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Abstract: Gold nanorods were attached to the gene of enhanced green fluorescence protein (EGFP) for
the remote control of gene expression in living cells. The UV—vis spectroscopy, electrophoresis, and
transmission electron microscopy (TEM) were used to study the optical and structural properties of the
EGFP DNA and gold nanorod (EGFP—GNR) conjugates before and after femto-second near-infrared (NIR)
laser irradiation. Upon NIR irradiation, the gold nanorods of EGFP—GNR conjugates underwent shape
transformation that resulted in the release of EGFP DNA. When EGFP—GNR conjugates were delivered
to cultured Hela cells, induced GFP expression was specifically observed in cells that were locally exposed
to NIR irradiation. Our results demonstrate the feasibility of using gold nanorods and NIR irradiation as
means of remote control of gene expression in specific cells. This approach has potential applications in
biological and medical studies.

The applications of nanomaterials as probes and carriers inlabels for the studies of specific biological processes in cells
biological systems have recently attracted great inténgisttal, and tissues and have even been demonstrated under in vivo
semiconductor, and insulator nanomaterials such as nanoparconditions? Furthermore, multivalent carbohydrate gold nano-
ticles, nanorods, and nanotubes have been conjugated withparticles have been applied to identify specific protein localized
different types of bio-molecules to be developed into new types in the bacterial pilf In addition to biolabeling, conjugates of
of biological probes and carrief<Comparison to conventional  piomolecules and gold nanoparticles (or nanorods) have been
labeling and delivery methods, the strategies using biomolecule yemonstrated and applied in biomolecule delivery and detection
and nanomaterial conjugates have several advantages. ”kysteméavbv“Besides gold nanomaterials, carbon nanottaed

particular, due to the unique optical and structural properties | grescent silica nanotubksave been utilized to deliver
of some nanomaterials, their applications as stable fluorescent;,,tional proteins and genes into cells, respectively.

labelersg or nonviral gene carrietshave been explored. For
example, fluorescent semiconductor nanoparticles (quantum
dots) have been widely used as selective fluorescent biological
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Recently, research efforts have been focused on developing

inducible systems to control the biological activities of bio-

nanomaterial conjugates in cultured mammalian cells by applied

electronic, optical, ultrasonic, or magnetic signals. For example,
remote control of DNA hybridization was achieved through

inductive coupling by applying a radio frequency magnetic field

to a gold nanoparticle covalently linked to DNAMetal

nanoshells conjugated with thiolated polymers have been applied

for near-infrared (NIR) thermal therapy of tumors under
magnetic resonance guidarfc@ptically responsive capsules
of gold nanoparticles incorporated within polyelectrolyte mul-

tilayer shell were used to release encapsulated biomaterials by

laser irradiatior? In these examples, the nanomaterials were
served not only as a bio-molecule carrier but also as switching
devices in combination with external optical or magnetic signals.

Triggering of biological activity using photon irradiation is

a relatively simple technigue to execute in cells and organtdms.
The photothermal induction by NIR irradiation has a great
potential for future photodynamic therapy, considering that NIR
irradiation in the 806-1100 nm region can penetrate deeper in
tissues and cause less photodamage in comparison tevidV
irradiation?2 However, at this point, there are only few systems
of functionalized bio-nanomaterials available that can absorb
energy in the NIR regiof.In this work, we utilized gold
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Figure 1. Schematic illustration to demonstrate that the cells containing
EGFP-GNR conjugates within a spot (3.5 mm in diameter) are irradiated
by NIR laser (left). After laser irradiation, the gold nanorods of EGFP
GNR conjugates undergo shape transformation that resulted in the release
of EGFP DNA (right).

to be lower than that of other nanomaterials such as semicon-
ductors and metal oxide€.

