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Renal Excreted Au clusters-EGFR antibody for
targeted cancer radiation therapy
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Hao Wang®, Hua He®, Xiaojuan Wang®, Saijun Fan®, Yuan-Ming Sun®, Meili Guo’

Ultrasmall gold clusters have shown great potentials in biomedical applications. It is crucial to
prepare targeting clusters with fast excretion properties. Here, we prepared gold cluster-EGFR
antibody conjugates with cancer-specific targeting, enhanced therapeutic radiation and renal
clearance properties, and then systematically investigated its targeted radiation therapy,
clearance, and toxicity over a relatively long period of 25 days in mice. It was found that the
as-prepared gold cluster-EGFR antibody conjugates showed higher in vitro uptakes than gold
clusters alone in treated Hela cells and thus triggered more significant cancer radiation
therapies than the nonspecific gold clusters. /n vivo therapies and tumor uptakes showed that
gold cluster-EGFR antibody conjugates could result in higher tumor uptakes and tumor
ablations. Notably, gold cluster-EGFR antibody conjugates showed a urine excretion of 43%
after 24 hours, only slightly lower than pure gold clusters (52%). Furthermore, hematological
and biochemical studies showed that the conjugates did not cause liver and kidney toxicities
after 30 days post injection. The present work showed that the targeting gold cluster-EGFR
antibody conjugates with highly efficient therapeutic radiation, low toxicities and good

excretions can be promising for medical applications.

Introduction

Gold nanomaterials have attracted extensive attentions in medical
applications, such as drug deliveries, bioimaging, and cancer
photothermal or radiation therapies.'” However, the exogenous
nanoparticles (NPs) which are large in size cannot escape from the
reticulo-endothelial system (RES) absorption and thus lead to low
uptakes in tumor, but high uptakes in liver and spleen.®'> It was
reported that NPs with sizes >50 nm almost could not escape from
RES absorption and caused appreciable liver distributions.”*"” In
contrast, Au NPs with sizes<20 nm could reduce the RES absorption
and induce certain tumor uptakes.18 Typical 20 nm PEG-protected
Au NPs could present 6.63 % ID/g tumor uptakes, while 15 nm
tiopronin-protected Au NPs showed 2.8 % ID/g tumor uptakes.'* %’
All these NPs can improve tumor uptakes through their long blood
circulation time.?" ** Unfortunately, these NPs with relatively large
sizes still exhibited low tumour uptakes and cannot cross the 5.5 nm
renal clearance barrier, causing potential liver toxicities.”*’

Gold clusters have attracted broad interests due to their unique
structures, strong fluorescence, high tumour uptakes and highly
efficient renal clearances.”*? It was found that glutathione (GSH)-
protected gold clusters exhibited high efficiencies and great
potentials in cancer radiation therapies.?* ***° Thus, it is desirable to
conjugate targeting functional molecules to gold clusters to achieve
active targeting therapies. The epidermal growth factor receptor
(EGFR) antibody has been conceived as a highly efficient targeting
molecule for cancer therapies and imaging. It was reported that the
tumor uptake of EGFR antibody-Au NPs treated mice was much
higher than untargeted Au NPs.*' Besides, in another important
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application, EGFR antibody-Au NPs showed extremely efficient
photothermal therapies and high tumor specificities.* It also works
effectively when carbon nanotubes were used as core materials for in
vivo and in vitro drug deliveries.** Unfortunately, however, all those
conjugates mentioned above cannot be well excreted. The
hydrodynamic sizes of readily-available NP-EGFR antibody
conjugates are so large that they cannot pass the renal filter.” *®
Ultrasmall gold clusters with a hydrodynamic size of 2.8 nm can
help improve the excretion.** In this study, we prepared a
multifunctional gold cluster-EGFR antibody conjugate and achieved
highly effective tumor uptakes and cancer radiation therapies as well
as substantially efficient renal clearances.

Experimental Section

Materials and synthesis: The Auyy43(GSH)y7.3; clusters were
synthesized using a method reported previously.** Briefly, freshly-
prepared aqueous solutions of HAuCl, (20 mM, 0.50 mL) and GSH
(100 mM, 0.15 mL) were mixed with 4.35 mL of ultrapure water at
25 °C. The reaction mixture was heated to70 °C under stirring (500
rpm) for 24 h. The resultant solution of gold clusters is light yellow
in color under room light and shows strong orange emissions. The
gold clusters were purified using ultrafiltration [with molecular
weight cut-off (MWCO) of 3 kDa]. The raw products and purified
solutions of gold clusters could be stored stably at 4 °C for 6 months
with negligible changes in their optical properties.

