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In conclusion, we generated antibody fragments with high
affinity and specificity for gold nanoparticle surfaces by a one-
pot procedure involving integration of peptide-grafting and
phage-display techniques. The resulting antibody fragment
suppressed the aggregation of gold nanoparticles even in a high-
ionic-strength solution, and multivalent and bispecific antibody
fragments based on the gold-binding VHH could be used to
selectively contact gold nanoparticles with cells displaying the
EGFR receptor, as well as to spontaneously link two different
nanomaterials (gold—gold, gold—ZnO). We describe the
utilization of high affinitive material-binding antibody fragments
for one-pot functionalization of gold nanoparticles.
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Directed assembly of metal oxide nanoparticles with the aid of DNA was investigated. One-dimensional
arrangement of zirconia (Zr0;) nanoparticles using DNA as a template was shown by TEM observation. It is
considered that the DNA-directed assembly of ZrO, nanoparticles is due to the Coulomb interactions between
the negatively charged DNA and positively charged ZrO, nanoparticles.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

When used as building blocks for nanostructures, nanoparticles
make further miniaturization of structures and devices possible [1].
Recently assembling nanoparticles on the nanoscale has received
considerable attention [2-11], and one tool for creating these assemblies
is biomaterials. Deoxyribonucleic acid (DNA) is an appropriate biopoly-
mer template for constructing defined inorganic materials, and highly
selective base-pairing interactions between complementary single-
strand DNA chains have been used in nanoassemblies. Additionally,
native double-helical DNA can directly interact with metal ions and their
complexes, and the role of DNA in assembling metal nanoparticles has
been reported [12-20]. Recently, assembly of metal oxide nanoparticles
has been demonstrated by surfactant capping on the nanoparticles
[21,22]. However, DNA-directed assembly of metal oxide nanoparticles
remains a challenge.

Metal oxide ceramic nanoparticles have been extensively investi-
gated due to their successful applications and potential in various
fields such as electronics, catalysis, pharmaceutics, energy storage,
and medical applications, and using DNA to assemble metal oxide
nanoparticles may allow novel hybrid nano-biomaterials with synergetic
properties and functions to be realized. Zirconia (ZrO,) is an attractive
ceramic material due to its excellent mechanical, tribological and thermal
properties, and good oxygen ionic conductivity. Its nanoparticles have

* Corresponding author. Tel./fax: +81 6 6879 4370.
E-mail address: ohara@jwri.osaka-v.acjp (5. Ohara).

0167-577X/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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a broad range of applications, including thermal barrier coatings, solid-
state electrolytes, solid oxide fuel cells, oxygen sensors, and heteroge-
neous catalysts etc. [23-29]. From the viewpoint of several key
applications, the assembly of ZrO, ceramic nanoparticles has been
eagerly anticipated. The aim of this communication is to elucidate
the directed assembly of ZrO, nanoparticles with the aid of DNA. Herein,
we show the first example of a one-dimensional arrangement of metal
oxide nanoparticles without surfactant capping using DNA as a template.

2. Experimental

The ZrO, ceramic nanoparticles, which were synthesized by a
hydrothermal reaction, were a colloidal solution. Aqueous solution of
Zr0OCl; - 8H;0 was mixed with KHCO;/KOH solution. Then the solution
was hydrothermally treated at 150 °C for 1 hin the Teflon lined stainless
steel vessel. The detailed hydrothermal synthesis is described in a
previously reported method [30]. After the reaction, ZrO, nanoparticles
in the solution were purified by washing ten times with deionized
water and 5 M of HCl was added to the product for dispersion of the
nanoparticles in water. The particle size distribution of the obtained
Zr0; nanoparticle colloidal solution was measured by the dynamic light
scattering (DLS) method, whereas transmission electron microscopy
(TEM) was used to observe the ZrO, nanoparticles and their assembled
nanostructures.

Two types of DNA solutions were used in this study: N-DNA and a
short DNA fragment. The ZrO, nanoparticles were assembled by N-DNA
as follows. \-DNA, which was 48,502 base-pairs (bp) long, was purchased
from TaKaRa Biotechnology (Dalian) Co., Ltd. The original concentration
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was 0.3 pg/uL, and the equivalent base pair concentration was 450 umol/L.
The buffer was 10 mmol Tris-HCl-1 mmol EDTA, pH=8.0, A260/
A280=1.8-2.0 (DNA purity). A260 and A280 are the optical spectrom-
eter measurement of absorbance at the wavelengths of 260 nm and
280 nm, respectively. The A-DNA solution (450 pmol/L bp concentration)
was diluted to a 1 umol/L bp concentration by adding a 0.0025 mol/L HCl
solution to maintain the pH of N-DNA near 3.0. A 900 pL ZrO, solution
(concentration 50 pmol/L) with a HCI solution was prepared to maintain
a constant pH value of 3.0. Then 900 pL ZrO, solution was added to the
900 L solution of 0.5 pmol/Lbp A-DNA to make a 1800 pL compound
solution of 0.25 umol/L bp N-DNA.

The short DNA fragment, which was 50 bp linear and double-
stranded, was purchased from Lonza Rockland Inc. To realize a pH of
3.0, the 100 pL short DNA fragment of 138.5 pumol/L was diluted ten-fold
to a 1000 pL solution of 13.85 pmol/L with HCl solution (0.0025 mol/L).
In the same manner, the zirconia solution (11.3 mmol/L) was diluted
two thousand times with a HCl solution to make a 1000 pL solution with
a zirconia concentration of 5.65 ymol/L. Then 1000 L zirconia solution
was added to the 1000 pL short DNA fragment solution to yield a mixed
solution with a pH of 2.8. The absorption spectrum and zeta potential
of DNA solutions were evaluated using an ultraviolet-visible (UV-vis)
scanning spectrometer and a zeta potential analyzer, respectively.

3. Results and discussion

Fig. 1a and b shows a photograph and particle size distribution of
the obtained transparent ZrO- colloidal solution. The ZrO, nanoparticle
surface contains numerous positive charges at a pH value of 3 because
the isoelectric point of ZrO, ceramic is around 5-6, and due to the
electric repulsion force in water, each ZrO; nanoparticle is assumed to
be dispersed separately. The average diameter of the ZrO, nanoparticle
is about 5 nm, and has a very narrow particle distribution (Fig. 1b).
Fig. 1c shows a TEM picture of the ZrO, nanoparticles. Although the
primary ZrO, nanoparticles on the TEM grid aggregate after drying the
colloidal solution, the primary nanoparticles are about 5 nm, which is
consistent with that measured by DLS. Hence, it is concluded that the
Zr0, nanoparticles can be dispersed perfectly in water under this low
pH condition.

Fig. 2 shows the TEM picture of the mixed solution of ZrO,
nanoparticles and N-DNA, and indicates that a network is formed as
the ZrO, nanoparticles are assembled on the DNA strands. In contrast,
without DNA, the ZrO, nanoparticles are aggregated randomly on the
TEM grid (Fig. 1c). However, the ZrO» nanoparticles are arranged in the
presence of A-DNA and the morphology agrees well with the assembly
of metal nanoparticles by A-DNA [13,20]. This TEM observation suggests
that DNA plays an active role in the directed assembly process of ZrO,
nanoparticles.

