ns extraction delay
time) and 2—100 kDa under linear conditions (25 kV
accelerating voltage, 750 ns extraction delay time). The N-
terminal amino acid sequence of PEGylated rhFGF-2 was
examined by Edman degradation method,* and followed by
MALDI-TOF mass spectroscopy as above.
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Mitogenic Activity Analysis of the PEGylated rhFGF-2.
We used NIH3T3 cell line (American Type Culture Collection,
Rockville, MD) to determine the activity of proliferation of the
PEGylated rhFGEF-2. First, the cells were seeded in 96-well
plates with 5 X 10* cells per well and incubated for 24 h. Then,
they were washed with PBS and starved-cultured in the cor-
responding low-glucose Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 0.4% fetal bovine serum (FBS) for 24 h.
Finally, the cells were treated with 1 nM rhFGF-2, 1 nM solid-
phase or solution-phase PEGylated rhFGF-2 for 24 h, and the
number of viable cells was detected by the methylthiazolete-
trazolium (MTT) method as previously reported.*®

Western Blot Analysis for the MAP Kinase Activation
of Solid-Phase PEGylated rhFGF-2. NIH3T3 cells were
treated with native thFGF-2 or PEGylated rhFGF-2 in three
doses at 2 nM, 1 nM, and 0.5 nM. After washing with PBS three
times, the cells were homogenized in the lysis buffer. Total
cellular proteins were collected by centrifuging at 12 000 rpm at
4 °C for 10 min. The protein concentration was determined by
bicinchoninic acid (BCA) kit, and the samples were mixed with
loading buffer and then subjected to electrophoresis on a 12%
SDS-PAGE gel at 110 V for 100 min, followed by transferring
to polyvinylidine fluoride (PVDF) membrane (Millipore-Billerica,
MA, USA). After blocking with 5% nonfat milk for 2 h at room
temperature, the membrane was washed three times with Tris-
buffered saline containing 0.1% Tween-20 (TBST) and incubated
with primary antibody at 4 °C overnight. The membrane was
then washed three times with TBST, and secondary HRP-
conjugated antibody was applied and the membrane was
incubated for 1 h at room temperature. Finally, immunoreactive
protein bands were visualized by ECL system and quantified by
optical densitometer.

Analysis of the Binding Constants for FGFR1/rhFGF-2/
heparin and FGFR1/PEG-rhFGF-2/heparin by SPR Bio-
sensor. The Biacore 3000 biosensor from Biacore AB
(Uppsala, Sweden) was used for all SPR measurements. The
differences in binding constants between FGFRI1/rhFGF-2/
heparin and FGFR1/PEG-rthFGF-2/heparin were studied at 25
°C in 100 mM PBS (pH 7.4). FGFRI was immobilized by
amine coupling on flow channels of research-grade CMS chips
(Biacore AB) by a standard method. The mixed sample of
thFGF-2/heparin or PEG-rthFGF-2/heparin, with a fixed
concentration ratio of 1:1 between the protein and the heparin,
was injected over the CMS chip at a flow rate of 50 yL/min. At
the end of each sample injection (180 s), PBS (50 yL/min) was
flowed over the chip to monitor the complex dissociation for
180 s. The chip surface was then regenerated by injecting 50 uL
of 2.0 M NaCl in 10 mM sodium acetate (pH 4.5). A control
channel was used by passing PBS buffer at same flow rate. The
influences of alterations in flow rate (10—100 xL/min) or the
addition of glycerol (1—10% v/v) to the running buffer on the
kinetics of each sample were negligible, thereby indicating that
mass transport limitations were minimal. For all the samples,
the measurement was repeated in duplicate at five different
concentrations ranging from 0.39 nM to 100 nM. Data were
evaluated with the BIAevaluation software (v 3.0) using Kinetic
Analysis, and a simple 1:1 Langmuir binding model.

Circular Dichroism Spectroscopy Analysis. The secon-
dary structure of native rhFGF-2 and solid-phase PEGylated
thFGF-2 were determined with a circular dichroism (CD)
spectropolarimeter (model J-810, Jasco, Japan). Far-UV CD
spectra were recorded at wavelengths between 190 and 250 nm
using a 0.1 cm path length cell at 25 °C with a protein
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concentration of 6 yuM in 10 mM PBS, pH 7.4. Each spectrum
was a representative of three scans. The CD spectra were
corrected for buffer contributions.

