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ABSTRACT

Conjugates of gold nanoparticles and antibodies have useful functionalities. Here, we show how they can be used to selectively target and
destroy parasitic protozoans. Gold nanorods were conjugated with an anti- Toxoplasma gondii  antibody and used to target the extracellular
tachyzoite which is an infectious form of an obligate parasite Toxoplasma gondii . Subsequent laser irradiation was used to kill the targeted
protozoans. This concept provides a new paradigm for the treatment of parasitic protozoans.

There has been some interest recently in the use of goldtechnique to kill infectious protozoans using nanorod pho-
nanoparticles of various shapes for experimental photother-tothermal therapy.

mal therapied=? In particular, the enhanced absorption and  Toxoplasma gond(T. gondi) is an intracellular protozoan
scattering of gold nanoshells and nanosphere aggregates havigarasite that has a worldwide distribution in humans and
been investigated for thermal therapy and biological animals. Human infection rates vary from -190% in
imaging*~® Gold nanorods are also promising candidates for different countries depending on factors such as prevalence
exploitation in thermal therapy because they can be readilyin animals and dietary habit.Although infection withT.
synthesized to selectively absorb in the near-infrared, a regiongondii results in a benign chronic infection in immunocom-
in which the body is relatively transparent. Gold nanorods petent individuals, serious disease (toxoplasmosis) can occur
provide a higher efficiency of light absorption at their if infection is acquired through congenitial infection or by
longitudinal plasmon resonance than any other known immunosuppressed individuals such as AIDS patients or
nanoparticles, including nanoshéllhey have recently been  organ transplant recipienté There are three infectious forms
used to target tumor cef&!! and macrophages by this in the life cycle ofT. gondii tachyzoites, bradyzoites, and
means?!3The optical extinction peaks of nanorods generally sporozoites. Acute infection is characterized by the prolifera-
display higher efficiencies (at longitudinal resonance) than tion of the rapidly dividing tachyzoite stage. Tachyzoites are
those of nanospheres or nanoshells due to the longitudinalable to actively invade all nucleated cell types of warm-
direction of the nanorod being significantly longer than the blooded vertebrate hosts and form a parasitiphorous vacuole
mean free path of electrons in that mateHarhese factors  in the cytoplasm. There they replicate until the host cell lyses.
suggest that gold nanorods would be a suitable, if not actually After death of the host cell, the newly liberated tachyzoites
superior, candidate for a variety of spectrally selective optical spread via the bloodstream, invade neighboring cells, and
applicationg>1€In the present work, we examine whether start replicating agaitf 2
they can be used in a photothermal medical context to destroy  Gold nanorods were prepared by a seed-mediated growth
a new type of target: parasitic protozoans. In particular, we method!322 Briefly, a seed solution of gold nanoparticles
have selected the organishoxoplasma gondias a model was prepared by reaction of 0.10 mL of 0.02 M KB&hd
on which to test our ideas. Our work is performed in vitro. 10 mL of an aqueous solution containing 0.5 mM HAXCI
Ultimately, however, the objective is to develop an in vivo and 0.2 M cetyltrimethylammonium bromide (CTAB). After
stirring vigorously for 30 min, 12/L of the seed solution
:Cor_reSponding author. E-mail: michael.cortie@uts.edu.au. was added to a growth solution at room temperature. The
Institute for Nanoscale Technology. growth solution was prepared by adding 0.10 mL of 0.10 M
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have on the conformation of the antibody molecule. How-
ever, the detailed mechanism by which this conjugation
occurs is not yet clear, and the optimum conjugation
conditions must be determined empirically. After 10 min
incubation, the unbound antibody was removed by centrifu-
gation at 8000 rpm for 15 min, followed by washing in
phosphate buffer saline (PBS; no?Car Mg?") plus 1%
bovine serum albumin (BSA). The working solution of geld
antibody conjugate was adjusted by dilution to an absorbance
of 1.0 at the wavelength of peak extinction of the conjugated
nanorods. After conjugation, the longitudinal plasmon peak
of the nanorods moved to 692 nm and broadened (Figure
1b). This red shift may have been caused by an increase in
local refractive index due to the antibody. The extinction
S . peak is well positioned within the so-called “tissue window”,
Wavsbsgtham a region, extending from about 650 to 850 nm, in which