The length of the A-DNA molecule is very long compared to the size of
Zr0, ceramic nanoparticles. Thus, to confirm that the ZrO, nanoparticles
are arranged on DNA, a short DNA fragment with a short length was
used. 50 bp of the short DNA fragment corresponds to 17 nm, because
the length of one bp is 0.34 nm. Fig. 3 shows the TEM picture of ZrO,
nanoparticles assembled on the short DNA fragment, and illustrates
that several ZrO, nanoparticles form an array on the short DNA. Although
some ZrO, arrays aggregate each other, the ZrO, nanoparticles are
aligned along the DNA template, as seen in Fig. 3, which reflects the linear
morphology of the DNA.

The absorption spectrum and zeta potential of DNA in the working
buffer were measured in order to consider the interaction between the
DNA molecules and the ZrO, nanoparticles. It is thought that the short
DNA fragment is stable in the acidic solution, because the absorption
property around at 270 nm is not changed in comparison with that
in the water. Then, it is confirmed that the short DNA fragment has
negative charge even in the acidic solution. Futhermore, when the
concentartion of the short DNA fragment increases, each ZrO, nanopar-
ticle is individually observed on the TEM grid (Fig. 4). Therefore, the one-

Frequency / vol%

10 100
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Fig. 1. (a) Photograph and (b) particle size distribution of the synthesized transparent
zirconia nanoparticles in water. (c¢) TEM image of the synthesized zirconia
nanoparticles.

dimensional (1D) arrangement is likely due to the Coulomb interactions
between the negatively charged DNA and positively charged ZrO,
nanoparticles.

To date, some groups have reported the assembly of metal oxide
nanoparticles by DNA templates [21,22]. However, both nanoparticles
were capped by surfactant such as tetramethylammonium hydroxide
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Fig. 2. TEM image of a zirconia nanoparticle assembly by A-DNA.



Fig. 3. TEM image of the zirconia nanoparticle assembly by a short DNA fragment.
Concentration of the DNA is 13.85 pmol/L.

Fig. 4. TEM image of the zirconia nanoparticle assembly by a short DNA fragment.
Concentration of the DNA is 138.5 pmol/L.

(TMAH) or cetyltrimethylammonium bromide (CTAB) in order to
improve their dispersibility in solution, and the surfactant played an
important role in assembling the nanoparticles on DNA. In contrast, the
Zr0, nanoparticles used in this study are very stable in water without
surfactant capping. Hence, we succeeded in DNA-directed assembly of
metal oxide nanoparticles for the first time.

4. Conclusion

The role of DNA in assembling metal oxide nanoparticles without
surfactant capping was investigated. ZrO, nanoparticles are assembled

J. Han et al. [ Materials Letters 79 (2012) 78-80

on DNA by Coulomb interactions between the negatively charged DNA
and positively charged ZrO, nanoparticles. We believe that this directed
assembly of metal oxide nanoparticles by DNA will yield novel hybrid
nano-biomaterials with synergetic properties and functions.
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We previously reported the construction and activity of a humanized,
bispecific diabody (hEx3) that recruited T cells towards an epidermal
growth factor receptor (EGFR) positive tumor. Herein, we describe the
construction of a second functional, fully humanized, anti-EGFR bispecific
diabody that recruits another subset of lymphocyte effectors, the natural
killer cells, to EGFR-expressing tumor cells. After we confirmed that an
anti-EGFR x anti-CD16 bispecific diabody (Ex16) consisting of a previ-
ously humanized anti-EGFR variable fragment (Fv) and a mouse anti-
CDI16 Fv had growth inhibitory activity, we designed a humanized anti-
CDI16 Fv to construct the fully humanized Ex16 (hEx16). However, the
humanized form had lower activity for inhibition of cancer growth. To
restore its growth inhibitory activity, we introduced mutations into the Ver-
nier zone, which is located near the complementarity-determining regions
and is involved in their binding activity. We efficiently prepared 15 differ-
ent hEx16 mutants by expressing each chimeric single-chain component for
hEx16 separately. We then used our in vitro refolding system to select the
most functional mutant, which had a growth inhibitory effect comparable
with that of the commercially available chimeric anti-EGFR antibody,
cetuximab. Our refolding system could aid in the efficient optimization of
other proteins with heterodimeric structure.

Introduction

Bispecific antibodies (BsAbs) are recombinant antibod-
ies that can bind to two different antigenic epitopes.
Bispecificity can be used in cancer immunotherapy to
crosslink tumor cells to immune cells such as cytotoxic
T cells, natural killer (NK) cells and macrophages.
This crosslinking accelerates the destruction of tumor
cells by immune cells, which may ftranslate into

Abbreviations

improved antitumor therapy and lower costs by
decreasing the doses needed for therapy [1,2].
However, the use of BsAbs in clinical studies has been
hampered by difficulties in producing them on a
large scale. Conventional chemical conjugation results
in inconsistent quality of the antibodies produced [3].
The production of BsAbs by somatic fusion of two

ADCC, antibody-dependent cellular cytotoxicity; BsAbs, bispecific antibodies; COR, complementarity-determining regions; CHO, Chinese
hamster ovary; CTLs, cytotoxic T lymphocytes; EGFR, epidermal growth factor receptor; FITC, fluorescein isothiocyanate; Fv, variable
fragment; MHC, major histocompatibility complex; MTS, 3-(4,5-dimethylthiazole-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-
tetrazolium, inner salt; NK, natural killer; NK-LAK, lymphokine-activated killer cells with the NK cell phenotype; PBMCs, peripheral blood
mononuclear cells; SPR, surface plasmon resonance; TCR, T cell receptor; T-LAK, lymphokine-activated killer cells with the T-cell phenotype.
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hybridomas to form a quadroma yields BsAbs of more
consistent quality, but this results in the formation of
various chain-shuffled antibodies. For instance, 10 dif-
ferent antibodies can be generated after random associ-
ation of two heavy and two light chains [4,5].

Advances in recombinant DNA technology have
made it feasible to generate small recombinant BsAb
fragments constructed from two different variable anti-
body fragments. Bispecific diabodies are the smallest
available BsAb fragments and the distance between the
two antigen binding sites is sufficient to link two cells
[6,7]. The effectiveness of bispecific diabodies in cancer
therapy has been extensively shown in both in vitro
and in vivo models [8-10]. We have constructed func-
tional bispecific diabodies [11,12] and have reported
that a humanized bispecific diabody, hEx3, has marked
antitumor activity and can retarget lymphokine-acti-
vated Kkiller cells with the T-cell phenotype (T-LAK
cells) against epidermal growth factor receptor
(EGFR) positive cell lines [13,14].

Among immune cells, cytotoxic T lymphocytes
(CTLs) are one of the most suitable candidates for
targeted immunotherapy, as they participate in the
recognition and subsequent killing of tumor cells, virus-
infected cells and allogeneic targets [1]. The primary
cytotoxic trigger on CTLs is the cluster of differentia-
tion 3/T-cell receptor (CD3-TCR) complex, which is
antigen-specific but is restricted by the major histocom-
patibility complex (MHC). However, BsAbs can react
with the CD3-TCR complex to initiate retargeted cyto-
toxicity without any MHC restriction [1,2]. In contrast,
NK cells are a component of the body’s innate immu-
nity and can both lyse target cells and provide an early
source of immunoregulatory cytokines [9]. Most human
NK cells express high levels of FeyRIII (CD16), which
plays a critical role in the induction of antibody-depen-
dent cellular cytotoxicity (ADCC), which is one of the
major modes of action of most therapeutic antibodies.
Thus, CDI16 is an attractive candidate for targeted
immunotherapy, and effective CD16-mediated cytotox-
icity induced by bispecific diabodies has been docu-
mented for malignant tumors [7,9].