In this work, we prepared nanomaterial conjugates composed
of EGFP DNA conjugated gold nanorod (EGFBNR conju-
gates). To characterize the effects of NIR irradiation,~tNs
spectroscopy, electrophoresis, and transmission electron mi-
croscopy were used to reveal the optical and structural properties
of the conjugates before and after laser treatment. We found
that when the conjugates were exposed to femto-second NIR
irradiation, gold nanorods of EGFRSNR conjugates changed
their shapes and sizes, and released DNA. As shown in Figure
1, after EGFP-GNR conjugates were introduced into HelLa cells
and irradiated with the NIR source at the dose that did not cause

nanorods as a novel triggering system for photothermal induc- significant lethality, GFP expression were specifically observed

tion. Specifically, gold nanorods have been found to exhibit
strong surface plasma absorption in the NIR to IR region
depending on their aspect ratisln addition, the chemical

modification on the gold nanorod surface can be easily achieved

compared to the surfaces of metal oxide nanomat¥tial.

Moreover, gold nanorods undergo shape transformation to

spherical nanoparticles (nanosphefésjfter the absorption of

in areas locally exposed to laser irradiation. These results show
that EGFP-GNR conjugates combined with NIR irradiation
allow the induction of gene expression in specific cells.

Experimental Section

Materials. Cetyltrimethylammonium bromide (CTAB, 99%6)
and L-ascorbic acid (99%) were purchased from Acros, and

NIR tp IR photo_ns. This unique fgature may subsequently affect gogiym borohydride (96%) was purchased from Fluka. Strepta-
the binding of biomolecules conjugated to the nanorod surface, yigin-Alexa Fluor 647 Conjugate (2 mg/mL, Molecular Probes)

and be used as a controlled release system of biomoletules.
Furthermore, the cytotoxicity of gold nanomaterials is known

(8) Hamad-Schifferll, K.; Scheartz, J. J.; Santos, A. T.; Zhang, S.; Jacobson,
J. M. Nature 2002 415, 152—-155.

(9) (a) Hirch, L. R.; Stafford, R. J.; Bankson, J. A.; Sershen, S. R.; Rivera, B.;
Price, R. E.; Hazle, J. D.; Halas, N. J.; West, Proc. Natl. Acad. Sci.
U.S.A.2003 100, 13549-13554. (b) Loo, C.; Lin, A.; Hirsch, L. R.; Lee,
M. H.; Barton, J.; Halas, N.; West, J.; Drezek, Rechnol. Cancer Res.
Treat. 2004 3, 33—40.

(10) Radt, B.; Smith, T. A.; Caruso, Adv. Mater. 2004 16, 2184-2189.

(11) Shum, P.; Kim, J. M.; Thompson, D. Adv. Drug Del. Re. 2001, 53,
273-284.

(12) (a) Weissleder, RNat. Biotechnol.2001, 19, 316-317. (b) Vogel, A.;
Venugopalan, V.Chem. Re. 2003 103 577-644. (c) Becker, A.
Hessenius, C.; Licha, K.; Ebert, B.; Sukowski, U.; Semmler, W.; Wieden-
mann, B.; Grotzonger, QNat. Biotechnol2001, 19, 327—331.

(13) (@) Sau, T. K.; Murphy, C. JLangmuir 2004 20, 6414-6420. (b)
Nikoobakht, B.; El-sayed, M. AChem. Mater2003 15, 1957-1962. (c)
Jana, N. R.; Gearheart, L.; Murphy, C.Jl.Phys. Chem. R001, 105,
4065-4067. (d) Yu, Y.-Y.; Chang, S.-S.; Lee, C.-L.; Wang, C. R.XC.
Phys. Chem. BL997 101, 6661-6664. (e) Jana, N. R.; Gearheart, L.;
Murphy, C. J.Adv. Mater. 2001, 13, 1389-1393. (f) Link, S.; El-Sayed,

M. A. J. Phys. Chem. B999 103 8410-8426. (g) Link, S.; El-Sayed,
M. A. Int. Rev. Phys. Chem200Q 19, 409-433. (h) Kim, F.; Song, J. H,;
Yang, P.J. Am. Chem. Soc2002 124, 14316-14317. (a) Link, S.;
Mohamed, M. B.; El-Sayed, M. AJ. Phys. Chem. B999 103 3073—
3077.