Gold cluster-EGFR conjugation: The Au,g.43(GSH),7.37 clusters (3
mM Au concentration) were mixed with N-Hydroxysuccinimide (50
mg) and ethyl (dimethylaminopropyl) carbodiimide (50 mg) and
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then washed 3 times to remove unreacted NHS and EDC using
Amicon 30k filter devices in water. Afterwards, EGFR monoclonal
antibodies (20 pM) were added to activate gold clusters and the
reaction was allowed to stand for 2 hours. After reaction, the
samples were purified using ultrafiltration [with molecular weight
cut off (MWCO) of 100kDa] to remove any free gold clusters.
Finally, the Amicon 300k filter devices were used to remove
complexes of large particles.

Materials characterization: Transmission electron microscopy
(TEM) analysis was conducted with a JEOL JEM-2100F microscope
operated at 200kV. The zeta-potential analysis and hydrodynamic
size of the gold clusters were determined by the Nano-ZS Zetasizer
particle analyzer (Malvern). Data were acquired in the phase analysis
light scattering mode at 25°C and sample solutions were prepared by
diluting gold clusters into 10 mM PBS solution (pH 7.0). The UV-
vis absorption spectra were recorded on a UV-1800
spectrophotometer (Shimadzu). The photoluminescence (PL) spectra
were measured by a fluorescence spectrophotometer (F4600, Hitachi)
under an excitation of 370 nm. Stability of gold clusters was
evaluated from fluorescence spectra.

In vitro cytotoxicity test: Hela cells were cultured at 37 °C under
humidified atmosphere with 5% CO, and high-glucose Dulbecco's
modified Eagle's medium (DMEM) which contained fetal calf serum
(10%), L-glutamine (2.9 mg/mL), streptomycin (I mg/mL), and
penicillin (1000 units/mL). The cells (in culture medium) were
dispensed in 96-well plates (90 uL containing 6000 cells per well).
Gold clusters and gold cluster-EGFR antibodies (10 puL) were then
added to each well at different concentrations. The effect of different
concentrations of gold clusters and gold cluster-EGFR antibodies
was assessed using MTT Cell Proliferation and Cytotoxicity Assay
Kit. After 24 and 48 hours of treatments, 10 pL of MTT reagent was
added and the incubation stayed for 4 hours. The media were then
replaced with 150 uL. DMSO. The optical absorption at 490 nm was
recorded with a single tube luminometer (TD 20/20, Turner
Biosystems Inc., Sunnyvale, CA, USA). Meanwhile, the
fluorescence was recorded by fluorescence spectrophotometer
(F4600, Hitachi) for cellular uptakes.

In vitro radiation therapy: Hela cells were incubated in 96-well
plates (6000 per well) overnight and exposed to gold clusters or gold
cluster-EGFR antibodies (100 pL, 200 pg/mL) for another 24 hours.
The cells were then irradiated under gamma rays from '*’Cs (photon
energy 662 keV) with an activity of 3600 Ci at doses of 1, 2, 4, 6,
and 8 Gy. After 24 hours of irradiation, cell viabilities were
measured by MTT assays.

Animal injection and sample collection: Animals were purchased,
maintained, and handled with protocols approved by the Institute of
Radiation Medicine, Chinese Academy of Medical Sciences (IRM,
CAMS). BALB/c mice at 11 weeks of age were obtained from IRM
laboratories and housed by 2 mice per cage at a 12 h/12 h light/dark
cycle with food and water supplied. Forty-eight mice were divided
into six groups with eight mice per group. The Ul4 tumor models
were generated by subcutaneous injections of 2 x 10° cells in 50 pL
of PBS into the right shoulders of male mice. The mice were treated
with gold clusters and EGFR antibody-gold clusters (3 mM). The
main organs, such as tumor, liver, kidney, spleen, heart, lung and
brain were collected.

Hematology, biochemistry, and pathology: Using a standard
saphenous vein blood collection technique, blood was drawn for
hematology analysis (potassium EDTA collection tube). The
analysis of standard hematological and biochemical examinations
was performed. For blood analysis, 1 mL of blood was collected
from mice and separated by centrifugation into cellular and plasma
fractions. Mice were sacrificed by isoflurane anesthetic gas and
major organs from those mice were harvested, fixed in 10% neutral
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buffered formalin, processed routinely into paraffin and stained by
hematoxylin and eosin staining (H&E staining). Pathologies were
examined by a digital microscope.