Herein, we describe our construction of a second
functional bispecific diabody against EGFR that uses
an anti-CD16 variable fragment (Fv) to recruit a dif-
ferent subset of lymphocyte effectors, the NK cells.
The resultant anti-EGFR x anti-CD16 bispecific dia-
body (Ex16) showed marked growth inhibitory activity
that was clearly dependent on the effector -cells.
However, humanization of the diabody resulted in a
considerable decrease in its growth inhibitory activity
due to a reduction in its binding affinity. The Vernier
zone [15], which is located near the complementarity-
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determining regions (CDRs), plays a role in the bind-
ing activity of antibodies. To recover the function of
the diabody that had been lost as a result of its
humanization, we introduced mutations in the Vernier
zone residues by preparing 15 different humanized
Ex16 (hEx16) mutants and selected the most functional
one by using the in vitro refolding system described in
an earlier report [13]. To our knowledge, this is the
first report of a functional, fully humanized, bispecific
diabody that can retarget EGFR and CDI16 on tumor
cells and was prepared with the use of our refolding
system. Thus, our refolding system has again been
demonstrated to be suitable for the efficient optimiza-
tion of heterodimeric proteins.

Results

Preparation of refolded Ex16

To prepare Ex16 with specificity for EGFR and CDI6,
we applied the in vitro refolding system used for
refolding of hEx3, as described previously [13,14]. The
two chimeric single-chain components of ExI6,
3GHhSL and h5SH3GL, were separately expressed in
Escherichia coli. Results of SDS/PAGE and western
blotting showed that each gene product was primarily
and substantially present in the intracellular insoluble
fractions (Fig. 1). Furthermore, high purity and stoi-
chiometric association of chimeric single-chain compo-
nents were observed in refolded Ex16 (Fig. 1),
demonstrating the successful preparation of Ex16 using
our in vitro refolding system.

Growth inhibitory effect of Ex16

To evaluate the inhibition of cancer growth by ExI16,
we performed an MTS (3-(4.5-dimethylthiazole-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetra-
zolium, inner salt) assay with TFK-1 human bile duct
carcinoma cells by using T-LAK cells or lymphokine-
activated killer cells with the NK cell phenotype (NK-
LAK) as effector cells. Ex16 inhibited the growth of
cancer cells only in the presence of NK-LAK cells
(Fig. 2A). Flow cytometric analyses showed that
induced NK-LAK cells consisted largely (about 70%)
of CDI6-positive lymphocytes, whereas T-LAK cells
consisted largely of CD3-positive lymphocytes
(Fig. 2B). The specific binding of Ex16 to NK-LAK
(Ex16) cells was also confirmed by use of flow cytome-
try (data not shown). These results indicate that the
anti-EGFR x anti-CD16 bispecific diabody can inhibit
EGFR-positive cancer growth in an effector cell
dependent manner.
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C

30- 3GHh5L
=

25-% hSH3GL

Fig. 1. Preparation of Ex16. (A), (C) SDS/PAGE under reducing conditions. (B) Western blot of E. coli BL21 (DE3) cells expressing 3GHh5L
(lanes 1-3) and h5H3GL (lanes 4-6) using an anti-His-tag monoclonal antibody. Molecular size markers (in kilodaltons) are shown on the left
in (B) and (C). In (A) and (B), lanes 1 and 4 represent proteins in the bacterial culture supernatant, lanes 2 and 5 represent proteins in the
intracellular soluble fraction, and lanes 3 and 6 represent proteins in the intracellular insoluble fraction. C, refolded Ex16 diabody.

Humanization of Ex16 to reduce immunogenicity

Because Ex16 demonstrated anti-proliferative activity
for cancer cells, we designed and prepared a fully
humanized Ex16 (hEx16) to reduce the immunogenic-
ity of Ex16 and make it more suitable for clinical use.
The anti-EGFR Fvs used for the construction of Ex16
were already humanized [13], and we humanized the
anti-CD16 Fvs from 3G8 by using the CDR-grafting
method, as described in Materials and methods. We
selected human sequences as templates for humanized
3G8 Fvs by doing homology searches, taking into
account the lengths of the CDRs as well as the resi-
dues located at the VH-VL interface [16] and in the
Vernier zone [15]. The sequences of the humanized
3G8 Fvs, shown in Fig. 3, were used to construct the
hEx16 expression vectors pRA-h3GHhSL and pRA-
hSHh3GL. hEx16 was successfully prepared by using
these vectors, and was subjected to in vitro refolding.
However, a substantial decrease was seen in the
growth inhibition by hEx16 in the MTS assay with the
TFK-1 (Fig. 4A) and A431 (Fig. 4B) cell lines, both of
which express high levels of EGFR. Decreased binding
affinity due to the humanization of Ex16 may have
resulted in the substantially lower growth inhibitory
effects of hEx16.

Introduction of mutations into the Vernier zone
of humanized 3G8 Fv in hEx16

All residues located at the VH-VL interface whose
mutation would affect their interactions with the
ligand were conserved in humanized 3G8. However,
two residues in each of the Vernier zones of VL and
VH were mutated: M4L and G64A in VL, and S29R
and R94Q in VH (Fig. 3). When affinity for the ligand

is lost after humanization, as seen in the present case,
the changed residues often need to be changed back
into the corresponding residues in the original murine
sequences. However, it is difficult to identify which
residues or combinations of residues will critically con-
tribute to the restoration of binding affinity. Therefore,
we constructed resubstitution mutants in every possible
combination, including single mutations, yielding 15
different hEx16 mutants (Table 1). All mutants were
prepared similarly, were of high purity and underwent
stoichiometric association of their chimeric single-chain
components by using the in vitro refolding procedure
described in Materials and methods (data not shown).

Binding and cancer growth inhibition by hEx16
mutants

Flow cytometric analysis and the MTS assay were per-
formed to evaluate the binding and cancer growth
inhibition by hEx16 mutants. Because induced
NK-LAK cells contain some CDIl6-negative cells
(Fig. 2B), we established a Chinese hamster ovary
(CHO) cell line that stably expressed high levels of
CDI16 (CD16/CHO) to evaluate more clearly the dif-
ferences in CDI6-dependent binding of the bispecific
diabodies. Comparable binding to EGFR-positive
TFK-1 cells was observed for Ex16 and hExl6, and
each mutant showed a slight increase in binding
strength over hEx16 (Table 1). In contrast, the binding
strength of hEx16 to CDI6/CHO cells was much
lower than that of Ex16, and some mutants showed a
recovery of binding strength to over 10 times the origi-
nal strength of hEx16 (Table 1). The cancer cell
growth inhibition was also restored for several mutants
(Fig. 5). Thus, the function of hEx16 could be restored
by changing the residues in the Vernier zones back
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Fig. 2. Effector cell specificity and growth inhibition activity of
Ex16. (A) Growth inhibition of EGFR-positive TFK-1 cells by Ex16
diabodies. Ex16 diabodies and T-LAK or NK-LAK effector cells were
added to TFK-1 tumor cells at a ratio of 5 to 1 for T-LAK cells or
25 to 1 for NK-LAK cells. Data are presented as the mean val-
ues + SD and are representative of at least three independent
experiments with similar results. (B) Flow cytometric analysis of
each type of effector cell. T-LAK cells and NK-LAK cells were incu-
bated with either a mouse anti-CD16 antibody (3G8 IgG) or a
mouse anti-CD3 antibody (OKT3 IgG), followed by an FITC-conju-
gated anti-mouse IgG.

into the ones present in the original murine sequences
of Ex16.