(14) (a) Hayat, M. A.Colloidal Gold: Principles, Methods and Applicatians
Academic Press: New York, 1989. (b) Ulman, @hem. Re. 1996 96,
1533-1554. (c) Kreuter, J. IMicrocapsules and Nanopatrticles in Medicine
and PharmacyDonbrow, M., Ed.; CRC: Boca Raton, 1992,

(15) (a) Chang, S. S.; Shih, C. W.; Chen, C. D.; Lai, W. C.; Wang, C. R. C.
Langmuir1999 15, 701-709. (b) Link, S.; Wang, Z. L.; El-Sayed, M. A.

J. Phys. Chem. B00Q 104, 7867-7870.

(16) Takahashi, H.; Niidome, Y.; Yamada, Shem. Commur2005 2247

2249.

3710 J. AM. CHEM. SOC. = VOL. 128, NO. 11, 2006

and EZ-Link sulfo-NHS-SS-biotin (100 mg, Pierce) were used
for the preparation of fluorescent DNAGNR conjugates
Plasmid DNA of enhanced green fluorescent protein (pEGFP
N1) was transformed to DHb Escherichia coliand purified
using Mini-M plasmid DNA extraction system (Virogene Biotek
Corp). The primers (MD Bio, Inc.) to amplify the EGFP gene
in polymerase chain reaction (PCR) were designed as follow-
ing: sense primer: 'SCGC CTT AAG ATA CAT TGA TGA
GTT TGG-3; antisense primer: "5HS—CCC CTG ATT CTG
TGG ATA ACC G-3; a thiol group is located at the &nd of
the antisense primer.

Synthesis of Gold NanorodsWater-soluble gold nanorods
were synthesized via seed-mediated growth routes according
to the literatured32b.CFirst, the seed solution was prepared as
follows: 1 mL of CTAB solution (0.2 M) was mixed with 1
mL of HAuCl, (0.0005 M). While the solution was stirred at
25°C, 0.12 mL of ice-cold 0.01 M NaBlHwas added, and the
resulting seed solution turned to brownish yellow color. Second,
the growth solution was synthesized as follows: 50 mL of
HAuCl, (0.001 M), 50 mL of CTAB (0.2 M) and 2.5 mL of
AgNOs (0.004 M) were mixed at 25C. After gentle mixing of
the solution, 67Q:L of ascorbic acid (0.079 M) was added to

(17) (a) Connor, E. E.; Mwamuka, J.; Gole, A.; Murphy, C. J.; Wyatt, M. D.
Small2005 1, 325-327. (b) Colvin, V. L.Nat. Biotechnol2003 21, 1166~
1170.
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the solution, and the solution color changed from dark yellow
to colorless. To generate nanorods, 120o0f the seed solution
was added to the growth solution at-230 °C under gently
mixing. Within 10-20 min, the combined solution gradually
changed colors to brownish red. The solution was then
centrifuged to remove the excessive CTAB. Finally, the nanorod
sample was characterized by the transmission electron micro-
scope (TEM, Hitachi H-7100) and UMvis—NIR spectrometer
(HP-8453 and Perkin-Elmeri-900).

Preparation of DNA and Gold Nanorod Conjugates.The
pPEGFP-N1 was used as the template DNA. The PCR program
were set as following: step 1: 9% for 5 min; step 2: 95C
for 0.5 min, 50°C for 1 min, 72°C for 2 min, 60 cycles; step
3: 72°C for 10 min. A large amount of thiolated EGFP DNA
(DNA-SH) was amplified by PCR and stored-aR0 °C. The
size of amplified DNA was confirmed by agarose gel electro-
phoresis.