Figure 1. Characterization of gold nanorod&) Unconjugated body tissue is Co_mparatlv_ely more transparent to [{§ft.
gold nanorods imaged in a scanning electron microscope. (b) The (Although blood pigments in deep tissue can strongly absorb
absorbance spectra of conjugated and unconjugated gold nanorodsiear-infrared light, the resulting heat is rapidly dissipated
The absorption peak of the transverse plasmon resonance is aroungdy the circulatior?’29)

520 nm and is not significantly changed by conjugation. However, Tachvzoit db in | dii
the longitudinal plasmon resonance is red-shifted from 675 to 692 ac y2_0| (_as We_re prepared by grow QXOP asma gond
nm by conjugation. (RH strain) in African green monkey kidney (Vero) cells.

Briefly, cells and tachyzoites were grown in RPMI 1640

0.1 mL of 10 mM AgNQ, 0.2 M CTAB, and 0.5 mM medium (JRH Bioscience) containing21 M HEPES
HAuClI,. The formation of rods proceeded over a period of buffer, 10 mL/L p_enicillin-streptomycin (Sigma-AIdr_ich),_ and
several minutes and was associated with a change in Colorsupplemented W'th 2% fetal b0\'/|ne' Serum (JRH B'OS‘?'?”CG)-
from the purple-red characteristic of gold nanospheres to a]f_:ens_ and tachyzoites were ?alnFamed in a 5%, @Amidi-
deep blue. Any large spherical particles that formed were ied incubator at.37°C. Tachyzoites were harvested after
removed by gentle centrifugation (3700 rpm for 5 min). The SPontaneous lysis of Vero cells (about-# days after
rest of the colloid was doubly centrifuged and washed (8000 infection) by centrifugation at 1500 rpm for 5 min to remove
rpm for 15 min with Milli Q water) to remove CTAB not host cell debris. The supernatant portion was centrifuged

bound to the nanorods, which would be cytotoXicCare again at 370(_) rpm for 5 min, and the resulting peII.et
was taken not to disturb the pellet during the CTAB removal resuspended |n.RPMI supplementeq with 2% fetal bovine
process. The pH of sol was then adjusted to 7.5 by dropwiseserum' Tachyzoites were counted using a Neubauer hemeo-

addition of 0.5 M KOH, at which point the gold nanorods CYtometer and the concentration adjusted te31x 10’
were safe for use with cells and ready for conjugation with tachyzoites/mL. Vero cells and human leukemic monocyte
antibody. lymphoma cells (U937 line) were cultured in RPMI 1640

After washing, a small drop of gold nanorod solution was medium containing 2% 1M HEPES buffer, 10 mL/L. penicil-

dried on a clean carbon stub and stored in a desiccator befor%n-s_treptomycm, and gupplemented with 5 and 10% fetal
ovine serum, respectively.

imaging with a scanning electron microscope. The rods were
an average of 39.% 0.5 nm in length and 20.@& 0.1 nm The nanorod-antibody conjugates were then attached to
in width (Figure 1a). A transverse plasmon resonance at 522the tachyzoites by incubation in vitro for 30 min at 3¢

nm and a longitudinal plasmon resonance at 674 nm wereand 5% CQ. After incubation, tachyzoites were washed
evident in the optical extinction spectra (Figure 1b). Anti-  twice with PBS+ 1% BSA by centrifugation for 5 min at
gondii antibody (antiToxoplasma gondi80 kDa antibody, 3700 or 1500 rpm for nonspecific (cell U937) followed by
Argene Biosoft) raised against the major antigen on the further attachment of secondary antibody; goat anti-mouse
surface of T. gond" tachyzoite (RH Strain) was then labeled with fluorescein iSOthiocyanate (FlTC) to confirm
conjugated to the gold nanorods to ensure selective attachthe presence of the gold conjugate (Figure 2).