Surface plasmon resonance analysis of
fractionated dimers of an hEx16 mutant selected
on the basis of its growth inhibitory effect

For further analyses, we limited our studies to certain
mutants based on the results of flow cytometry and
the MTS assay. Comparable growth inhibitory effects
were observed between Mu 1 and 2, Mu 3 and 4, and

R. Asano et al.

Mu 11 and 12, respectively, in the MTS assay with
TFK-1 cells (Fig. 5). We selected for further analyses
those mutants that had fewer mouse sequences, i.e.
Mu 1, Mu 3 and Mu 11, as some restoration in their
binding strength for CD16 was also seen in flow cyto-
metric analyses (Table 1). Gel filtration of each dia-
body showed the formation of 58-kDa dimers, but
peaks corresponding to monomers and multimers were
also observed (data for Ex16, hExl6 and Mu 3 are
shown in Fig. 6A as representative examples). Frac-
tionated Mu 3 diabodies (dimer fractions of
~ 58 kDa) showed the highest growth inhibition
among all the selected mutants at any concentration in
the MTS assay (Fig. 6B). Therefore, we compared the
binding kinetics of Ex16, hEx16 and Mu 3 for CDI16
by surface plasmon resonance (SPR) using fractionated
diabodies. Marked decreases in both the association
and dissociation rates were observed for hEx16, result-
ing in an affinity constant that was only 4% of the
affinity constant for Ex16 (Table 2). In contrast, the
binding kinetics of Mu 3 were comparable with those
of Ex16 (Table 2), which probably contributed to the
restoration of its cancer growth inhibition to a level
comparable with that of Ex16.

Comparison of the growth inhibitory effect of
Ex16, hEx16 and cetuximab

To compare the growth inhibitory effect of fraction-
ated dimers of Ex16 and the most functional hEx16
mutant, Mu 3, with the US Food and Drug Adminis-
tration approved therapeutic anti-EGFR antibody
cetuximab, we performed the MTS assay with TFK-1
and A431 cells and peripheral blood mononuclear cells
(PBMCs) as effector cells. Comparable growth inhibi-
tory effects were observed for Ex16 and cetuximab in
both cancer cell lines (Fig. 7A,B). Mu 3 also showed a
growth inhibitory effect comparable with that of cetux-
imab, especially at high doses, thus demonstrating the
successful construction of a fully humanized, CDI16-
targeted bispecific diabody with the potential to be a
novel therapeutic antibody fragment.

Discussion

EGFR is overexpressed in a wide range of human
malignancies, and its expression level is correlated with
poor clinical outcome in patients with any of several
cancers [17]. Therapeutically potent BsAbs targeting
EGFR have been prepared by fusion of two hybrido-
mas and by chemical conjugation; however, such clas-
sical methods have led to the formation of several
nonfunctional analogs [18,19]. We previously reported
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significant in vitro and in vivo antitumor activity of a
humanized bispecific diabody that recruited T cells
towards an EGFR-positive tumor (hEx3) [13].
Although studies to examine the usefulness of hEx3
for clinical therapy are currently under way, the most
advanced BsAb fragment recruiting T cells, Micromet’s
blinatumomab. has shown promising results in a clini-
cal study. However, it has also shown central nervous
system symptoms, which have led to permanent dis-
continuation of the study drug in some cases [20].
Thus, in the present study, we tried to construct a sec-
ond, functional, fully humanized, anti-EGFR diabody
that would recruit another subset of lymphocyte effec-
tors, the NK cells, to EGFR-expressing tumors.

To confirm the usefulness of an anti-EGFR x anti-
CDI16 diabody, we first prepared Ex16, which consists
of a previously humanized, anti-EGFR 528 Fv and a
mouse anti-CD16 3G8 Fv. Although downsizing anti-
bodies enables their large-scale preparation by using
bacterial expression systems, efficient preparation of
functional small antibody fragments has often been
hampered by the formation of insoluble aggregates in
the cytoplasmic or periplasmic space [21]. We had pre-
viously developed an in vitro refolding system to pre-
pare functional, bispecific diabodies from insoluble
intracellular aggregates in E. coli [12,14], and we
applied it in this study to the preparation of Ex16. We
observed both a stoichiometric association of chimeric
single-chain components and effector cell dependent
growth inhibition with refolded Ex16 (Figs 1, 2), dem-
onstrating the successful preparation of Ex16 with our
in vitro refolding system and the usefulness of Ex16 for
inhibiting the growth of cancer cells.

FEBS Journal 279 (2012) 223-233 ©® 2011 The Authors Journal compilation @ 2011 FEBS

We then designed a humanized version of the anti-
CD16 Fv (Fig. 3) to construct a fully humanized Ex16
(hEx16) in order to reduce the immune response
against murine antibodies in human hosts. However,
the resultant hEx16 showed a substantial decrease in
the growth inhibition of EGFR-expressing cancer cells
(Fig. 4). Grafting of the CDRs of murine antibodies
onto appropriate human frameworks has often
resulted in reduced affinity or specificity for the target
antigen [22,23]. Because the CDR-grafting method is
widely used for humanizing murine antibodies, there
are a few general strategies for the recovery of the
binding affinity of humanized antibodies, although
these strategies often require several trial-and-error
approaches [24-26]. The humanized Ex16 had reduced
binding strength (Table 2); hence, we constructed
hEx16 mutants to restore the ability of the diabody to
inhibit the growth of EGFR-expressing cancer cells.

Previous work has suggested that residues in the
p-sheet framework underlying the CDRs play a critical
role in the adjustment of the loop structures of the
CDRs; these residues are referred to as the Vernier
zone [15]. Although residues located at the VH-VL
interface have also been reported to be important [27],
we focused only on the Vernier zone because the resi-
dues at the VH-VL interface were all conserved in
humanized 3G8. Within the Vernier zone, two residues
in VL and two in VH were mutated as a result of
humanization. Because it is difficult to identify or pre-
dict which residue or combinations of residues can crit-
ically contribute to the recovery of binding affinity, we
constructed mutants in every combination (i.e. 15
different hEx16 mutants).
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Fig. 4. Growth inhibition of EGFR-positive cell lines by Ex16 and
hEx16. NK-LAK cells were added to TFK-1 cells (A) or A431 cells
(B) at a ratio of 2.5 to 1. The results at concentrations of 0 nm
show the spontaneous growth inhibition rate of the effector cells.
Data are presented as the mean values + SD and are representa-
tive of at least three independent experiments with similar results.

Bispecific diabodies are usually prepared using coex-
pression vectors containing two chimeric single-chain
components from the culture supernatant or the peri-
plasmic fraction [8,28]. In the present study, we would
have needed to construct 15 different expression
vectors if we had used a coexpression vector system.
Instead, we were able to do this efficiently by combin-
ing four kinds of hSHh3GL and h3GHh5H (Table 1).
The most functional hEx16 mutant, Mu 3, demon-
strated binding affinity comparable with Ex16 in SPR
studies (Table 2) and a growth inhibitory effect com-
parable with that of cetuximab (Fig. 7). Thus, this
method of separately expressing each chimeric single-
chain component and refolding the two chimeric sin-
gle-chain components after stoichiometric mixing could

R. Asano et al.

Table 1. Mutants constructed in this study and mean fluorescence
intensity in flow cytometry. N.C., cells were incubated with
NaCl/P;.