Effect of Solid-Phase PEGylation on the Thermal and
Structural Stabilities of rhFGF-2. The effects of solid-phase
PEGylation on the thermal stability of thFGF-2 at a physio-
logically relevant temperature were determined. PEGylated
thFGF-2 and its nonmodified control were incubated at a
concentration of 10 uM at 37 °C in rat serum for various time
durations as indicated. The samples were then subjected to the
mitogenic activity assay as described above. Similarly, the effects
of PEGylation on resistance of proteolysis of thFGF-2 were
tested in vitro by incubating PEGylated and native rhFGF-2
with trypsin (2 mM) at a molar ratio of 10: 1 (peptide/trypsin)
at 37 °C for various times as indicated. The samples were then
subjected to SDS-PAGE to examine the protein integrity.

Immunoreactivity in Vitro and Immunogenicity in
Vivo Assay of Solid-Phase PEGylated rhFGF-2. To assess
the immunoreactivity of PEGylated rhFGF-2 in vitro, the
antibody binding activities of two forms of rhFGF-2 were
evaluated by a double-antibody sandwich ELISA assay. Native
thFGF-2 or PEGylated rhFGF-2 at concentration of 0.3 uM
were added into precoated FGF-2 monoclonal antibody
microplate wells and incubated for 30 min at 37 °C. The
plate was washed three times and 50 pL of HRP-conjugate
reagent was added. The plate was incubated for 30 min at
37 °C, and then washed three times, followed by adding 100 uL
color-developing solution and incubation for 15 min at 37 °C.
Finally, the reaction was stopped with 50 yL stopping solution.
The absorbance was measured by spectrometer at a wavelength
of 450 nm immediately.

To investigate the immunogenicity of PEGylated rhFGF-2 in
vivo, the normal female BALB/c mice (18—21 g) were used
based on the procedures approved by the Wenzhou Medical
College Animals Care and Use Committee. Mice were
immunized by intraperitoneal (ip.) injection of native
thFGF-2 or PEGylated rthFGF-2 (six mice in each group) at
a dose of 2 nmol/mouse in 20 mM sodium acetate containing
1 mL Freund Complete Adjuvant (FCA). Two weeks after the
first immunization, mice were immunized once again. Serum
samples were collected every 7 days after the first
immunization. The specific IgG levels in serum were
determined by ABC-ELISA, as described previously.>’

Pharmacokinetic Evaluation of Solid-Phase PEGylated
rhFGF-2 in Rats. Normal male SD rats (220—250 g) were
used based on the procedures approved by the Institutional
Animal Care and Use Committee of Jilin University, China, and
performed in accordance with institutional guidelines for
animal experiments. Following intravenous (iv.) injection of
the original and PEGylated proteins at a dose of 100 ug/kg
body weight (six animals in each group), blood samples were
obtained at time points indicated. Serum levels of the test
proteins were quantitated using Human FGF-basic Mini ELISA
Development Kit (PeproTech, USA; sensitivity range 63—
4000 pg/mL). Pharmacokinetic parameters of the test proteins
were determined by Drug and Statistics Software (DAS, v 2.0;
Mathematical Pharmacology Professional Committee of
China). The elimination halflife (t,,,) was calculated using
the formula t;,, = 0.693/K, (K. stands for elimination rate
constant).