ment to free tachyzoites. The amount of antibody used was Green fluorescent staining from FITC on the secondary
sufficient to stabilize and prevent aggregation of gold antibody was observed at the surface of the tachyzoites,
nanoparticles. The mechanism of conjugation is believed to indicating that the gold nanorods were functionalized with
be electrostatic in nature, with some negatively charged partanti-T. gondii antibody (Figure 3a) and had selectively
of the antibody molecule being attracted to the positively attached to the surface of the tachyzoites. A positive control
charged CTAB sheath of the nanorod. We do not believe was obtained by exposing the tachyzoites to the Bgdndii

that the CTAB is displaced in this process. The variation in antibody and then to the secondary goat anti-mouse FITC
pH is not believed to have any effect on the surface chargeantibody. This showed a similar pattern of fluorescence
of the gold nanorod itsefft and the requirement to fix the  (Figure 3b, the difference in intensity is not significant and
pH at 7.5 may follow from the effect that pH is likely to simply reflects a different camera condition). Negative
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Figure 2. Schematic illustration of the method by which gold nanorods were attached to target protozoan and characterized.
a staining (Figure 3c) indicating that the functionalized gold
nanorods with nonspecific protein or antibody could not bind
to the targeted cells (tachyzoites). Incubation of tachyzoites
with secondary FITC antibodies alone also did not show any
fluorescent staining (Figure 3d). An additional control
experiment to demonstrate selective targeting was undertaken
by incubating antif. gondii—gold nanorod conjugates with
a nonspecific target, the human monocytic cell line, U937.
As expected, no fluorescent staining was observed on the
surface of these U937 cells (Figure 3e).

Having successfully achieved the selective attachment of
gold nanorods to the tachyzoites, we then examined the
extent to which they could be destroyed by laser irradiation.
Tachyzoites were incubated with afti-gondii-gold nano-
rod conjugates, then a8 droplet of tachyzoites with anti-

T. gondii-gold nanorod conjugates was irradiated with a
laser light from a 100 mW continuous wave diode laser (650
nm, Oatley Electronics) at power densities ranging between
0 and ~51 W/cn? for 4 min. Longer times would have
produced a greater fluence (JAmand a higher final
temperature, a process determined by heat transfer consid-
erationst® The power density was controlled by varying the
laser spot size. The controls included using unconjugated
gold nanorods with tachyzoites to determine the proportion
of nonspecific killing and U937 cells with conjugated rods
to determine the proportion of nontargeted cells that would
be destroyed.

The number of dead tachyzoites was determined by
examination under the fluorescent mode of a confocal
microscope after staining with SYTOX nucleic acid green
dye. Fifteen fields from three triplicate runs of each treatment
were counted under a magnification of at least:630r cell
viability. No less than 100 cells in each field were counted
for every experimental condition. The natural endogenous
cytochromes of cells normally have such a low absorption
of light at this wavelength that application of laser irradiation
alone does not destroy thethin contrast, tachyzoites that

Figure 3. Fluorescent (left) and transmitted light (right) images had antibody-nanorod conjugates Spec'f'ca”Y bOL_m(_j to them
of T. gondiitachyzoites and U937 cells (&) gondiitachyzoites ~ Were found to be strongly effected by laser irradiation. The
incubated with antiF. gondii-gold conjugates followed by exposure  percentage of cell death (Figure 4) rose from 18.8.6%

to goat anti-mouse IgG secondayITC antibody (2abFITC)(b) at the lowest power density40.7 W/n?) to 82.9+ 4.2% at