Mean
fluorescence
hEHR3GL h3GHh5H intensity
Mutants/ TFK-1 CD16/
samples M4L GB4A S29R  R94Q (EGFR') CHO
N.C. 7 B
Ex16 67 1476
hEx16 67 28
Mu 1 + 79 413
Mu 2 + + 125 49
Mu 3 + + B6 225
Mu 4 + + + 94 249
Mu 5 + 85 13
Mu 6 + + 135 1
Mu 7 + + 87 41
Mu 8 + + + 108 44
Mu 9 - + 82 316
Mu 10 - + + 98 28
Mu 11 + + + 91 230
Mu 12 + + + 96 237
Mu 13 + 131 59
Mu 14 + 78 58
Mu 15 + + 92 55

be used to efficiently prepare diabody mutants, espe-
cially when many mutants need to be constructed. All
BsAb fragments currently in clinical trials, such as bli-
natumomab [29] and Affimed’s AFMI3 (http://
www.affimed.com/afm13), are produced in expensive
mammalian expression systems even though they are
small-format antibody derivatives. Our in vitro refold-
ing system could provide a low-cost alternative pro-
duction method based on a bacterial expression system
for similar BsAb products.

The values of affinity (148 nm) and ECS30 (1.2 nm
calculated for A431) for hExl6 are lower than those
previously reported for BsAb fragments based on anti-
CDI16 Fv [30-32], and a more homogeneous prepara-
tion is desired. To date, several different small BsAb
fragments have been proposed to increase efficacy; in
the cases of BsAb fragments targeting CDI16, the for-
mats designed with two binding sites for tumor cells
especially have shown remarkably low EC values
[31,32]. However, they are also produced in mamma-
lian expression systems, like the advanced BsAb frag-
ments described above. A previous report [28] and our
unpublished data showed that the orientation of the
variable domains of the diabody can influence the
expression and formation of active binding sites. Thus,
we are working to further improve hEx16 by converting
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Fig. 5. Growth inhibition of EGFR-positive cell lines by Ex16, hEx16
and mutant hEx16 diabodies. NK-LAK cells were added to TFK-1
cells (A) or A431 cells (B} at a ratio of 2.5 to 1. Data are presented
as the mean values + SD and are representative of at least three
independent experiments with similar results.

the orientation of the variable domains and to opti-
mize its homogeneous preparation by creating addi-
tional mutations.

In conclusion, we efficiently constructed a human-
ized anti-EGFR x anti-CD16 diabody with a growth
inhibitory effect comparable with that of cetuximab
by using a proven in vitro refolding method. Our
refolding system may allow industrial-scale production
of bispecific diabodies and also aid in the efficient
optimization of additional proteins with heterodimeric
structures.

Materials and methods

Preparation of Ex16 diabodies

The mouse hybridoma cell line 3G8 was used as the source
of the anti-human CDI6 variable region genes. The VH
and VL genes of the anti-human CDI16 Fv were cloned
with primers synthesized based on the sequences of genes
described in an earlier report [33] and designated 3GH and
3GL, respectively. We previously reported the construction
of the bacterial expression vectors pRA-hOHh5L and pRA-

Humanized bispecific EGFR x CD16 diabody

A 150 67 43 25 (kDa)
AT
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2.5mAU
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5mAU
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Elution volume (mL)

| s 8 AT A e

% growth inhibition of cancer cells

Fig. 6. Growth inhibition of EGFR-positive TFK-1 by fractionated
diabodies. (A) Gel filtration of refolded diabodies; mAU, milliabsor-
bance unit. (B} NK-LAK cells were added to TFK-1 cells at a ratio of
25 to 1. Data are presented as the mean values + SD and are
representative of at least three independent experiments with
similar results.

h5HhOL, which were designed to express the two chimeric
single-chain components h5HhOL and hOHhSL, respec-
tively, of a humanized anti-EGFR x anti-CD3 bispecific
diabody (hEx3) [13]. The genes coding for the VH and VL
regions of the humanized anti-CD3 antibody OKT3 Fv,
hOH and hOL respectively, were replaced with 3GH and
3GL, which code for the VH and VL regions of the anti-
human CDI16 Fv. The resulting vectors, pRA-3GHhS5L and
pRA-h5SH3GL, were used to prepare Ex16 using the in vitro
refolding system described in our earlier report [13]. Briefly,
3GHhSL and h5H3GL chimeric single-chain components
were individually purified through a TALON Metal
Affinity Resin column (Clontech, Palo Alto, CA, USA)
from the intracellular insoluble fraction after solubilization
with 6 M guanidinium hydrochloride/phosphate-buffered
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Table 2. Ky values for CD16 evaluated by using surface plasmon
resonance.

Kon Kot Ko
r10* m s (107257 "107° m)
3G8 IgG 79 0.078 9.9
3G8 Fab 238 1.7 71
Ex16 12.2 25 203
hEx16 0.2 0.8 4300
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Fig. 7. Growth inhibition of EGFR-positive cell lines by Ex16, Mu 3
and cetuximab. Antibodies and PBMCs were added to TFK-1 cells
or A431 cells at a ratio of 20 to 1. The results at concentrations of
0 nm show the spontaneous growth inhibition rate of the effector
cells. Data are presented as the mean values + 5D and are repre-
sentative of at least three independent experiments with similar
results.
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saline (Gu-HCl/NaCl/P;). Each of the chimeric single-chain
component solutions was diluted to 15pM with 6 M
Gu-HCI/NaCl/P;, and the resulting solutions were then
mixed in a 1 : 1 ratio. The denatured chimeric single-chain
component mixture (5 mL) underwent stepwise dialysis into
NaCl/P; through solutions of 3, 2, 1 and 0.5 M Gu-HCl/
NaCl/P;.

Preparation of effector cells

T-LAK cells were induced as previously reported [34]. Briefly,
PBMCs were cultured for 48 h at a density of 1 x 10°
cellsmL™" in a growth medium supplemented with
100 IU'mL™" of recombinant human interleukin-2 (kindly
supplied by Shionogi Pharmaceutical Co., Osaka, Japan). The
culture flask (A/S Nunc, Roskilde, Denmark) containing the
T-LAK cells had been precoated with an anti-CD3 mAb
(10 pg'mL™"). For the induction of NK-LAK cells, PBMCs
were co-cultured for 48 h at a density of 1 x 10° cellsmL™"'
with  MUCI1/B7-cotransfected K562 cells (an irradiated
cancer vaccine cell line) at a density of 2 x 10° cellsmL™"
in a growth medium supplemented with 200 IlUmL™" of
recombinant human interleukin-2 and 1% human plasma.

Flow cytometric analyses

CHO cells were transfected with the CDI16 expression vec-
tor pcDNA-CD16 by using Lipofectamine 2000 (Invitrogen,
Groningen, The Netherlands) for the establishment of a
CHO clone that stably expressed CD16 (CD16/CHO). Test
CD16/CHO cells (1 x 10°) were incubated on ice with 200
pmol of bispecific diabodies for 30 min. The incubated cells
were washed with NaCl/P; containing 0.1% NaN; and
were then incubated for 30 min on ice with a fluorescein
isothiocyanate (FITC) conjugated secondary antibody with
an affinity for the c-myc tag (9E10; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). The FITC-labeled cells were
subsequently analyzed by use of flow cytometry (FACSCal-
ibur; Becton Dickinson, San Jose, CA, USA) [35].

