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Abstract: Combined diagnosis and therapy for cancer has been of great interest in medicine. Small
interference RNA (siRNA)-encapsulating polyplexes were covalently coated with small gold nanoparticles
(Au NPs) via acid-cleavable linkages in order to explore the possibility of achieving combined stimuli-
responsive multimodal optical imaging and stimuli-enhanced gene silencing. In a mildly acidic tumor
environment, Au NPs are dissociated from the siRNA-carrying polyplexes, generating various optical signal
changes such as diminished scattering intensity, increased variance of Doppler frequency, and blue-shifted
UV absorbance (stimuli-responsive imaging). Simultaneously, Au NP dissociation exposes the siRNA-
carrying polyplex with elevated surface charge and results in enhanced cellular uptake and transfection
(stimuli-enhanced therapy). In this study, the feasibility of achieving combined diagnosis and therapy for
cancer (theragnostics) is demonstrated by (1) microscopic and spectrophotometric confirmation of acid-
transformation of the nanoparticles, (2) reduced scattering intensity and increased variance of Doppler
frequency in an acidic pH upon the nanoparticle’s transformation, and (3) simultaneous optical signal changes
and gene silencing in vitro under a tumor pH-mimicking condition. This novel type of stimuli-responsive
nanotheragnostics will provide a new paradigm for pinpointed, multimodal, and combined imaging and

therapy for cancer.

Introduction

Imaging and therapy play crucia roles in prevention, early
diagnosis, efficient treatment, and confirmation of complete cure.
They also mutually and synergistically affect optimal prognosis
for many diseases, especially cancer.? These two critical pillars
were traditionally regarded as separately achievable (i.e,
stepwise applied diagnosis and therapy), which was frequently
found to be inconvenient, ineffective, and economically unfa-
vorable. Recently, there has been great interest in developing
nanomaterial s that are capable of pinpointing abnormal lesions
with molecular specificity, while converting the nanomaterials
themselves to be therapeutic effectors in the pinpointed areas
(i.e., nanotheragnostics).>* Ideal nanotheragnostics, therefore,
(1) differentiate biological events in cancer development/
progress at a molecular level, (2) generate distinctive imaging
signals in response to a biologica trigger (e.g., pH, enzyme,
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hypoxia, and temperature), and (3) simultaneously convert
themselves to activated therapeutic agents upon detecting a
molecular event.

In this study, a single nanoparticle platform, which generates
dramatic stimuli-responsive optical signal changes and is
simultaneously activated for internalization and gene silencing,
was developed for combined and synergistic optical imaging
and gene therapy. Optical coherence tomography (OCT) that
utilizes alow coherence light source is a noninvasive and high-
speed imaging modality for obtaining micrometer-resolution
images of tissue structure and velocity fluctuation (Brownian
motion) of scattering particles.®> ° However, obtaining clear-
cut and pinpointed optical signals from different organizational
and structural heterogeneity in a tissue has been a major
challenge for OCT, which has been explored by employing
absorption dyes and contrast agents as well as polarization
sensitive OCT.® Among various OCT contrast agents for
obtaining enhanced optical signals, gold nanoparticles (Au NPs)
are promising OCT contrasting agents.® Au NPs offer high
biocompatibility, easy functionalization, and useful optical
properties such as surface plasmon resonance (SPR) effects that
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can be controlled by modulating Au NPs' sizes and shapes.®

In addition to elevated contrasts by differentialy distributing
AuNPsinatissug, it is highly desirable to achieve optical signa
changes triggered by molecular events in a diseased lesion
(stimuli-responsive imaging).