Statistical Analysis of the Experimental Data. The in
vitro experiments were performed three times with triplicate
samples for each individual experiment. All data were expressed
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Figure 1. SDS-PAGE analysis of PEGylated thFGF-2. Panel A. SDS-PAGE analysis of solution-phase PEGylation of rhFGF-2 at different PEG-to-
protein molar ratio: lane M, molecular weight standards; lane a, native rhFGF-2; lanes b—e, PEGylation products obtained at the PEG-to-protein
molar ratio of 2, 4, 8, and 12, respectively. Panel B. SDS-PAGE analysis of solution-phase PEGylation of rhFGF-2 at different reaction times: lane M,
molecular weight standards; lane f, native rhFGF-2; lanes g—j, PEGylation products obtained at the reaction time of 2, 4, 8, and 12 h, respectively.
Panel C. SDS-PAGE analysis of solid-phase PEGylation of thFGF-2: lane M, molecular weight standards; lane k, native thFGF-2; lane ], solid-phase
PEGylation products obtained at PEG-to-protein ratio of 12:1 and reaction time of 8 h. Panel D. SDS-PAGE analysis of solution-phase PEGylation
of rhFGF-2 in the presence of heparin: Lane M, molecular weight standards; lanes n,0, liquid-phase PEGylation products obtained in the presence of
heparin at a molar amount same to rhFGF-2 in the reaction, at PEG-to-protein ratio of 12:1, reaction time of 8 h.

as mean =+ SD and subjected to statistical analysis by ANOVA
and Student t-test using statistical software NASDAQ: SPSS
from SPSS Inc.

B RESULTS AND DISCUSSION

PEGylation of rhFGF-2 in Solution-Phase and in Solid-
Phase. PEG-to-protein molar ratio and reaction time are the
two most crucial factors affecting the yield of PEGylated
thFGF-2 in both solution- and solid-phase PEGylation. As
shown in Figure 1A, in solution-phase PEGylation, when the
molar ratio was 2 and the reaction time was 8 h, the mono-
PEGylation yield was nearly 20.1%. Increasing the molar ratio
to 4, 8, and 12 improved the mono-PEGylation yield, but also
increased the yield of multi-PEGylation. The effects of reaction
time on the mono-PEGylation yield were investigated at a 12:1
PEG-to-protein ratio. As shown in Figure 1B, the yield of
mono-PEGylated protein increased with increasing reaction
time and reached the maximum at 8 h, but decreased at a later
time point (12 h), probably due to the conversion between
mono- and multi-PEGylated forms. On the other hand, multi-
PEGylated proteins increased with the reaction time. On the
basis of the conditions used in solution-phase PEGylation, the
effects of PEG-to-protein molar ratio and reaction time on the
PEGylation of rhFGF-2 in solid phase were studied. When
PEG-to-protein ratio was about 12:1 and reaction time was 8 h
at the pH of 6.0, optimized mono-PEGylation was obtained. As
shown in Figure 1C, mono-PEGylated rhFGF-2 reached a yield
up to 58.3%. Under the same condition, the solution-phase
PEGylation reached a yield of mono-PEGylated thFGF-2 only
at 36.19%. The primary structure of FGF-2 includes 13 lysine
residues located at positions 18, 21, 26, 46, 52, 66, 77, 86, 110,
119, 1285, 129, and 13S. According to the 3D structure of FGF-
2, all lysine residues are on the surface of FGF-2 but 26, 110,
125, 129, and 135 lysine residues might be buried by the
affinitic interactions between the protein and the resin.*® Multi-
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PEGylation, seen in solution-phase PEGylation, was avoided by
solid-phase PEGylation for several different reasons: first, the
reactivity of the lysine residues was suppressed by the reductive
alkylation condition (e.g,, a low pH);> second, certain lysine
residues might be buried by the affinitic interactions between
the protein and the resin;*® third, the frequency of protein
contact with the PEG molecules was reduced because the
protein was attached to a solid surface.””

In the present study, we tried to add heparin directly to the
solution-phase protein sample to compare the PEGylation efficiency
with solid-phase PEGylation. Regretfully, the results showed that
this strategy not only lowered the mono-PEGylation yield (Figure
1D) but also led to one more step purification, since a separation of
thFGF-2 (or PEGylated thFGF-2) from heparin by size exclusion
chromatography using a high salt buffer is needed. Moreover, using
a heparin column rather than heparin solution to PEGylate rhFGF-
2 would be more cost-effective, because the heparin column is very
stable and can be reused for many times.