T. gondiitachyzoites incubated with anfi- gondiiantibody (anti- the highest power density-61 W/n?). In contrast, a control

T. gondi), followed by exposure to 2abFITC. (c¢J. gondii - . .
tachyzoites incubated with BSAgold conjugates following with sample of untreated goteantibody conjugate tachyzoites that

2abFITC. (d)T. gondiitachyzoites incubated with 2abFITC only. had been irradiated contained an average of #4.3.7%

(e) U937 cells incubated with anfi- gondii-gold conjugates and  dead tachyzoites, irrespective of the laser power applied

followed by exposure to 2abFITC. (Figure 4). This was comparable to the sample of control
tachyzoites that had not been irradiated at all (which

control staining was done similarly but with bovine serum contained 15.6t 3.9% dead tachyzoites). These results are

albumin (BSA)/gold nanorod conjugates. In these cells, the consistent with a mechanism in which the plasmon resonance

fluorescent image was dark due to a lack of fluorescent of the gold nanorods causes localized heating in the vicinity
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Figure 4. The cell death rates of. gondii tachyzoites that had

been labeled with gold nanore@ntibody conjugates comparedto  Figure 5. Effect of laser irradiation off. gondiitachyzoites and

that of nonlabeled’. gondiitachyzoites (The laser diode used had U937 cells under various conditions. The power density of the laser

A =650 nm and a power of 100 mW). was~51 W/cn?. (Error bars correspond to standard deviation from
the mean.) Key: G= T. gondiitachyzoites only, R= T. gondii

of the membrane of the targeted cell, which in turn induces tachyzoites incubated with unconjugated gold, RBSA. gondii

hyperthermia leading to destruction of the cdéfl3 A tacnyzoites ihCU%ate% Wit.hhgo’?:;SA.gogjugatQS, Rab T. g(;)fljﬂsi)is?
i~ahility tachyzoites incubated wit ntibo conjugates, an
sfep_)ra.lratenzgiutd y ﬁ fzthi? eff(-:‘dcttofi:]ergperatrliirr? olr:1 ft hremwtai\blr:lty = Ug37 cells incubated With%o’r_dantibO(jyy coanu%ates. (Antibody
o 9o achy o.es (data upporting O_ ation) means antiF. gondiisurface antigen.)
shows that they are killed at a temperature of®®r higher.
This implies that the temperature generated from the interac-between lysis of infected host cells by tachyzoites and the
tion between the laser light and the gold nanorods would subsequent use of the released tachyzoites for infection of a
have been at least BC. The total numbers of gold nanorods newly established host cell monolay@iit appears that not
per tachyzoites were not determined in these experiments.all tachyzoites released are able to invade new cells in the
Rather, the concentration of gold nanorod-antibody conju- monolayer and they do not survive long outside a host cell.
gates was adjusted to an optical density value of 1.0 at theThis therefore also impacts upon the cell viability of the
wavelength of peak extinction (675 nm). This had been found tachyzoites. The slight variation in viability can also be
to be a sufficient concentration to destroy tachyzoites at the accounted for by use of different generations of tachyzoites
highest power density~51 W/n¥). and differences in the harvest time.

The numbers of dead tachyzoites in the control sample Tachyzoites were also incubated with nanorods that had
and that in which antF. gondii-gold nanorod conjugates been conjugated with BSA, followed by exposure to laser
had been attached to the cells was 15.@.9 and 15.5+ or no laser irradiation. The percentage of dead tachyzoites
3.4% respectively. These results support the contention thatfrom these two groups was found to be very similar at around
it was neither the gold rods alone nor the CTAB on them 20 + 5%. These results suggest that naked gold nanorods
that caused cell death. have a tendency to adhere to the tachyzoites, but BSA