It is hypothesized that covalently clustered Au NPs via cancer
stimuli-cleavable linkages on the smdl interfering RNA (SRNA)-
encapsulating polyplexes will accomplish stimuli-responsive
optical identification of cancer lesions and stimuli-enhanced gene
silencing. In normal tissues, the Au NPs remain clustered,
generating strong scattering intensity by high SPR effects due
to interparticle coupling effects. However, cancer-specific stimuli
break the linkages, causing the clustered Au NP to dissipate
into smaller individual particles and generate dramatic drops
in scattering intensity by lost interparticle coupling effects. 8
In addition, smaller particles in a tumor tissue generate a
significantly higher variance of Doppler frequency due to their
fast Brownian motion.**~2? Theoretically, Au NP aggregates
have a red-shifted maximum UV absorbance peak, while
individual particles have a blue-shifted one.”® Therefore, the
maximum UV absorbance will be blue-shifted upon Au NPs
disassembly in a tumor tissue. Finally, disassembled Au NPs
will diffuse out of tissue more rapidly than clustered particles,
which will aso generate different time-dependent optical signal
changes in cancer and normal tissues.

Linear polyethylenimine grafted with acid-degradable amino
ketal branches (ketalized linear PEI, KL-PEI) was employed
asaplatform for Au NPsto be anchored via stimuli-responsive
linkages. KL-PEI has been demonstrated to be an efficient and
biocompatible siRNA delivery carrier.?* It was shown that KL-
PEI’s acid-hydrolysis rate in the intracellular endosomes (e.g.,
pH 5.0) was estimated to be approximately 3 times faster than
in the mildly acidic extracellular space of tumor tissues®* where
the pH was reported to be as low as 6.0.°~27 This means that
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ketal branches on the surface of the KL-PEl/nucleic acid
polyplexes are likely to be hydrolyzed in a tumor tissue. The
nucleic acid-complexing core would be fully disassembled after
reaching the intracel lular endosome where the pH is significantly
lower than that of extracellular areas.

To achieve molecular optical imaging and simultaneous gene
silencing in mildly acidic tumor tissue, the stimuli-transforming
nanoparticles were designed as following: (1) Au NPs are
conjugated on the surface of the SRNA/KL-PEI polyplex to
carry both an optical contrast agent (Au NPs) and therapeutic
nucleic acids (SRNA), (2) Au NPs are conjugated with SSRNA/
KL-PEI polyplexes via acid-cleavable amines on the surface
of the polyplexes for Au NPs' disassembly at a mildly acidic
pH, and (3) the outer Au NP layers on the polyplexes are
PEGylated to prevent aggregation of the nanoparticles and to
interfere with cellular internalization of siIRNA/KL-PEI poly-
plexes until extracellular acidic pH disassembles Au NPs
(SRNA/KL-PEI-Au NP-PEG). Figure 1 shows the hypothetic
nanoparticle for stimuli-triggered, combined OCT imaging and
cancer gene therapy. In normal tissue, Au NPs are covalently
immobilized on the polyplex surface, generating high scattering,
low variance of Doppler frequency, red-shifted UV absorbance,
and slow transport. The PEG and Au NP-layers prevent cells
from internalizing the nanoparticles (Figure 1A). In tumor tissue,
however, mildly acidic extracellular pH degrades ketal linkages
mainly on the surface of the nanoparticles (Scheme 1), and
liberated individual Au NPs generate dramatically decreased
scattering intensity, increased variance of Doppler frequency,
and blue-shifted UV absorbance (Figure 1B). In addition, the
individual Au NPs' significantly smaller size enables the body
to clear them efficiently. Cells in tumor tissue actively take up
the sIRNA-encapsulating core without the PEGylated Au NP
shell due to its fully exposed cationic surface and reduced size
(Figure 1C). Then theinternalized polyplex core releases SRNA
from the destabilized endosome into the cytoplasm, upon rapid
acid-hydrolysis, followed by silenced target gene expression
(steps 1-3 in Figure 1C).