Biodistribution: The organs and original solutions from the gold
cluster- and EGFR antibody-gold cluster-treated mice (3 samples per
group) were digested using a microwave system CEM Mars 5
(CEM,Kamp Lintfort, Germany). The Au concentration was
measured with an ICP-MS (Agilent7500 CE, Agilent Technologies,
Waldbronn, Germany).

Statistical analyses: All data presented herein were shown as the
average + SD from experiments repeated three times or more. The
paired Student's t-test was used for statistical analysis.

Results and Discussion

Physical properties of luminescent GSH-Au clusters are presented
in Fig.1.A representative transmission electron microscopy (TEM)
image (Figure 1a) showed that the GSH-Au clusters have a size
below 2 nm. The hydrodynamic size of gold clusters is measured to
be 2.8 nm (Figure 1b). After EGFR antibody conjugation, only
insignificant changes were found in optical absorption spectra
(Figure 1c). In addition, the as-prepared gold clusters and EGFR
antibody-gold clusters both showed orange emissions with the
emission peaks at ~610 nm using excitation wavelength of 370 nm
(Figure 1d). The EGFR antibody-gold cluster conjugates also
showed a good stability in solution. No obvious changes in
luminescence intensities were observed even after 90 days of storage
at 4 °C, which is in good agreement with available data.* The Au
clusters behave as a supramolecular structure with small molecular
ligands and present the ultrasmall hydrodynamic size, consistent
with previous work.?”*° Besides, larger EGFR antibody-gold cluster
aggregates were removed using 300 k filter, so the size of collected
EGFR antibody-gold cluster conjugates is therefore guaranteed to be
ultrasmall.
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Figure 1. (a) TEM image and (b) hydrodynamic size using dynamic
light scattering of gold clusters, (c) absorption, and (d)
photoemission of gold clusters and EGFR antibody-gold clusters.
Scale bar=5 nm.

Cellular responses (or cytotoxicity) of the gold clusters and EGFR
antibody-gold clusters were investigated using HeLa cells. The HeLa
cells were treated with gold clusters and EGFR antibody-gold
clusters at different concentrations from 0.3 nM to 3 mM. As shown
in Figure 2a and 2b, the viabilities of cells change very little after 24
hours and 48 hours as the concentrations of gold clusters and EGFR
antibody-gold clusters increase, which indicates a low cytotoxicity
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even at such a high concentration as 3 mM. Indeed, the EGFR
antibody and gold clusters show good cytotoxicity by themselves, so
it is as expected that gold cluster-EGFR antibody conjugates do not
show apparent cytotoxicities in the concentrations investigated,
which is consistent with previous results.*®*’ Next we performed the
cellular uptakes of gold clusters and EGFR antibody-gold cluster
conjugates using fluorescence approaches. It is found that cells
treated with gold clusters show increasing cellular uptakes with
increasing cluster concentrations and the uptake is up to 28 % after
24 hour incubations (Figure 2c¢). In contrast, the targeting EGFR
antibody-gold clusters show a similar trend and the cellular uptake
increases to 45%, indicating higher uptakes. It is clear that the
targeting conjugation can induce more significant and specific
cellular uptakes. In the previous work, it has been reported that
EGFR antibody-coated NPs could induce 67% internalization while
cellular uptakes are only 10% for nonspecific NPs.*® The cellular
uptake of gold clusters is higher than that of large gold NPs due to
their ultrasmall sizes and conjugated targeting molecules.”’ It has
been found that particles in nanoscale could perform higher cellular
uptakes than that of microscaled particles.’ Besides, the cellular
uptakes and localizations of NPs are closely related to cell lines and
surface charges of NPs.’*>? GSH can minimize protein adsorption in
physiological environments which are also helpful for cellular
uptakes.”> We then carried out the radiation therapies. The in vitro
radiation enhancements of the gold clusters and EGFR antibody-gold
clusters were measured by MTT assays using HeLa cells. As shown
in Figure 2d, an obviously increasing radiation along with
increasing dosages can be observed for the cell cultures treated with
gold clusters and EGFR antibody-gold clusters. Cells treated with
EGFR antibody-gold clusters manifest a more significant radiation
therapy than those treated with nonspecific gold clusters. The
radiation enhancement could be caused by the increased DNA
damages from the photoelectric effect and Compton scattering of the
heavy metal (Au).*”>* As a result, the EGFR antibody-gold cluster
conjugates can both increase cellular uptakes and efficiently induce
radiation enhancements.
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Figure 2. Viability of HeLa cells after incubation with the (a) gold
clusters and (b) EGFR-gold clusters for 24 and 48 hours. (¢) Cellular
uptake of gold clusters and EGFR-gold clusters after different
incubation time. (d) Viability of HeLa cells treated with only
radiation [control, black line], the gold clusters + radiation [red line],
and the EGFR antibody-gold clusters + radiation [blue line].