The DNA-SH (54ug, 25uL) sample was added drop by drop
into the gold nanorod solution (1 mg, 15 mL). The approximate
molecular ratio of DNA-SH and gold nanorods was adjusted to
be 1.5:1 for the conjugating reactiéhThe solution was then
shaken for 96 h at room temperature. Finally, the resulting
solution was centrifuged at 5000 rpm for 20 min and then the
supernatant was decanted to remove unbound DNA-SH. The
EGFP-GNR conjugate precipitate was collected for the further
characterization and transfection experiments described below

Shape Transformation of EGFP-GNR Conjugates Using
Femtosecond NIR Laser Irradiation. The femtosecond laser
system consists of a 82 MHz mode-locked Ti:sapphire oscillator
(Tsunami, Spectra-Physics)da 1 kHz Ti:sapphire regenerative
amplifier (Spitfire, Spectra-Physics) pumped la 1 kHz
Q-switched Nd:YLF laser (Merlin, Spectra-Physics). The 80 fs
pulse from oscillator was amplified in chirped-pulse regenerative
amplifier, producing 130 fs pulse with 1 mJ of pulse energy at
800 nm. The laser beam with 140/ pulse energy (1.14 W/cn
was split out and narrowed to a spot size of about 3.5 mm to
perform the following experiments. Neutral density filters were
employed to vary the laser energy.

The laser pulses with 0, 48, 62, 79, and 10Bat 800 nm
were separately applied onto individual EGFBNR conjugate
solutions for 0, 30, 60, 120, and 240 s. The absorption spectrum
of each solution was recorded after irradiation. The shape
transformation of gold nanorods was confirmed by TEM
measurements.

Fluorescent EGFP-GNR Conjugates in Living Cells.
Aqueous EZ-Link sulfo-NHS-SS-biotin (1 mL, 10 mM) was
mixed with EGFP-GNR conjugate solution~<0.5 mg, 9 mL)
for 1—2 h to form gold-thiol bond. The resultant solution was
then added with 3%L of fluorescent probe solution (1 mg/
mL, Streptavidin-Alexa Fluor 647 Conjugate) and gently
vortexed at room-temperature overnight. Afterward, the solution
was centrifuged at 5000 rpm for 20 min. The suspension was
removed, and the precipitate was kept to be introduced into the
HelLa cells. After 3 h, the HelLa cells were twice washed by
PBS and imaged by laser-scanning confocal microscopy (Lecia
TCS SP2).

Cell Viability Assays after EGFP—GNR Transfection and
NIR Irradiation. HelLa cells were cultured on separated dishes

(18) The molecular weight (3.% 10") of a gold nanorod is estimated based on
its total volume €5 x 10° nm®) and density (31 Au/nf).

and then each fed with 26L of CaCk (2.5M) and EGFP

GNR conjugate solution~1 mg, 225ul). After 6 h of
incubation at 37C in a CQ incubator, the cells on each dish
was marked with seven 3.5 mm spots, intended for NIR laser
exposure. Two different cell viability assays were performed.
The first set of the samples (6 dishes) were exposed to the laser
with different energy dose of 0, 48, 62, 79, 88, and 103
pulse for 1 min. The second set of the samples (5 dishes) were
exposed to the laser with 78/pulse for 0, 1, 3, 5, and 7 min
separately. After irradiation, the cells in each dish were cultured
with fresh Dulbecco’s Modified Eagle Medium (DMEM) for

an addition&6 h for the trypan blue exclusion staining assay.
In the assay, attached HeLa cells were washed with PBS and
then added with 0.4% trypan blue (Sigma). The percentage of
viable cells within laser treated area (3.5 mm in diameter) was
calculated from the ratio of the number of viable cells divided
by total number of cells.