Herein, Au NP-shelled siRNA-carrying nanoparticles were
synthesized, and their acid-transformation and accompanying
property changes, such as acid-responsive disassembly of Au
NPs, size reduction, surface charge increase, and blue-shifted
UV absorbance were confirmed by using various microscopic
and spectroscopic tools. In addition, the optical signal changes
simultaneously generated by such phenomena were imaged and
quantified by OCT. Finally, enhanced gene silencing in associa
tion with distinctive optical signal changes in a mildly acidic
tumor pH was demonstrated in vitro.

Experimental Section

Materials. Linear polyethylenimine (2.5 kDa) was purchased
from Polyscience, Inc. (Warrington, PA). Hydrogen tetrachloro-
aurate (111) trihydrate (HAuUCI4-3H,0) and sodium citrate (Nas-
citrate) were purchased from Sigma Aldrich (Milwaukee, WI).
N-Succinimidyl 3-(2-pyridyldithio)-propionate (SPDP) and PEG
monomethy! ether (0.6 kDa) were purchased from Pierce (Rockford,
IL). 2-Aminoethanol, pyridinium p-toluenesulfonate, ethyl trifluo-
roacetate, 2-methoxypropene, 4-dimethylaminopyridine (DMAP),
and molecular sieves were supplied by Acros (Morris Plains, NJ).
Acryloyl chloride was supplied by Alfa Aesar (Ward Hill, MA).
Dithiothreitol (DTT) was supplied by Fisher Scientific (Pittsburgh,
PA). Spectra/Por cellulose ester dialysis membranes (MWCO =
500 Da) were purchased from Spectrum Laboratories (Rancho
Dominguez, CA). A carbon-coated copper TEM grid was purchased
from Electron Microscopy Sciences (Hatfield, PA). Silencer eGFP
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Figure 1. Schematic diagram of hypothetic acid-triggered transformation of siRNA/KL-PEI-Au NP-PEG nanoparticles. Au NPs (purple) are immobilized
on the surface of a SIRNA-encapsulating core (pink, KL-PEI; green, SIRNA) via acid-cleavable ketal linkages (red). To prevent aggregation of the SSIRNA/
KL-PEI-Au NP nanoparticles, the Au NP's surface is further conjugated with PEG (blue). (A) Without stimuli, Au NPs are clustered together, behaving like
large Au NPs and hiding the SRNA/KL-PEI core. (B) In amildly acidic extracellular environment in tumor tissue, ketal linkages are hydrolyzed, liberating
individual Au NPs and exposing the cationic polymer/siRNA core. (C) The exposed cationic surface and reduced size of the polymer/siRNA cores enable
cells to actively internalize them. Upon rapid hydrolysis of acid-degradable branches in the endosome, the polyplex releases SsIRNA into the cytoplasm (step
1in C), released siRNA is processed and binds the cellular machinery (i.e., RNA-induced silencing complex, RISC) (step 2 in C), and target mRNA is
cleaved so that target gene expression is silenced (step 3 in C).

Scheme 1. (A) Synthesis of Ketalized Linear PEI (KL-PEI) and (B) siRNA Release and Au NP Dissociation under a Mildly Acidic Condition®
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2t should be noted that Au NPs conjugated on the surface are dissociated in a mildly acidic tumor tissue (e.g., pH 6.0), due to their full exposure, before
sIRNA in the core polyplex is released in the more acidic endosome (pH 5.0).

H
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SIRNA (sense strand 5-CAAGCUGACCCUGAAGUUCATAT-3
and antisense strand 5'-GAACUUCAGGGUCAGCUUGdCdC-3)),
negative control siIRNA (sense strand 5-AGUACUGCUUAC-
GAUACGGATdT-3" and antisense strand 5-CCGUAUCGUAAG-
CAGUACUdTdT-3’), and FAM-labeled negative control siRNA
(sense strand 5-FAM-AGUACUGCUUACGAUACGGATIT-3
and antisense strand 5'-CCGUAUCGUAAGCAGUACUITAT-3)
were purchased from Ambion (Austin, TX). NIH 3T3 cells (ATCC,
Rockville, MD) were cultured in Dulbecco’s modified Eagle's
medium (DMEM) (MediaTech, Herndon, VA) with 10% fetal
bovine serum (FBS) (Hyclone, Logan, UT), unless otherwise noted.
GFP ELISA and BCA protein analysis kits were purchased from
Cdll Biolabs (San Diego, CA) and Pierce (Rockford, IL), respectively.