Separation Behavior of Solid-Phase Mono-PEGylated
rhFGF-2. The PEGylated rhFGF-2 was efficiently separated
with non-PEGylated rhFGF-2 by HiTrap SPFF ion exchange
chromatography (Figure 2A,B), suggesting that the modifica-
tion alters the electrophilic property of rhFGF-2. RP-HPLC
analysis indicated that the purity of the target protein exceeded
95% and the mono-PEGylated rhFGF-2 was eluted at a
retention time of 18.64 min after the native thFGF-2 (Figure 2C).
This is likely due to the increased hydrophobicity by PEGylation,
which has also been reported by others.*'

Initially, our attempts to purify the modified thFGF-2 by
eluting the reaction mixture from heparin-sepharose column with
PBS (pH 7.0) at a NaCl gradient from 0 to 2 M failed to produce
satisfactory purification. The majority of both PEGylated rhFGF-
2 and native rhFGF-2 were coeluted at 1.0—1.3 M NaCl (Figure
2D,E). Our previous studies demonstrated that*” the PEGylated
thFGF-10 in solution-phase had altered heparin binding ability,
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Figure 2. Elution chromatogram and SDS-PAGE analysis of solid-phase PEGylation mixture. Panel A. Elution chromatogram PEGylation mixture
from SP Sepharose Fast Flow column. Panel B. SDS-PAGE analysis of the fractions collected from SP Sepharose chromatography. Panel C. RP-
HPLC analysis of PEGylated rhFGF-2 purified using SP Sepharose chromatography. Panel D. Elution chromatogram of PEGylation mixture from
heparin-sepharose column. Panel E. SDS-PAGE analysis of the fractions collected from heparin-sepharose chromatography. Panel F. Elution
chromatogram of PEGylation mixture from size-exclusion column. Inset Panel. SDS-PAGE analysis of the fractions collected from size-exclusion
chromatography: lane b, native thFGF-2; lane M, molecular weight standards; lane a, eluted fraction of Peak A of size-exclusion chromatography.

since it could be separated from native thFGF-10 readily by
heparin-sepharose affinity chromatography. Heparin binding is
essential for FGF signaling, and decreased binding could result in
a FGF dysfunction.”**™ Co-elution of PEGylated rhFGE-2
with native rhFGF-2 in heparin-affinity chromatography suggests
that solid-phase PEGylation has no significant effect on the
protein heparin binding capability. The potential reason of
PEGylated rthFGF-2 eluted a bit earlier is that the molecular
weight of thFGF-2 was markedly increased by conjugating with
20 kDa PEG-—butyraldehyde. Furthermore, the results of
bioactivity, immune imprinting, CD, and other biophysical assays
confirmed that the binding ability of PEGylated rhFGF-2 to
heparin has no significant change compared with non-PEGylated
rhFGF-2.

Moreover, we also tried to purify the solid-phase PEGylated
thFGF-2 with HiPrepTM 16/60 SephacrylTMS-100HR size-
exclusion column (GE Healthcare), but our attempts failed to
produce satisfactory purification (Figure 2F). The potential
reason is that the spatial size of the protein might not be increased
sufficiently by PEGylation due to the possible random twining of
PEG around the protein surface.

Site Specificity of N-Terminus Mono-PEGylate. We
performed MALDI-TOF-MS and Edman degradation of the N-
terminus amino acid of the PEGylated rhFGF-2 to verify
whether thFGF-2 is modified by single molecule of mPEG20K
to the N-terminus by solid-phase coupling. PEGylated rhFGF-2
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has a molecular weight of 37 733.95 Da (Figure 3B), suggesting
a single 20 kDa PEG conjugation to native thFGF-2 (16292.84
Da) (Figure 3A). The broad peak of PEGylated thFGF-2 was
likely due to PEG polydispersity as reported before.**
Moreover, the N-terminus sequencing by Edman degradation
revealed that the N-terminus could not be degraded after five
cycles of reactions (Figure 3C), as the covalently modified
a-amine resists peptide cleavage by FDNB.>® These data clearly
indicated that a PEG molecule was attached to the N-terminus
of rhFGF-2 by solid-phase PEGylation.