In vitro growth inhibition assay

In vitro growth inhibition of TFK-1 (human bile duct carci-
noma) cells and A431 (human epidermoid cancer) cells was
assayed with an MTS assay kit (CellTiter 96 AQueous
Non-Radioactive Cell Proliferation Assay: Promega, Madi-
son, WI, USA), as reported previously [36]. Half-maximal
effective concentration (EC50) values were calculated by
using a sigmoidal dose—response curve fit.

Construction and preparation of hEx16 diabodies

An anti-CD16 Fv was humanized by using CDR-grafting
methods, as described previously [37-39]. Based on
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homology searches with human antibodies using the BLAST
sequence program, the sequence of sc77u-41 VH [NCBI
protein  database (http://www.ncbi.nlm.nih.gov/protein);
accession no. AADS53863] [40] was chosen as the template
for 3G8 VH, and the sequence of Hod VL (accession no.
AADO03723) [41] was chosen as the template for 3G8 VL.
VH and VL sequences containing the CDRs were designed
by substituting the 3G8 CDRs with the chosen sequences
and were then constructed by using PCR overlap methods
and synthesized primers that had been optimized for
E. coli. The resulting genes were designated h3GH and
h3GL and were used to replace 3GH and 3GL in the pRA-
3GHhSL and pRA-h5H3GL to create the constructs pRA-
h3GHhSL and pRA-hSHh3GL, respectively, as described
above. The hEx16 diabodies were prepared using the afore-
mentioned bacterial expression and in vitro refolding
systems.

Construction and preparation of hEx16 mutants

Site-directed mutagenesis was performed as described previ-
ously [42]. Three kinds of mutants were constructed for
each of the h3GHhSL and hSHh3GL chimeric single-chain
components. For the preparation of hEx16 mutants, eight
chimeric single-chain components, including two wild-type
chimeric single-chain components, were prepared individu-
ally. The denatured h3GHh5Ls and h5Hh3GLs were then
mixed stoichiometrically in every possible combination and
subsequently refolded. The hEx16 mutants constructed in
this study are summarized in Table I.

Gel filtration chromatography

Gel filtration analysis was done with a Hiload Superdex
200-pg column (10/300; GE Healthcare Bio-Science Corp.,
Piscataway, NJ, USA) to fractionate the dimers of each
bispecific diabody. The column was equilibrated with
NaCl/P; and then 0.25 mL of purified bispecific diabodies
were loaded onto the column at a flow rate of 0.5

mL-min~".

Surface plasmon resonance

The interactions between CDI16 and IgG or antibody frag-
ments were analyzed by using SPR spectroscopy with Bia-
core 2000 (GE Healthcare). CDI16 was prepared in
accordance with the method in a previous report [43] and
immobilized onto the cells in a CM$5 sensor chip to achieve
levels of up to 3183 resonance units. Solutions of various
concentrations of IgG or antibody fragments in 0.005%
NaCl/P—Tween 20 were passed over the immobilized
CDI16. The data were normalized by subtracting the
response of a blank cell after blocking. BIAEVALUATION
software (GE Healthcare) was used to analyze the data.

Humanized bispecific EGFR »x CD16 diabody

Kinetics parameters were calculated by using a global fit-
ting analysis with the assumptions of the 1:1 Langmuir
binding model [44].
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Abstract The use of an “over 1000-nm near-infrared
(NIR) in vivo fluorescence bioimaging” system based on
lanthanide containing inorganic nanostructures emitting in
the visible and NIR range under 980-nm excitation is
proposed. It may overcome problems of currently used
biomarkers including color fading, phototoxicity and
scattering. Gdz();,:Er“".Yb3+ nanoparticles and nanorods
showing upconversion and NIR emission are synthesized
and their cytotoxic behavior is investigated by incubation
with B-cell hybridomas and macrophages. Surface modi-
fication with PEG-b-PAAc provides the necessary chemi-
cal durability reducing the release of toxic Gd** ions. NIR
fluorescence microscopy is used to investigate the suit-
ability of the nanostructures as NIR-NIR biomarkers. The
in vitro uptake of bare and modified nanostructures by
macrophages is investigated by confocal laser scanning
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microscopy. In vivo investigations revealed nanostructures
in liver, lung, kidneys and spleen a few hours after injec-
tion into mice, while most of the nanostructures have been
removed from the body after 24 h.

1 Introduction

Biocompatible nanomaterials have become the focus of
intensive research due to their manifold applications
ranging from implants and scaffolds [1-3], drug delivery
and controlled release [4-9] to cell-tracking and bioimag-
ing [10, 11]. Bioimaging is an important tool to visualize
and investigate biological phenomena and in diagnostics.
The early and reliable detection of diseases such as cancer,
heart or neural diseases is essential for successful treatment
and much effort has been undertaken in the field of nano-
medicine [12-14]. Commonly, organic dyes and fluores-
cent proteins are used as fluorescent markers [15, 16].
Recently, semiconductor quantum dots (e.g. CdSe) have
been proposed as biomarkers due to their tunable optical
properties [17]. However, organic dyes suffer from color
fading restricting their temporal use [15, 18], auto-fluo-
rescence of the biological tissue and phototoxicity as well
as scattering when ultraviolet (UV) light is used as exci-
tation source. The main disadvantages of semiconductor
quantum dots are their intrinsic toxicity requiring core—
shell structures, such as CdTe/ZrO, or CdSe/CdS, and the
blinking of their luminescence emission [19-21]. Due to
their outstanding optical properties, such as sharp emission
lines, long lifetimes and photostability, lanthanide (Ln)
containing compounds may overcome those drawbacks
[22]. In addition to their luminescence behavior, their
magnetic properties make Ln-containing compounds
promising candidates for bioimaging applications as hybrid
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(opto-magneto) biomarkers [23, 24]. Luminescent rare
earth doped gadolinium oxide nanorods exhibiting good
T1-weighted MRI contrast have been reported by Tan et al.
[25]. Alkaline-earth metal fluoride nanocrystals doped with
Gd** have been proposed by Pang et al. as bifunctional
biomarkers due to their magnetism and luminescence [26].
Ceramic host materials doped with erbium ions are known
as upconverting (UPC) phosphors that absorb near-infrared
(NIR) radiation and emit in the visible spectrum. Synthesis
of poly(ethylene glycol)/streptavidin  coimmobilized
upconverting Y,05:Er’*,Yb** nanophosphors and their
potential as biomarkers have been reported by our own
group [27]. Xiong et al. [28] described peptide-labeled
NaYF,4: 20%Yb, 1.8%Er, 0.2%Tm nanophosphors for the
in vivo imaging of tumors. Herein, main advantages of NIR
light are the reduced phototoxicity, autofluorescence and
scattering when compared to UV light. Reduced scattering
allows a deeper penetration depth into biological tissue due
to its NIR transparency also known as biological window
[29]. However, the use of NIR to visible upconverting
biomarkers still suffers from the reduced penetration depth
and scattering of the emitted visible light. Therefore, NIR
absorbing and NIR emitting inorganic materials as well as
organic compounds are attracting increasing attention
and are expected to be suitable nanoprobes for in vivo
bioimaging. Hilderbrand et al. [30] reported the successful
application of Y»0; nanoparticles modified with NIR
emitting fluorophores as NIR-NIR biomarkers. Prasad
et al. [31] reported in vivo bioimaging of whole-body
animal by use of Tm**/Yb>* co-doped NaYF,. Further,
Gd** and Er**/Yb**/Eu** doped NaYF, and Tm**/Er’*/
YT co-doped NaGdF, nanocrystals have been suggested
as bifunctional bioprobes due to their NIR-NIR emission
and magnetic resonance properties [32-34]. With regards
to clinical application NIR-NIR biomarkers are suitable
image-guidance tools in surface-near (millimeter range)
surgery as shown by Frangioni et al. [35, 36]. Using a
fluorescence microscope equipped with an InGaAs-CCD
liposome-encapsulated Y,05:Er’* nanostructures emitting
NIR fluorescence at 1,550 nm under 980-nm excitation
have been investigated for in vitro analysis by Soga et al.
[37]. For further evaluation of the potential of biomarkers
based on Ln-ions, which efficiently emit in the over-1000-
nm NIR range, an “over-1000-nm NIR in vivo fluores-
cence bioimaging” (OTN-NIR-IFBI) system consisting of
a 980-nm laser diode with a scanner for the fluorescence
excitation and an InGaAs-CCD, which can detect the
image in between 800 and 1,700 nm, was developed by our
group. NIR fluorescence microscopy is used for in vitro
cellular imaging on a micron scale level. In contrast, the
new OTN-NIR-IFBI system allows not only in vitro but
also in vivo imaging on a micron to millimeter scale
including investigations of, e.g. uptake of nanostructures
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by organs, their in vivo distribution or their suitability as
new markers in cell tracking.