Synthesis of Ketalized Linear Polyethylenimine (KL-PEI).
The synthesis of acid-degradable ketalized linear polyethylenimine
(KL-PEI), which was reported previously,?* was further optimized
to obtain the maximally efficient form of the polymer (Scheme 1A).
Briefly, linear low molecular weight PEI (L-PEI, MW 2.5 kDa)
(0.13 g, 3.0 mmol of secondary amine groups, 1 equiv) dissolved
in 2 mL of methanol was dried under high vacuum for 30 min.
The resulting liquid polymer was dissolved in 10 mL of dimeth-
ylformamide (DMF), followed by mixing with 1.87 g of compound
1 (Scheme 1A) (6.0 mmol, 2 equiv) and 0.15 g of triethylamine
(2.5 mmol, 0.5 equiv). The resulting mixture was stirred for 120 h
at 45 °C, and the polymer was precipitated into anhydrous diethyl
ether at room temperature and dried under vacuum. After trifluo-
roacetate groups at the end of ketal branches were deprotected by
6 N NaOH, the polymer was purified by dialysis (MW cutoff =
500) against DI water at 4 °C. Ketalization ratios relative to
available secondary amines were determined to be approximately
34% by integra ratios of the peak at 1.41 ppm to the peak at
2.7-3.0 ppm using *H NMR spectroscopy as described previ-
ously.?*

Preparation of SPDP-Activated Au NPs. Gold nanoparticles
(Au NPs, 15 nm in diameter) were synthesized by Frens method®®
with dlight modifications. One hundred milliliters of HAuCl 4+ 3H,0
(0.01% wi/w) solution was heated at its boiling point, followed by
mixing with 4 mL of Nag-citrate (1% w/w) solution with vigorous
stirring. The resulting solution was refluxed for an additional 15
min and allowed to cool down to room temperature with continuous
stirring. All glassware was cleansed in aqua regia (HCI:HNO;3 in
3:1 ratio by volume) and thoroughly rinsed with distilled water.
All chemicas were dissolved in ultrapure deionized (DI) water (18.2
MQ). The size of the final Au NPs was determined using a Phillips
CM 20 transmission electron microscope (TEM) (Philips Electronic
Instruments, Mahwah, NJ) and ZEN3600 Zetasizer dynamic light
scattering (DL S) particle analyzer (Malvern Instruments, Worces-
tershire, U.K.). The concentration of the resulting Au NPs was
calculated to be 1.56 x 10 particlesmL using the UV/vis
spectroscopic method as shown previously.?® To activate Au NPs
for conjugation with SRNA/KL PEI polyplexes, 10 mL of Au NPs
redispersed in 0.02 M sodium bicarbonate solution (pH = 8.73)
were gradually added to 20 mM SPDP solution (2 L) in DMSO
using a syringe pump at the 7 uL/s flow rate while vigorously
stirring on ice. The mixture was stirred overnight at room
temperature, and unreacted SPDP was removed by centrifugation
twice at 75009 for 30 min. The conjugation was repeated again to
ensure saturated SPDP-activation of Au NPs. The SPDP-activated
Au NPs were kept at 4 °C without exposure to light, and the
resulting SPDP-conjugated Au NPs were resuspended in DI water
immediately before use.