Encouraged by the highly effective cellular uptakes and in vitro
experiments of Au clusters and EGFR antibody-gold clusters in
tumor cells, in vivo cancer radiation therapy was carried out using
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Ul4 tumor-bearing BALB/c mice. The gold clusters and EGFR
antibody-gold cluster conjugates were intraperitoneally injected into
mice (3mM, 200 puL). After 2 hours, the mice were locally irradiated
under '*’Cs gamma radiation of 3600 Ci at the dose of 5 Gy. The
volume of the tumor was monitored by the Student's T-test (Figure
3a). Without the radiation treatment, the tumor volume at the
beginning steadily increases by 3.8 times after 25 days, regardless of
the existence of the gold clusters or EGFR antibody-gold clusters.
With the radiation treatment, the growth of the tumor volume in
mice without nanocluster injection (radiation only) is retarded by 7
days, but the tumor eventually grow to 2.5 times after 25 days. The
tumor volume of the gold cluster-treated mice under radiation is
1.51 times after 25 days, which is a significant reduction in the
growth rate. In contrast, the tumor volume of the EGFR antibody-
gold cluster-treated mice under radiation is only 0.89 times after 25
days, demonstrating a much smaller tumor in volume. Moreover, we
sacrificed all mice, collected all tumor tissues after 25 days of
treatments and evaluated the tumor weights of controls and treated
mice. The tumor weight of mice treated with EGFR antibody-gold
clusters and radiation exhibited a tumor weight of only 0.15 g, which
is much less than that of gold cluster-treated mice (0.25 g) or the
only radiation-treated controls (0.48 g) (Figure 3b). These in vivo
results prove that the EGFR antibody-gold clusters have a good
targeting capability and strong radiation-enhancing effects. EGFR
antibody-conjugated nanomaterials have also been shown to induce
high tumor uptakes in photothermal imaging and biodetections.*" **
Similarly, the effects of cancer radiation therapies based on heavy
metal elements mainly depend on their concentrations in tumor and
the photoelectric absorptions. The effective targeting in tumor tissue
and the unique X-ray absorption induce obvious inhabitation of
tumor growth under radiation. Besides, 662 keV high energy gamma
photons also assure high penetrability and lots of photons can reach
deep into tumor tissues to achieve desired therapies.
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Figure 3. Time-course studies of tumor (a) volume and (b) weight
of mice treated with gold clusters and EGFR-gold clusters.

To reveal the in vivo targeting capabilities of EGFR antibody-gold
clusters, we investigated the biodistribution and renal excretion of
gold clusters and EGFR antibody-gold clusters. Mice were sacrificed
on day 25 after radiation therapies. Au amount in major organs (3
mice per group) was determined by inductively coupled plasma mass
spectrometry (ICP-MS). The biodistribution data were presented as
in Figure 4a. The testes, kidney, liver, and spleen were the dominant
organs for uptakes of gold clusters. Lung and brain showed
relatively low Au contents, similar to the previous findings.”” ** It is
surprising that the EGFR antibody-gold clusters showed a significant
4-time higher tumor uptake than that of the gold cluster-treated mice.
It is clear that the EGFR antibody-gold clusters can cause significant
tumor uptakes by their active targeting abilities, corresponding well
to the results of radiation therapies. Besides, it is clear that Au
contents in gold cluster- and EGFR antibody-gold cluster-treated
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mice are similar, indicating good excretions of gold clusters even
after conjugation of EGFR antibodies. As such, we further
confirmed their renal excretion in mice treated with gold clusters and
EGFR antibody-gold clusters using ICP-MS. Figure 4b showed the
time-dependent accumulated renal excretions of gold clusters and
EGFR antibody-gold clusters. Briefly, the gold clusters and EGFR
antibody-gold clusters of 200 pL. 3 mM were intraperitoneally
injected into mice and the urine was collected at different time points.
It is obvious that gold clusters show faster excretions with time and
about 52 % gold clusters could be excreted after 24 hours, consistent
with previous extensive investigations. In the meantime, the EGFR
antibody-gold clusters also show good excretions and the
accumulated renal excretion is up to 43% after 24 hours, which is
very close to available data on renal clearances.”® Thus it is
suggested that EGFR antibody-gold clusters still maintain the
capability of highly efficient renal clearances even after conjugation.
At present, small gold clusters can show good renal excretions, but
can hardly achieve active targeting, which hinders their tumor
uptakes and cancer radiation therapies. Thus, it is an unmet need to
prepare gold clusters with both highly specific targeting abilities and
effective renal clearances. The present work provides such potentials
with actively targeting gold clusters with minimized toxicities.
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Figure 4. (a) Biodistribution of mice treated with gold clusters and
EGFR-gold clusters, and (b) accumulated time-dependent Au
concentration in urine of the mice treated with gold clusters and
EGFR-gold clusters.