A further series of control experiments were run at a laser conjugated nanorods do not. Nonspecific binding and uptake
power density of~51 W/cn?. Nonspecific binding of gold  of unconjugated gold nanorods by other cells has also been
nanorods was investigated by using unconjugated goldreported recently and is evidently a general property of naked
nanorods incubated with the tachyzoites for 30 min. In this gold nanoparticle&233which in the present instance is
case, the percentage of cell death after irradiation was 30.2undesirable. However, we have shown in this paper and
+ 10.0%, which was slightly higher than the 2545.1% anothet? that coating gold nanoparticles with nonspecific
death rate in tachyzoites that had not been exposed to theprotein, such as BSA, decreased their nonspecific uptake by
laser in this experiment (Figure 5). It should be noted that host cells. Nevertheless, any future in vivo experiment will
the initial viability of the tachyzoites for this particular set additionally have to consider what the effect would be of
of experiments was-80% (Figure 5), compared t685% antibody-conjugated gold nanorods that for some reason have
(Figure 4) for the tachyzoites exposed to the various lasernot bound to a target cell prior to laser irradiation. Such
power densities. We found that 15 5% of extracellular particles will introduce a measure of untargeted heat genera-
tachyzoites recovered from a lysed monolayer were nonviabletion and would have to be minimized.
in every experiment performed. This level of nonviable A further indication of the specificity of the photothermal
tachyzoites is consistent with other reports of in vitro culture effect was obtained by incubating U937 cells with anti-
of T. gondiiin Vero cells. Even when culture conditions are gondii—gold nanorod conjugates. In this case, the number
very closely monitored, 100% viability of tachyzoites is never of dead U937 cells was not different from nonirradiated cells
achieved. The infection ratio between host cells and ta- (5.9+ 1.57 and 6.0Gt 2.7% for irradiated and nonirradiated
chyzoites also impacts on tachyzoite viabi#t¥his is partly cells, respectively) even at the highest power density. In
due to the fact that it is difficult to synchronize exact timing contrast, tachyzoites incubated with amti-gondii—gold
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nanorod conjugates had a death rate of 82.9.0% after

laser irradiation at the same power (Figure 5). This is also
encouraging as use of these conjugates in vivo would be

required to have minimal binding to host cells.

We have shown how the idea of using plasmonic heating
in nanoparticles to target tumor cells can be extended to kill
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(10) Huang, X.; EI-Sayed, I. H.; Qian, W.; EI-Sayed, M. AAmM. Chem.
Soc.2006 128 (6), 2115-2120.

(11) Huff, T. B.; Tong, L.; Zhao, Y.; Hansen, M. N.; Cheng, J. X.; Wei,
A. Nanomedicine2007, 2 (1), 125-132.

(12) Pissuwan, D.; Cortie, C. H.; Valenzuela, S.; Cortie, MGBId Bull.
2007, 40 (2), 121-129.

the extracellular tachyzoites of a pathogenic parasite. Of (13) Pissuwan, D.; Valenzuela, S. M.; Killingsworth, M. C.; Xu, X.; Cortie,

course, the tachyzoite stage of thegondiimodel studied

here can already be treated by drugs such as sulfonamide

M. B. J. Nanopart. Res2007, 9 (6), 1109-1124.
(14) Kooij, E. S.; Poelsema, Bhys. Chem. Chem. PhyX)06 8, 3349~
3357.

and pyrimethamine. However, the side effects and level of (15) Sonnichsen, C.; Franzl, T.; Wilk, T.; Plessen, G. v.; Feldmann, J.

therapy from these drugs need to be considétédand in

any case the availability of a completely new treatment

Phys. Re. Lett. 2002 88 (7), 077402-1—4.
(16) Xu, X.; Gibbons, T.; Cortie, M. BGold Bull. 200§ 39 (4), 156~
165.

paradigm is always potentially useful. Furthermore, the new (17) Stoicov, C.; Whary, M.; Rogers, A. B.; Lee, F. S.; Klucevsek, K.;

paradigm is general in nature and can be readily extended

to address many other species of pathogenic organism.
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