The amount of SPDP on the Au NPs was quantified by the
release of pyridine-2-thione group in the presence of dithiothreitol
(DTT). Briefly, 1.7 mL of SPDP-conjugated Au NP solution in
0.02 M sodium bicarbonate was washed twice with DI water by
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79, 4215-4221.

centrifugation at 7500g for 30 min. After 85 uL of DTT solution
(15 mg/mL in DI water) was added to 0.85 mL of SPDP-Au NP
solution, the mixture was incubated for 15 min at room temperature,
and the absorbance at 343 nm was measured using a Varian Cary
50 UV/vis Spectrophotometer (Varian Inc., Palo Alto, CA). The
background absorbance by 85 uL of DI water and 0.85 mL of
SPDP-Au NP solution was also measured. The number of SPDP
in 0.85 mL of SPDP-Au NP solution was calculated to be 4.85
nmol (4.73 x 1072° mol SPDP per Au NP) using the extinction
coefficient of pyridine-2-thione at 343 nm (i.e., 8.08 x 10° M™*
cm™).

Preparation of SRNA/KL-PEI-Au NP-PEG Nanoparticles.
Forty micrograms of SsRNA and 1.13 mg of KL-PEI (3.06 umol
of primary amine groups in KL-PEI) were mixed in 800 uL of DI
water to obtain an amine to phosphate (N/P) ratio of 100, followed
by incubation for 30 min at room temperature. SPDP-Au NPs in
DI water (800 uL, 4.56 nmol of Au NP-conjugated SPDP) were
concentrated into 160 uL of solution by centrifugation at 75009
for 30 min. The siRNA/KL-PEI polyplex-containing solution (800
uL) was slowly added to the concentrated SPDP-Au NP solution
in the presence of 0.5 ug of 4-dimethylaminopyridine (DMAP) (4.10
nmol) at 4 °C, and the mixture was stirred overnight at 4 °C. Finaly,
amine-functionalized PEG monomethy! ether (MPEG-NH,, 0.6 kDa)
(2.33 umal in 8 uL of DI water) was added, and the resulting
reaction mixture was further stirred for 8 h at 4 °C. Unreacted Au
NPs and mPEG-NH, were removed by centrifugation at 2000g for
30 min.

Characterization of SiRNA/KL-PEI-Au NP-PEG Nanopar -
ticles. Mean particle diameter (Z-average) and zeta potential of
SIRNA/KL-PEI-Au NP-PEG nanoparticles resuspended in 960 L
of DI water were measured at 25 °C by using a ZEN3600 Zetasi zer.
The mean values of each sample from at least 10 measurements
were obtained. The size and morphological changes of SRNA/KL-
PEI-Au NP-PEG nanoparticles upon acid-hydrolysis were further
analyzed by TEM. For TEM analysis, a4 uL aliquot of the sample
solution was dropped on a carbon-coated copper TEM grid and
air-dried overnight. To hydrolyze the nanoparticles, 480 uL of 100
mM acetate buffer (adjusted by NaOH to pH 5.0) was mixed with
240 uL of the SRNA/KL-PEI-Au NP-PEG nanoparticle solution,
resulting in the final pH of 5.0 for the mixed buffer. After 2 h of
incubation at 37 °C, the resulting solution was analyzed for size,
surface charge, UV absorbance, and morphology, as described
earlier. For DLS analysis, a 72 uL aiquot of the hydrolyzed
polyplex-containing solution was diluted with additional 800 uL
of DI water.

Prehydrolysis of SRNA/KL-PEI-Au NP-PEG Nanoparticles
Prior to Incubation with Cells. To simulate activation of SRNA/
KL-PEI-Au NP-PEG nanoparticles for intracellular internalization
upon Au NP dissociation, the solution (240 uL in DI water)
containing 10 ug (750 pmol) of SRNA (eGFP silencer siRNA for
RNA interference and FAM-labeled SRNA for cellular internaliza-
tion analysis) in the nanoparticles was mixed with 480 uL of pH
5.0 acetate buffer, resulting in the unchanged pH of 5.0. During
incubation at 37 °C, an aliquot of SIRNA/KL-PEI-Au NP-PEG (72
uL, 1 ug of SIRNA) nanoparticle-containing solution was taken at
different time points (e.g., 5, 10, 20, 30, and 60 min) for evaluation
of cellular internalization and RNA interference.