To address the in vivo toxicities, we used the gold-standard
clinical biochemical markers for the toxicity analyses of injected
gold clusters and EGFR antibody-gold clusters in mice, including
alanine aminotransferase (ALT), aspartate aminotransferase (AST)
albumin (ALB),blood urea nitrogen (BUN), creatinine (CREA) and
globulin (GLOB). 200 uL 3 mM solutions of gold clusters and
EGFR antibody-gold clusters were intraperitoneally injected into
mice and all biochemical indicators were collected after 25 days.
The hematology data are presented in Figure 5, where no obvious
differences in the two common indicators (ALT and AST) could be
observed in mice treated with gold clusters and EGFR antibody-gold
clusters, as compared to those untreated. The as-prepared gold
clusters and EGFR antibody-gold clusters do not induce any
potential toxicological responses. Moreover, we also examined the
standard biochemical and pathological changes of heart, liver, spleen,
and kidney by immunohistochemistry. No significant losses of the
body weight (Figure Sla) or abnormal organ indices (Figure S1b—c)
were observed. Pathological changes were then evaluated. As shown
in Figure 6, no obvious organ damages could be observed in liver,
spleen, and kidney in the period of 25 days post injection with gold
clusters and EGFR antibody-gold clusters.

Previous studies demonstrated that the potential toxicities of
functional nanomaterials are mostly correlated to their clearances in
the body.”” ** However, the actual in vivo pharmacokinetics of
functional nanomaterials could be even more complicated. The data
presented in this study clearly indicated that the EGFR antibody-
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gold clusters could be efficiently cleared by kidney. Therefore, the
present work suggests the EGFR antibody-gold clusters are
promising for active targeting therapies and imaging for further
medical applications. It also has potentials as cancer radiation
therapies of gold cluster-based complexes. Smaller peptides as
targeting molecules for conjugations with gold clusters are still
promising to be developed for medical applications. The quantum
yield of gold clusters is still not sufficiently high and it is necessary
to be improved for potential bioimaging in the future. Besides, it is
important to clarify radiation energy-dependent cancer radiation
therapies, which will be valuable for further clinical applications.
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Figure 5. Blood biochemical analysis of mice treated with the gold
clusters and EGFR-gold clusters. The results showed the mean and
standard deviation of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), albumin (ALB), bloodurea nitrogen (BUN),
creatinine (CREA), and globulin (GOLB).
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Figure 6. Pathological data from the heart, liver, spleen, and kidney
of mice treated with gold clusters and EGFR-gold clusters. Scale
bars, 50 pm.

Conclusion

In summary, we prepared a multifunctional EGFR antibody-gold
cluster conjugates with targeting ability, low toxicities and renal
cleared properties and investigated their biological responses in
detail. It is found that EGFR antibody-gold clusters could increase
the cellular uptakes and cancer radiation therapies in vitro compared
with nonspecific gold clusters. Furthermore, it is found that EGFR
antibody-gold clusters show a significantly higher tumor uptake and
a more significant tumor ablation than the non-targeting gold
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clusters. Finally, we found that EGFR antibody-gold clusters could
still be rapidly excreted by kidney without any toxic responses. The
current work clearly shows that the EGFR antibody-gold clusters are
interesting in further medical applications in the future.
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