Mitogenic Activity Analysis of the PEGylated rhFGF-2.
As shown in Table 1, solid-phase mono-PEGylated rhFGF-2
had no significant change in proliferation activity compared to
native thFGF-2 evaluated by NIH3T3 cell proliferation assay.
The proliferation activity of the solution-phase PEGylated
rthFGF-2 was only approximately 35.81% that of the native
thFGF-2. It is likely that solid-phase mono-PEGylation on a
heparin column is more favorable to retain heparin binding
ability, leaving an intact functional complex comprising the
FGF, FGFRs, and heparin.””*** Furthermore, we investigated
solid-phase mono-PEGylated rhFGF-2-stimulated MAP kinase
activation, which is one of the major signal transduction
pathways of FGF-2-induced proliferation, in NIH3T3 cells. As
shown in Figure 4, solid-phase mono-PEGylated rhFGF-2
triggered intense phosphorylation of Erkl and Erk2, which was
comparable with the effects using native rhFGF-2 (Figure 4),
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Figure 3. Identifying solid-phase PEGylated thFGF-2. Panel A: MALDI-TOF mass spectrometry of native rhFGF-2 showing the molecular mass of
native thFGF-2 as 16 292.84 Da. Panel B. MALDI-TOF mass spectrometry of PEGylated rhFGF-2 showing the molecular mass of PEGylated
rhFGF-2 as 37 733.95 Da. Panel C. N-terminus sequences of PEGylated rhFGF-2 was examined by Edman degradation method.

Table 1. Biological Activity of Native rhFGF-2 and
PEGylated rhFGF-2

mean biological

Native thFGF-2
PEGylated rhFGF-
2 by solution-

phase

PEGylated rhFGF-
2 by solid-phase

activity
(TU/pmol)
1.48 x 107
0.53 x 107

1.56 X 107

relative

activity(%)
100.00
35.81

105.41

SD (n = 4)
2.45 X 10°
3.86 X 10°

1.93 x 10°

CV
(%)

16.48
0.73

12.40
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further supporting the notion that solid-phase PEGylation does
not alter the bioactivity of rhFGF-2.

Analysis of Binding Affinities of PEG-rhFGF-2 and
rhFGF-2 for FGFR1. Previous studies have shown that
solution-phase PEGylation significantly decreased the receptor
binding affinity of the PEGylated proteins.**~*" The binding
affinities of the native rhFGF-2 and solid-phase PEGylated
thFGF-2 for FGF receptor 1 (FGFR1) were compared and
quantified using surface plasmon resonance (SPR) spectroscopy.
As shown in Figure S, the FGFRI binding affinity of solid-phase
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Figure 5. SPR analysis of the molecular interaction for FGFR1/rhFGF-2/heparin and FGFR1/PEG-thFGF-2/heparin. Panel A. Interaction between
FGFR1 and rhFGF-2/heparin complex. Concentrations of thFGF-2 are 0.39, 1.56, 6.25, 25, and 100 nM, respectively, as indicated. Panel B.
Interaction between FGFR1 and PEG-rhFGF-2/heparin complex. Concentrations of PEG-thFGF-2 are 0.39, 1.56, 6.25, 25, and 100 nM,

respectively, as indicated.

PEGylated rhFGF-2 was 2.52 nM (Kp,), while that of native
thFGF-2 was 141 nM (Kp), which are in same order and
comparable. The slightly lower affinity to FGFR1 for PEG-
rhFGF-2 binding than for rhFGF-2 could be explained by steric
hindrance imposed by the PEG moiety in PEGylation. Taken
together, the solid-phase PEGylation does not have a significant
effect on the receptor binding ability.

Circular Dichroism Spectroscopy Analysis of the
Structure Difference between Solid-Phase PEGylated
rhFGF-2 and Native rhFGF-2. The CD spectra of PEGylated
thFGF-2 and native thFGF-2 were approximately overlapped
in wavelength from 200 to 250 nm (Figure 6). The relative
population of secondary structures calculated from the CD spectra
also showed no difference between the PEGylated thFGF-2 and
the native thFGF-2. This result indicated that the solid-phase
PEGylation does not change the structure of native thFGF-2.