EGFP Expression in Living Cells Transfected with EGFP-
GNR Conjugates after NIR Irradiation. HelLa cells were
cultured in DMEM with 10% fetal calf serum (FCS) in the
presence of 1% penicillin and streptomycin. The cells were
grown at 37°C in a CQ incubator and passed every 2 days.
For transfection experiments, the HelLa cells were seeded on
dishes and cultured for 16 h. The cells in 5 mL of DMEM were
fed with the mixture of CaGl(25uL, 2.5 M) and EGFP-GNR
conjugate solution~+1 mg, 225uL). After 6 h incubation at
37°C ina CQ incubator, the residual conjugates in the solution
were removed by washing with PBS and replaced with fresh
serum containing DMEM. The culture dishes were marked with
five spots (3.5 mm in diameter). Each spot was exposed to NIR
laser (79uJ/pulse) for 1 min. The cells were then incubated for
48 h. Finally, the cells were washed with PBS and observed
with under epifluorescence or laser-scanning confocal micros-

copy.
Result and Discussion

Gold nanorods with aspect ratio 6f3.8 were attached to
EGFP DNA to prepare EGFRGNR conjugates. Before the
conjugation reaction, the structural and optical properties of gold
nanorods were confirmed by TEM and WVis spectroscopy.
The resulting conjugates showed very good water solubility
without precipitation or aggregation in water-based solutions.
The high solubility may be attributed to the attached DNA and/
or residual CTAB remained on the gold nanorod surfdde.
the TEM image (Figure 2), EGFRGNR conjugates were well-
dispersed on an amorphous carbon grid with a narrow size
distribution &7%). The averaged aspect ratio of gold nanorods
of the conjugates was calculated to 8.8 (length/diameter
= ~42/11 in nm), consistent with that of free gold nanorods
without DNA attachment. The U¥vis absorption spectra
showed that the surface plasma band from the gold nanorods
of EGFP-GNR conjugates remained in the same position as
free gold nanorods, even after the conjugates were kept at the
room temperature for more than two weeks. These results
indicated that after DNA attachment, the morphology (aspect
ratio) of gold nanorods did not change and the aggregation of
gold nanorods did not occur.

(19) Gole, A.; Murphy, C. JChem. Mater2005 17, 1325-1330.
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- - the aspect ratio 0f-3.812 The spectra in Figure 3a and b show
\ 4 the decrease of the peak intensity~at82 nm and the increase
~ at~520 nm when NIR irradiation power increases or when total
)- b Y g irradiation time increases, indicating that some gold nanorods
\ of the conjugates were transformed into gold nanospHéres.
/. ~ Note that the absorption band @620 nm is a characteristic
/
N\
’

! N | - nm, which corresponds well with that of gold nanorods with
-

A

ST |
X > i feature of gold nanospher&s2°In Figure 3b, after the irradia-
tion the absorption peak at782 nm was shifted to 691 nm
$ \ )- and the absorption intensity 520 nm significantly increased.
The blue shift of the original peak at782 nm suggested that
’ ~1 \ some of gold nanorods were transformed into the nanorods with
i smaller aspect ratios<@3.8) after the irradiation treatment.

! LN % ’ The shape transformations of the nanorods after NIR irradia-
. A 100 nm tion were further confirmed by TEM measurements. Figure 4a
Figure 2. Representative TEM image of dispersive EGRENR conju- and 4b showed the TEM images of gold nanorod samples before
gates. The rodlike structures are gold nanorods. and after laser irradiation, respectively, indicating a shape change
15 from gold nanorods to nanospheres or nearly spherical nano-
T (a) o particles. The nanospheres in Figure 4a exhibited a broad shape
¥ —# Noirradiation and size distribution. It is possible that the laser energy
transformed a single nanorod into several nanospheres, which
might subsequently melt and fuse in solution to generate nearly
spherical nanoparticles with various siZé4% During shape
transformation from gold nanorods to nanospheres or small
nanorods, the surface atom rearrangement might induce DNA
release from EGFPGNR conjugates. Agarose gel electro-
phoresis was applied to examine such a possibility.