Previously, we reported the preparation of bare and
poly(ethylene glycol)-b-poly(acrylic acid) (PEG-b-PAAc)
modified Gd203:Er3+,Yb3+ nanostructures and the inves-
tigation of their in vitro cytotoxicity by incubation with
B-cell hybridomas and macrophages [38]. While no cyto-
toxic effect was observed towards B-cell hybridomas, bare
nanostructures induced a toxic effect on macrophages. This
observation was deduced to the poor chemical durability of
Gd,0; and formation of toxic Gd** when the nanostruc-
tures are uptaken by macrophages. Surface modification
with PEG-b-PAAc provided the necessary chemical dura-
bility resulting in good in vitro biocompatibility. In the
present study, the effect of PEG-b-PAAc modification on
the in vitro cellular up-take of gadolinium oxide nano-
structures by macrophages was investigated by confocal
laser scanning microscopy (CLSM) using the upconversion
emission of Gd,Os5:Er’",Yb>" under 980-nm excitation.
Further, the in vivo distribution of PEG-b-PAAc modified
Gd,O:Er’*,Yb>" nanorods by hydrothermal synthesis
(I/d ~ 5) and nanoparticles (d ~ 85-210 nm) by homo-
geneous precipitation (HP) method was evaluated. Herein,
the imaging was performed by using the lately developed
*1000-nm NIR in vivo fluorescence bioimaging” (OTN-
NIR-IFBI) system.

2 Materials and methods
2.1 Material synthesis

Starting materials like lanthanide nitrates [Ln = Gd (min.
99.95 %, Kanto Chemical Co., Inc., Tokyo, Japan), Er
(>99 %, Kojundo Kagaku Kenkyusho Co., Japan), Yb
(99.9 %, Kojundo Kagaku Kenkyusho Co., Japan)], urea
(min. 99.0 %, Kanto Chemical Co., Inc., Tokyo, Japan),
PEG-6.000 [poly(ethylene glycol), Mw = 6,000, Kanto
Chemical Co., Inc., Tokyo, Japan], cetyltrimethylammo-
nium bromide (CTAB, Wako Pure Chemical Industries,
Lid., Osaka, Japan), ammonia (25 % aqueous solution,
Kanto Chemical Co., Inc., Tokyo, Japan), and poly(ethyl-
ene glycol)-b-poly(acrylic acid) [PEG-b-PAAc block
copolymer, Mw = 5,000/3,200, Polymersource, Dorval
(Montreal), Canada] were used without further purification.

For HP, 1.68 mmol Gd(NOs);-6H,O, 1 mol%
Er(NOs5);-5H,O and 1 mol% Yb(NO;);:xH,O were dis-
solved in 300 mL H-O. As surfactant either 1-10 mmol
CTAB or 1-10 mmol CTAB and 5 mmol PEG-6.000 were
added, followed by stirring for 50 min at room tempera-
ture. 150 mmol urea were added to the pure Ln- or Ln-
surfactant-solution and the mixture was kept stirring for
10 min. For precipitation, the mixture was stirred at 85 °C
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for 30 min. In hydrothermal synthesis (HT), the concen-
tration of gadolinium nitrate was set to 0.05 mol/L
at a total volume of 30 mL. Therefore, 1.5 mmol
Gd(NO3)5-6H,0 and an appropriate amount of Er(NO3)s-
5H-0 and Yb(NO;);-xH-0 (each 1 mol%) were dissolved
in 9 mL H,0 and quickly added to an aqueous ammonia
solution (1 mL ammonia hydroxide aqueous solution,
25 %, 420 mL H,O) under rigorous stirring. After
enclosing the Teflon liners in steel autoclaves, autoclaves
were placed in a furnace, respectively wrapped into a
heating mantle system (equipped with a thermocouple
K:Class:2 by Toho and a Program Temperature Controller
TXN700 by AS ONE) and heated to a temperature of
200 °C that was kept for 6-12 h. In all cases, the obtained
powders were collected by centrifugation, washed two
times with distilled water and dried at 80 °C for at least
12 h. Crystalline oxide powders were obtained by post-
thermal treatment at 900 °C (30 min).

2.2 Surface modification

For surface modification of Gd,Os:Er’ ", Yb** with PEG-b-
PAAc, the nanostructures were dispersed in water
(c =2 mg/mL) and sonicated for 30 min at room tem-
perature. An aqueous PEG-b-PAAc solution was added
into the nanostructure dispersion, resulting in final con-
centrations of 0.6 mg/mL Gd»Oz:Er**,Yb>* and 0.6 or
1.2 mg/mL PEG-b-PAAc. In case of 0.6 mg/mL PEG-b-
PAAc, 6 mg/mL PEG-6.000 have been added to the
aqueous nanostructure dispersion prior to addition of the
PEG-b-PAAc solution in order to increase viscosity of
the reaction mixture hindering the formation of larger
agglomerates. The mixtures were stirred at 35 °C for 24 h.
The obtained surface modified powders were collected by
centrifugation, washed at least three times with distilled
water and dried at room temperature.