Effect of Solid-Phase PEGylation on the Thermal and
Structural Stabilities of rhFGF-2. Thermal resistance is one
of the major factors for keeping the drug intact since the
proteases are more active at higher temperatures. The thermal
stability in rat serum of native and PEGylated rhFGF-2 was
assessed by incubating the protein at 37 °C for various time
periods. The mitogenic activity of native thFGF-2 and PEGylated
thFGF-2 was decreased upon incubation in a time-dependent
manner. After 96 h of incubation, native thFGF-2 retained only
37.2% of the original mitogenic activity, whereas the PEGylated
thFGF-2 retained 70.4% of the original activity (Figure 7A),
indicating increased thermal tolerance of PEGylated rhFGEF-2.
Next, the potent resistance of PEGylated thFGF-2 to proteolysis
was examined. RhFGF-2 and PEGylated thFGF-2 were incubated
with trypsin at 2 mM for various time periods, and the products
were subsequently analyzed by SDS-PAGE to visualize their
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Figure 6. Far-UV CD spectra of native (red line) and solid-phase

PEGylated thFGF-2 (black line). The ellipticities are reported as mean
residue ellipticity (MRE) (deg cm® dmol™).

integrity. As shown in Figure 7B, there was significant difference in
the amount of degradation between the native and the PEGylated
thFGF-2 incubated with trypsin for various time periods. After
incubation with trypsin for 30 min at 37 °C, nearly 72% of
PEGylated rhFGF-2 still remained intact, whereas only about
25% non-PEGylated rhFGF-2 was left, indicating that the
PEGylation of rhFGF-2 significantly increased its resistance to
proteolysis. This is largely due to the modification-added
mPEG20K, which protects the proteolytic sites in the peptide
from trypsin attacks.>” Such protection helps rhFGF-2 to
maneuver through the body and approach target sites without
being hydrolyzed by proteolytic enzymes.

Immunoreactivity in Vitro and Immunogenicity in
Vivo of Solid-Phase PEGylated rhFGF-2. Figure 8A showed
that the antibody binding activity of the mono-PEGylated
thFGF-2 in vitro was approximately 51% of the native rhFGF-2,
and it is highly likely that PEG chain enveloped the N-terminus
of rhFGF-2 and restricted the accessibility of the antibody.
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Figure 7. Effects of solid-phase PEGylation on the thermal stability in mouse serum and proteolysis resistance of rthFGF-2. Panel A. Thermal
stability. Native and PEGylated rhFGF-2 were incubated in mouse serum at 37 °C for indicated times, then added to 3T3 cells for which proliferative
activity was measured to determine the functional integrity of each form of rhFGF-2. Panel B. The relative resistance to trypsinization. PEGylated
and native thFGF-2 were incubated with trypsin at 2 mM for indicated times. Trypsin-treated rhFGF-2 was examined for the protein integrity by
SDS-PAGE. The bands representing PEGylated and native rhFGF-2 were quantified by densitometry scanning. The band densities of non-trypsin-
treated native and PEGylated thFGF-2 are considered as 100% (indicated by control), while the band densities of trypsin-treated PEGylated or
native rhFGF-2 are presented as relative percentage to the control. * p < 0.0S vs the corresponding native rhFGF-2 group.
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Figure 8. Immunoreactivity in vitro and immunogenicity in vivo of solid-phase PEGylated rhFGF-2. Panel A. Immunoreactivity of native and
PEGylated rhFGF-2 in vitro was evaluated by a double-antibody sandwich ELISA assay. Panel B. Immunogenicity in vivo of native and PEGylated
rhFGF-2. BALB/c mice were immunized with either PEGylated rhFGF-2 or native rhFGF-2 in 20 mM sodium acetate buffer by ip. injection
(2 nmol/mouse at the first day and the 14th day). Serum samples were collected on the 21st day after the first immunization. Anti-thFGF-2 IgG
levels were detected by indirect ELISA using native rhFGF-2 as the coating antigen. In addition, a group of mice were given same volume of sodium
acetate for sodium acetate control. * p < 0.01 vs the corresponding native rhFGF-2 group.
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Figure 9. Pharmacokinetics study of solid-phase PEGylated thFGF-2 in rats. Panel A. Normal male SD rats were injected intravenously with 100 pg/kg
native thFGF-2 (open circle), PEGylated rhFGF-2 (solid circle). Blood samples were collected at various time points. The amount of rhFGF-2 was
measured by Human FGF-basic Mini ELISA Development Kit. A standard curve was made for each thFGF-2, n = 6. Values are the mean + SD.
Panel B. Comparison of half-life of native rhFGF-2 and PEGylated rhFGF-2.