Internalization of sSIRNA/KL-PEI-Au NP-PEG Nanopar-
ticles and RNA Interference. For internalization analysis, NIH
3T3 cells were inoculated in 24-well culture plates at a density of
4 x 10% cells/well in 0.5 mL of DMEM containing 10% FBS. After
24 h of incubation, the medium was replaced with 351 uL of FBS-
free DMEM (or 303 uL of FBS-free DMEM before adding the
prehydrolyzed nanoparticle). Then, a24 uL diquot of FAM-labeled-
SIRNA/KL-PEI-Au NP-PEG nanoparticle solution containing 1 ug
(75 pmol) of labeled sSiRNA or 72 uL of prehydrolyzed FAM-
labeled-siRNA/KL-PEI-Au NP-PEG nanoparticle solution was
added to the cells (final SSRNA concentration of 200 nM). After
1 h of incubation, the cells were washed with PBS three times.
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The amounts of internalized FAM-labeled SIRNA were quantified
by the mean fluorescence intensity of the cells using a Guava
EasyCyte Plus cytometer (Guava Technologies, Hayward, CA).

eGFP-expressing NIH 3T3 cells were obtained by retrovira
transduction and subsequent G418 selection.®® To evaluate RNA
interference, the eGFP-expressing NIH 3T3 cells were seeded in a
24-well plate at a density of 1.6 x 10* cells'well. After 24 h, the
culture medium in each well was replaced with 351 uL of FBS-
free DMEM (or 303 uL of FBS-free DMEM before adding the
prehydrolyzed nanoparticle). Then, a24 uL aliquot of SRNA/KL-
PEI-Au NP-PEG nanoparticle solution containing 1 g (75 pmol)
of SSIRNA or a 72 uL of prehydrolyzed ssRNA/KL-PEI-Au NP-
PEG nanoparticle solution was added to the cellsin order to obtain
a final SIRNA concentration of 200 nM. Free Au NPs were aso
incubated with the cells to confirm their effects on eGFP expression.
After 4 h of incubation, the medium in the well was replaced with
0.5 mL of fresh DMEM containing 10% FBS, followed by an
additional 68 h-incubation. Then, the cells were lysed, and eGFP
amount in the cell lysate was quantified by GFP enzyme-linked
immunosorbent assay (ELISA), according to manufacturer’s pro-
tocols, and further normalized by the total protein amount quantified
by a BCA protein assay kit. The sequence-specific gene silencing
by slRNA was also confirmed by comparing gene expression levels
of the cellsincubated with control SRNA with scrambled sequences.
The eGFP expression in the cells incubated with the same amount
of free Au NPs used for SRNA/KL-PEI-Au NP-PEG nanoparticles
was also quantified.

Acquisition and Analysis of Scattering Intensity and Dop-
pler Variance Images of sSRNA/KL-PEI-Au NP-PEG Nano-
particles-Containing Droplets. The SRNA/KL-PEI-Au NP-PEG
nanoparticle solution (960 uL) was concentrated to 10 uL of
solution by centrifugation at 2000g for 30 min. The resulting
solution (3 uL) was mixed with 6 4L of DI water as a control, and
7 uL of the solution was mixed with 14 4L of pH 5.0 acetate buffer
to hydrolyze the nanoparticles. After 2 h of incubation at 37 °C, a
3 uL aliquot of each sample was dropped on the polyethylene
substrate, and the scattering intensity and Doppler variance images
were obtained using spectral domain (SD)-OCT. The detailed setup
for SD-OCT and calculation of Doppler variance are described in
Supporting Information (Figure S1). Three-dimensiona OCT
images were constructed using 2-D images (512 x 512 pixels) with
512 frames using the Amira program (Visage Imaging, Inc., San
Diego, CA). Doppler variance images of the nanoparticle-containing
solutions with and without acid-hydrolysis were quantified by Image
J software which is a public domain Javaimage processing program
developed by the NIH. After an area of 100 x 100 pixels was
chosen under the vertex of the droplet, the relative number (%) of
pixels for each color from the selected area was quantified and
represented as a histogram.