Figure 5 showed that free EGFP and the EGFP DNA of
EGFP-GNR conjugates migrated to the opposite ends on the
gel during electrophoresis. The migration of EGRBPNR

Wavelength (nm) conjugates to the anode indicates the positive charge nature of
o the conjugates. Free EGFP DNA was detected when EGFP
157 (b) i%"s':crsad'at“’“ GNR conjugates were subjected to the irradiation treatment. In
—y— 1 min contrast, with no irradiation the release of EGFP DNA from
ﬁ i mins EGFP-GNR conjugates was not detected. Therefore, irradiation
mins serves as a trigger for DNA release from EGFBNR
conjugates. The observation that GFP DNA was separated from
gold nanorods during electrophoresis supports the notion that
most, if not all, released DNA molecules was not re-adsorbed
to nanospheres’ surfaces. This may be due to oxidation of thiol
to sulfonate £ SO;H).2! The released DNA from EGFPGNR
conjugates exhibited similar mobility as free EGFP DNA,
=% suggesting that DNA is of similar size and weight after
0 600 800 1000 irradiation. On the basis of the band intensity before and after
Wavelength (nm) irradiation, approximately 7& 15% of DNA was released from
Figure 3. (a) The UV-vis spectra of EGFPGNR conjugates before and conjugates and separated from the nanorods on the gel during
after irradiation at different energy doses of the laser pulse (beam size with electrophoresis. In addition, EGH&NR conjugates exhibited
3.5 mmin diamEt?f and 130 fs pulse enefgyfat 800 nm) for 60 s. (b) The g single band on the gel, indicating that the size of the conjugates
g(\)/Sy\.I]I/Spﬁ%icg?tﬁelzli?ﬁm?e%%?lz%faetreesni)?irgreepaer:’?og];t?r imadiation at - o the number of DNA molecules attached to the conjugates
were quite uniform. Finally, the positive charge nature of
Femto-second NIR laser irradiation was applied to induce EGFP-GNR conjugates might be caused by the residual CTAB

the shape transformation of gold nanorods in the EGERR remained on the gold nanorod surfdée. ] _
conjugates. The transformation of gold nanorods into spherical "€ detachment of DNA from EGFFGNR conjugates likely
nanoparticles (nanospheres) was monitored using—uy results from the breakage of At bond between the nanorod
spectroscopy. Figure 3a showed the tWs spectra of the
EGFP-GNR conjugates before and after irradiation by a (20) The increases of the peak intensity~é865 nm in Figure 3b is possibly

. . due to the absorption of irregular-shaped gold nanoparticles and/or the
femtosecond NIR laser with different energy doses. Before aggregation of small gold nanoparticles when the total irradiation time

1.0

Absorbance

e
2]

600 800 1000

Absorbance
P

et
o

; it ; ; ihi increases.
irradiation, the U\~vis spectrum of the conjugates exhibited (21) Huang, J.: Dahlgren, D. A.: Hemminger, J.IGngmuir1994 10, 626
clearly two surface plasma absorption bands%20 and~782 628.
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Figure 4. Typical TEM images of EGFPGNR conjugates (a) before and (b) after irradiation with laser beanuJ/ffulse for 60 s).

Figure 5. Gel electrophoresis (0.7% agarose gel at 110 V/ca,TBE,
0.5-1.0 h) was used to confirm DNA release upon irradiation. The samples X
loaded on the gel are (M) DNA molecular weight reference standard, (a) - Middle Bottom
free EGFP DNA, (b) free gold nanorods, (c) EGRBNR conjugates before
and (d) after NIR laser irradiation (720/pulse at 800 nm for 1 min). Figure 6. (a) A representative confocal microscopic image of fluorescent

EGFP-GNR conjugates in the cells. EGFIBNR conjugates were labeled

red and the nucleus was stained green by syto 11. (b) Three confocal images
surface and EGFP DNA during the irradiation-induced atomic recorded at different focal planes (top, middle, and bottom of cells) to show