To assess the immunogenicity of PEGylated rhFGF-2 in vivo, PEGylated rthFGF-2 to the FGF-2 antibody as described in Figure
BALB/c mice were given PEGylated or native thFGF-2 (2 nmol/ 8A. In addition, the presence of PEG chains that envelop the

mouse) in 20 mM sodium acetate containing 1 mL FCA by ip. protein surface restrict the accessibility of host IgG to the antigenic
injection twice with an interval of 14 days. Serum samples were moiety of rhFGF-2, and decrease PEGylated rhFGF-2 trans-
collected on the 21st day after the first immunization, and the portability from blood to immune tissues such as spleen, bone
serum levels of anti-FGF-2 IgG were detected by indirect ELISA marrow, and lymphoid tissue.*®

with native thFGF-2 as the coating antigen. Native thFGF-2, but Pharmacokinetic Study of Solid-Phase PEGylated
not PEGylated rhFGF-2, induced a significant production of the rhFGF-2 in Rats. The in vivo half-life times of two forms of
antibody, indicating that PEGylated rhFGF-2 has less immuno- thFGF-2 were analyzed by iv. injecting a single dose of 100 ug/kg
genicity (Figure 8B). The reduced immunogenicity of PEGylated of native or PEGylated thFGF-2 to male SD rats and then
thFGF-2 in vivo is likely due to the decreased binding of measuring the dynamic levels of two forms of rhFGF-2 in the
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Figure 10. Schematic illustration of the two PEGylation strategies. Panel A. Solution phase. Panel B. Solid phase on heparin-sepharose column.

blood by ABC-ELISA method. On the basis of the
pharmacokinetic curves shown in Figure 9A, the eliminated
plasma halflife (t,,,) was calculated with Drug and Statistics
Software (DAS, v 2.0; Mathematical Pharmacology Professional
Committee of China) and the equation described in the
Experimental Procedures. The eliminated plasma half-life (t,,,)
of the nonmodified rhFGF-2 was about 10.39 min, which is
consistent with the previous report.*” After PEGylation, the t,
of the protein increased to 53.45 min, a 5.2-fold increase
(Figure 9B). The elongated half-life time of rhFGF-2 by solid-
phase PEGylation may be explained by slower clearance from
the circulation due to its larger size. In addition, conjugation of
mPEG to rhFGF-2 may decrease filtration through the
glomeruli of the kidney.*°

B CONCLUSION

In this study, we, for the first time, conjugated PEG to rhFGF-2
by site-specific PEGylation with mPEG20 kDa butyraldehyde at
N-terminal residue through heparin-sepharose chromatography
in a solid-phase reaction. The mono-PEGylated rhFGF-2 was
purified to homogeneity by a single purification step. The
PEGylated rhFGF-2 by this strategy retains its secondary
structure and FGFR-1 binding activity. Compared to native
rhFGF-2, the mono-PEGylated rhFGF-2 has improved bio- and
thermal stability, decreased immunoreactivity in vitro and
immunogenicity in vivo, and increased in vivo half-life.
Importantly, the solid-phase PEGylation of rhFGF-2 is superior
to the solution-phase PEGylation as indicated by the increase of
the yield of mono-PEGylated form. Moreover, as shown in
Figure 10, solution-phase PEGylation may mask the heparin
binding site of the protein leading to a decrease of biological
activity, whereas solid-phase PEGylation on heparin column
effectively protects the heparin binding site preserving the
bioactivity of the PEGylated protein. The PEGylation strategy
described in the present study could be readily applied for the
production of modified rhFGF-2 or other therapeutically
recombinant protein for clinical practice.
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ABSTRACT: A poly(N,N-dimethylaminoethylmethacrylate) (PDMAEMA) homopolymer with both thermoresponsive and
cationic characteristics was applied to a vector for use in deposition transfection. PDMAEMA with a molecular weight of 2.5 X
10° g mol ™! was synthesized by photoinduced radical polymerization. Polyplexes approximately 750 nm in size were formed by
mixing PDMAEMA with luciferase-encoding plasmid DNA. The polyplexes had a lower critical solution temperature (LCST) of
approximately 30 °C. In addition, they exhibited excellent adsorption and durability on a polystyrene surface, as confirmed by a
surface chemical compositional analysis. When HeLa cells and primary cells were cultured on a substrate coated with the
polyplexes, high transgene expression and cell viability of more than 90% were obtained at low charge ratios (PDMAEMA/
plasmid DNA ratio) ranging from 2 to 8. In addition, transgene expression was sustained for over 2 weeks post-transfection
whereas decreased expression was observed S days post-transfection when the conventional solution-mediated transfection
method was used. Thus, high and sustained transgene expression as well as high cell viability can be realized by using small
amounts of PDMAEMA as a deposition transfection material.