2.3 Material characterization

The crystalline phase of the samples was determined by
powder XRD with a ULTIMA III diffractometer (Rigaku)
using CuKe radiation. Morphology of the obtained pow-
ders was investigated by scanning electron microscope
(S-4200, Hitachi). The size distribution of PEG-b-PAAc
modified powders in distilled water was measured by
dynamic light scattering (DLS) using a Dynamic Light
Scattering Particle Size Analyzer LB-550 by Horiba. For
FT-IR spectroscopy, samples were mixed with KBr and
spectra of the powders were recorded under vacuum
conditions using a JASCO FT/IR-6500 spectrometer.
Upconversion emission spectra were recorded at room
temperature using a RF-5000 Spectrofluorometer by

Shimadzu-Seisakusho under excitation by an IR diode laser
at 980 nm. For near infrared emission samples were exci-
ted at room temperature with the aid of a Laser Diode by
Kamamatsu Photonics K. K. (L9418-04, /p = 977.7 nm)
using a Thorlabs Laser Diode Controller 2A (LDC 220),
Temperature Controller (TED 200) and Laser Diode Mount
(6 mm/9 mm). Near infrared emission was detected with a
detection system Avantes (AvaSpec-NIR 256-1.7, NIRA,
set for 969-1750 nm, Slit-50). In order to investigate
chemical durability under acidic conditions bare and PEG-
b-PAAc modified nanostructures were added into an
aqueous HCI solution with an initial pH of 3.0
(c(Gd,05) = 0.2 mg/mL). Under rigorous stirring, the
time-dependent change of pH was recorded by use of an
Auto Titrator Com-1600 (Hiramura). The zeta-potential of
bare and PEG-b-PAAc modified nanosiructures was
determined with a DelsaTM Nano Submicron Particle Size
and Zeta Potential analyzer by Beckman Coulter using the
disposable cell for zeta-potential unit. Therefore, nano-
structures were suspended (0.67 mg/mL) in distilled water
(pH = 5.2) or in an aqueous solution of NaOH with an
adjusted pH value of 7.3 (corresponding to the pH value of
cell culture medium). The zeta-potential was calculated
from the mobility by the equipment’s software using the
Smoluchowski model.

2.4 Cytotoxicity tests

B-cell hybridomas (cell line: 83-12-5, purchased by ATCC,
CRL-1971) and macrophages (cell line: J774, purchased by
ATCC, TIB-67) were used to evaluate cytotoxicity of the
obtained nanostructures using in vitro experimental proto-
cols. B-cell hybridomas and macrophages were cultured in
RPMI 1640 medium (Sigma-Aldrich) containing 10 %
FCS, 2-mercaptoethanol (2ME), 2 mM L-glutamine, peni-
cillin/streptomycin, 0.1 mM HEPES, 0.1 mmol/L non-
essential amino acid and 1 mmol/L pyruvic acid for 24 or
48 h with respective nanostructures. Before incubation, the
nanostructures were sterilized by use of 70 % ethanol and
afterwards the nanostructure culture medium mixture was
sonicated for 5 min. Concentrations of the nanostructures
in the cell culture media varied between 1 and 500 pg/mL.
Viability of B-cell hybridomas and macrophages was
analyzed with trypan blue dye-exclusion assay by counting
cells in a hemocytometer.

As positive control the anti-cancer drug carboplatin
(c = 100 pg/mL, provided by Nihonkayayaku) was used,
which is known to induce cell death [39]. Incubation in cell
culture medium without nanostructures demonstrated the
negative control simulating cell behavior under ideal con-
ditions. All data obtained for incubated nanostructures
were compared to the untreated control.
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2.5 Staining and fixation of macrophages for in vitro
CLSM investigations

In order to stain the cytoplasm of macrophages, macro-
phages were incubated for 10 min with 1 uM of Cell-
Tracker Orange  5-(((4-chloromethyl)benzoyl)amino)
tetramethylrhodamine (CMRA) (invitrogen) according to
the manufacturer’s instructions. CMRA labelled macro-
phages were then incubated for 12 h with 500 pg/mL
Gd,05:Er’ ", Yb*". The incubated cells were fixed with
4 % PFA, permeabilized with 0.1 % Triton-X-100 and the
nucleus was stained with DAPI (1 pg/mL). CMRA and
DAPI stained macrophages were enclosed between glass
slides for further microscopy analysis. The applied analysis
combined CLSM with the measurement of the multi-
photon-absorption-induced luminescence from the used
nanoparticles according to Farrer et al. [40]. The analysis
was carried out using an Axiovert 200 M microscope
including a 510 NLO Meta device (Zeiss, Jena, Germany)
with helium-neon and femtosecond Ti-sapphire laser
(Chameleon, Coherent, Santa Clara, CA). For DAPI
detection a two photon excitation with 760 nm tuned
Chameloen laser was used. The CMRA was excited at
543 nm using helium-neon laser. For nanoparticle or
nanorod detection the chameleon laser was tuned at
980 nm to excite erbium and ytterbium ions. The laser
pulse had a repetition rate at 80 MHz and the emission was
collected with a 40x oil-immersion objective and a
bandpass filter with a transmission window from 500 to
550 nm for the green signal (550 nm) or a bandpass filter
from 650 to 710 nm for the red luminescence (670 nm).
All pictures were taken within the inner section of the cells
and the software LSM Image Examiner was used for fur-
ther analysis.

2.6 In vivo distribution in mice organs

In order to study the in vivo distribution of the nano-
structures, the mice were injected with 500 pL of
Gd>O+:Er*",Yb>" nanoparticles or nanorods in HEPES
buffer (20 mM, pH = 7.4, 150 mM NaCl) through the tail
vein [nanostructure concentration at the injection point at
the tail vein: ¢(Gd,05:Er’*,Yb*™) = 5 mg/mL, 2.5 mg per
mouse]. Day-0-mice were killed a few hours after injec-
tion. Day-1-mice were killed 24 h after injection. After
removing the hair of the mice by using commercial
depilatory, mice were observed in the “1000-nm NIR in
vivo fluorescence bioimaging” (OTN-NIR-IFBI) system
NIS-Opt by Shimadzu equipped with a 980-nm laser diode
(S4LFT0101/126 SILL155129), a scanner for the fluores-
cence excitation and an InGaAs-CCD (Xenics Detector),
which can detect the image in between 800 and 1,700 nm
(Scheme 1). Uniformity of the laser intensity is achieved
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Scheme 1 Schematic representation of the “1000-nm NIR in vivo
fluorescence bioimaging” (OTN-NIR-IFBI) system NIS-Opt

by using a scanning galvanometer mirror system that
allows scanning the whole mouse body (centimeter range).
Near-focus was chosen for the incident laser beam on the
animal in order to avoid burning of the biological tissue.
The laser power was set to be 4.5 W with a ¥ Amaki LD
Driver & Temperature Controller.

For histological analysis in fluorescence microscope
(IX71 by Olympus, equipped with a near infrared source
TCLDM9 by Thorlabs), organ samples (liver, spleen, lung,
kidneys) were fixed with 10 % formalin and histological
evaluation was performed using hematoxylin and eosin
(H&E) staining. Urine from day-0 and day-1-mice injected
with 85 and 160 nm particles could be collected while
sacrificing and was also investigated in fluorescence
microscope for residual nanostructures. NIR emission
intensity was quantified (integrated density) by greyscale
analysis of the obtained fluorescence micrographs using the
software Imagel). Experiments were done under the
detection systems’ pixel saturation limit (further informa-
tion and discussion on the lower detection limit and pixel
saturation of the used NIR camera systems are provided in
Supporting information).

3 Results and discussion

3.1 Material synthesis and characterization

3.1.1 Phase and morphology

Hydrothermal treatment (HT) and HP methods such as
surfactant-free HP, CTAB-assisted HP as well as CTAB-

and PEG-6.000-assisted HP were used for the synthesis of
various Ln°*-doped gadolinium based nanostructures.