. L . that the conjugates indeed enter the cells.

rearrangement process. Two possible kinetic mechanisms,
thermal and electron heating, are proposed to explain the bondwe suggested that the electron-mediated channel may play an
breakage. Local heating by laser energy absorption may raiseimportant role for the photodissociation reaction.
the temperature of nanorddsind breaks Au'S bond through We further investigated if the induced release of EGFP DNA
thermal energy transfer. Also, it is possible that laser irradiation from EGFP-GNR conjugates by irradiation may be utilized in
may instantaneously increase the temperature of free electrondiving cells as a nonchemical or nonviral inducible system for
(so-called hot electrons) in gold nanorods and, as a consequencegene expression. We first tested whether EGERR conju-
may result in Au-S bond breakage through strong electron  gates could enter living cells. To monitor EGFBNR conju-
molecule interaction. This electron-mediated dissociation chan- gates in cells, we added a fluorescent probe on their surface
nel has been well studied on surface chemistry of metals andand incubated the fluorescent conjugates with HelLa cells. The
might be more efficient than the heat-mediated dissociation fluorescent conjugates were first detected within the cells after
channeF?® Our experimental results (estimation based onJV  approximatef 1 h incubation. Three hours later, a significant
vis spectroscopy and electrophoresis measurements) indicate@mount of the conjugates were found inside the cells. Figure 6
that the percentage of shape transformation of the nanorods washowed a representative confocal microscopic image of fluo-
less than that of the DNA release from the nanorods under therescent EGFPGNR conjugates in the cells. The conjugates
femto-second laser irradiation at the same power. Therefore,were distributed in the cytoplasm based on serial Z cross-section
microscopic images. These conjugates may enter cells through

(22) Chou, C.-H.; Chen, C. D.; Wang, C. R. &.Phys. Chem. R005 109, endocytosis as the bio-conjugates consisting of quantum dots
11135-11138. ;

(23) Huang, J. Y.; Shen, Y. R. Inaser Spectroscopy Photochemistry on Metal or carbon nanotubes have been also shown to enter mammalian
SurfacesDai, H. L., Ho, W., Eds; World Scientific: Singapore, 1995. cells through endocytosfs
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204 Figure 8. Expression of EGFP in cells incubated with the DNBNR
conjugates. (a) The bright-field image of cells (white circles) incubated with

the conjugates after the laser irradiation. (b) The confocal image of the
0 0 48 62 79 88 108 same cells showing GFP expression.

Ener J/pulse
&y (uJ/pulse) under the condition either with or without NIR laser irradiation.

(b) These results indicated that EGFBNR conjugates entered
100 1 cells and that localized release of EGFP DNA and subsequent

i + GFP expression can be triggered by NIR laser irradiation to
30 4 + specific cells in the culture dish.

Interestingly, when the EGFP plasmid without a thiol group
was conjugated with gold nanorods, expression of fluorescent
protein was readily observed in the cells fed with the conjugate,
] even without NIR irradiation. This observation is consistent with
20 4 the previous report that the conjugate formed by mixing GFP