B INTRODUCTION

Controlled gene delivery, e.g., by transfection, using biomaterial
surfaces (substrate-mediated transfection) and transfection of
specific tissues or cells (targeted transfection) are important in
fields such as regenerative medicine and gene therapy."” In
general, viral transfection is highly efficient, but it has several
drawbacks. These include the potential for inducing acute
inflammatory responses, integrating viral genes into the host
genome, and limiting the DNA loading capacity.** Moreover,
the use of viral carriers for controlled transfection is technically
difficult because they cannot be readily modified. Cationic
liposomes and polymers that can be used to generate gene-
deliverable nanoparticles by forming polyion complexes
(polyplexes) with plasmid DNA (pDNA) have been developed
as nonviral carriers.”® The transfection efficiency of nonviral
carriers is lower than that of viral carriers; however, for
controlled transfection, it is easier to introduce functional
molecules such as signal peptides,”® bioactive molecules,”'
thermoresponsive molecules,""”'*> or pH-responsive mole-
cules"*'* into nonviral carriers than viral carriers.

In a previous study, we designed a surfactant polymer for the
thermoresponsive surface immobilization of pDNA." The
polymer comprised four AB-type block branches, each

-4 ACS Publications  © 2012 American Chemical Society
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incorporating two different chemicals: a cationic poly(N,N-
dimethylaminopropylacrylamide) (PDMAPAAm) block and a
thermoresponsive poly(N-isopropylacrylamide) (PNIPAM)
block (PDMAPAAm-PNIPAM). PNIPAM is the most popular
thermally sensitive water-soluble nonionic polymer available
and has a lower critical solution temperature (LCST) of
approximately 32 °C. As shown in Figure 1A, the tertiary
branched PDMAPAAm-PNIPAM block copolymer formed
polyplexes with pDNA and was deposited on a cell culture
surface at 37 °C. High transgene expression was achieved by
using the cells seeded on to the polyplex culture surface. This
surface-mediated transfection method is referred to as
deposition transfection.

PDMAEMA is a cationic polymer and is used widely as a
nonviral gene delivery carrier.'®™"® On the other hand, it is also
a thermoresponsive polymer that has LCST, ranging from 34 to
37 °C."*7?! However, little biomedical research has been
carried out on the dual characteristics of this polymer. Recently,
we developed a novel aqueous anti-thrombogenic coating
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Figure 1. Deposition transfection method using (A) the tertiary branched thermoresponsive cationic block copolymer (PNIPAM-b-PDMAPAAm)
in our previous study'® and (B) thermoresponsive cationic homopolymer (PDMAEMA) in this study.

material that combines the thermoresponsive and cationic
characteristics of PDMAEMA and can effectively immobilize
heparin/PDMAEMA bioconju§ates onto biomaterial surfaces at
physiological temperatures.”> By using PDMAEMA, the
amount of polymer necessary to produce the heparin
bioconjugate was reduced by more than 25% as compared to
that required for our previous PDMAPAAm-PNIPAM block
copolymer.”®

In this study, we used PDMAEMA as the surfactant to carry
out deposition transfection. Similar to heparin immobilization,
we thought that a small amount of surfactant would suffice for
immobilizing DNA. We also hypothesized that the reduced
amount of polymer would increase transgene expression.
Therefore, we investigated the characteristics of PDMAEMA
and its ability to combine with DNA to produce polyplexes. We
then proceeded to optimize the deposition transfection
conditions. Finally, we evaluated the effects of transfecting
primary 