1 DNA (without a thiol group) and gold nanoparticl&d)*bwhen
0 s H 3 M 7 delivered to mammalian cells, can cause GFP expression. The
Exposure Time (min) negatively charged EGFP and positively charged gold nanorods
Figure 7. Viability assay of cells treated with EGFRGNR conjugates (likely due to the residual CTAB surfactant remained on the
and irradiated with NIR at different doses. (a) A plot of the irradiation gold nanorod surface) may form a conjugate through electro-
energy versus cell vitality after 1 min NIR laser irradiation. (b) A plot of static attraction. When the Conjugate entered cells, at least, some
the irradiation time versus cell vitality after irradiation with #9/pulse of EGEP DNA be di iated f th . t d
NIR laser. Cell vitality was examined by the trypan blue assay. The blank may _e ISsociated ifrom the _COF]JUga es an
A in both plots were from HeLa cells without the EGFBNR conjugates ~ underwent expression. In contrast, as described above, only
and irradiation treatment. The blank B in both plots were from HelLa cells when irradiated with NIR was GFP expression observed in cells
incubated with EGFPGNR conjugates but without NIR laser irradiation. fed with the gold nanorod conjugated with the EGFP DNA with
) ) o o a thiol group. The optical inducibility of gene expression in the
To obtain an optimal NIR irradiation dose for living cells, Jatter is likely due to the predominant and stronger-/8ibond
we examined the effect of various irradiation doses on cell rather than the minor and weaker electrostatic interaction
V|ab|||ty (Figure 7) As a Control, without irradiation, 90% of between DNA and the go|d nanopartide surface.
the cells incubated with the EGFENR conjugates for 12 h Gene delivery with a relatively high transfection rate has been
remained vital. The low percentage (10%) of cell death could 5chieved using virus system as a delivery cafdeks viral
be due to free CTAB surfactait-‘°or oxidized gold salt. When  gystems likely cause unexpected cytotoxicity and immunoge-
irradiated with 79«J/pulse laser for 1 min-80% of the cells  pigity after delivery, many nonviral delivery systems such as
were still vital. Such an irradiation dose was sufficient to induce lipids, dendrimers, and polyethylamine have been developed
shape transformation of gold nanorods and the subsequenlys gene carrie® Although the transfection rate using gold
release DNA from !EGFPQNR conjugates as descrlbed_above. nanorods as a carrier is not very high20%) at the present
When exposed to irradiation of §8/pulse laser for 1 min (or  stage; our method provides a controllable system to turn on
79udlpulse for 7 min as shown in Figure 7), more than 50% of |ocajized gene expression without causing significant cytotox-
cell death was observed. The cell death was likely attributed to icity or immunogenicity. More importantly, NIR is more
the heating effect from gold nanorods inside the cells, as the pepetrable in and less harmful to cells and tissues of animals
photon energy absorbed by nanorods may increase localinan other irradiation sourcédTherefore, it allows selective
temperature rapidI§: We therefore used the irradiation condi-  jnquction of gene expression in specific cells of internal tissues
tion of 79 pJ/pulse laser for 1 min, which did not cause o organs. This gene expression system combining BEAIR
significant cell death and is sufficient to trigger the release of conjugates with NIR irradiation is expected to be useful in the

EGFP DNA from EGFP-GNR conjugates. _ temporal and spatial induction of gene expression at cellular
We then applied NIR irradiation to cells treated with EGFP 54 organismal levels.

GNR conjugates and evaluated the release and expression of
EGFP in the irradiated cells directly by a confocal microscope (24) verma, I. M.; Somia, NNature 1997, 389, 239-242.

i i i ion(25) (a) Gonzalez, H.; Hwang, S. J.; Davis, M. Bioconjugate Cheml999
(Figure 8). Only irradiated spots showed strong GFP expression 10, 1068-1074. (b) Boussif. O.. Lezoualc'h, F. zanata. M. A.: Mergny,

1-2 days after NIR exposure. No gene expression was observed M. D.; Scherman, D.; Demeneix, B.; Behr, J. Proc. Natl. Acad. Sci.

; B B ; B USA1995 92, 7297-7301. (c) Ruponen, M.; Ya-Herttuala, S.; Urtti, A.
outside the |rr§1d|ated spots. The control experiments using f_ree Biochim. BiophysActa 1999 1415 331-341" (d) Boulikas, T Martin,
EGFP DNA without gold nanorods showed no GFP expression F.Int. J. Oncol.1997, 10, 317—322.
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In conclusion, we have prepared a new nanomaterial conju- expression and its potential application in biological and medical
gate combining gold nanorod and EGFP DNA. Upon femto- studies.

NIR irradiati h I f EGFENR ) .
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