Simultaneous Optical Imaging and Gene Silencing in
Vitro. eGFP-expressing NIH 3T3 cells were cultured in a Falcon
8-well culture slide (BD Biosciences, Franklin Lakes, NJ) at an
initial seeding density of 1.6 x 10* cells/well. After 24 h, the culture
medium was replaced with 90 uL of serum-free, CO,-independent
medium (Invitrogen, Carlsbad, CA) supplemented with 30 mM
3-(N-morpholino)propanesulfonic acid (MOPS) and 30 mM 2-(N-
morpholino)ethanesulfonic acid (MES) (pH 6.0). Then, a 24 uL
aliquot of sSIRNA/KL-PEI-Au NP-PEG nanoparticle solution con-
taining 1 ug (75 pmol) of SIRNA was added to the cellsin order to
obtain a final SIRNA concentration of 200 nM. For comparison,
the cells were also incubated with the nanoparticles in serum-free
CO,-independent medium without MOPS and MES (pH 7.3). While
the cells were incubated with nanoparticles at room temperature
for different periods of time (e.g., 10, 20, and 30 min), scattering
intensity and Doppler variance images were obtained. All the images
(512 x 512 pixels) were obtained with the SD-OCT shown in

Supporting Information (Figure S1). Scattering intensity SD-OCT
and Doppler variance images were obtained with 4 and 20 times
line average, respectively. The scattering intensity and variance of
Doppler frequency in the nanoparticle-containing media were
quantified by Image J software. Intensity histograms of randomly
picked areas (500 x 300 pixels) in the scattering intensity images
were averaged (a repeated total three frames of SD-OCT) as
weighted means. To quantify averaged variance of Doppler
frequency, variance of Doppler frequency histograms of randomly
picked areas (200 x 200 pixels) were used.

After optical imaging at 10, 20, and 30 min, the acidic MOPS/
MES medium was neutralized by adding 260 uL of DMEM
containing 8 umol of NaOH (the final of pH 7.3). The same amount
of NaOH-free DMEM was added to the cellsincubated with neutral
MOPS- and MES-free medium. After the cells were further
incubated for another 4 h-transfection at 37 °C, the medium in the
well was replaced with 0.5 mL of fresh DMEM containing 10%
FBS. After incubation for an additional 68 h, gene silencing
efficiency defined by reduced green fluorescence intensity of a cell
was observed under an Olympus |X71fluorescence microscope
(Olympus America, Melville, NY).

Statistical Analysis. Triplicate data were analyzed using one-
way ANalysis Of VAriance (ANOVA) on the significance level of
p < 0.01 and presented as mean + standard deviation.

Results and Discussion

Synthesis, Characterization, and Acid-Transformation of
sIRNA/KL-PEI-Au NP-PEG Nanoparticles. To conjugate Au
NPs with siRNA/KL-PEI polyplexes, 15 nm Au NPs were
functionalized with SPDP which was anchored on the Au NP
surface via pyridyldithio groups while providing free amine-
reactive N-succinimidyl (NHS) groups for conjugation with the
SIRNA/KL-PEI polyplex. Since the NHS group had higher
reactivity toward primary amines over secondary and tertiary
amines, Au NPs were conjugated mainly with primary amine-
bearing ketal branches, resulting in SSIRNA/KL-PEI polyplexes
with an outer Au NP shell. Then, the remaining unreacted NHS
groups on the surface of the Au NP shell were conjugated with
amine-functionalized PEG (0.6 kDa), which is known to prevent
Au NP aggregation, decrease clearance by reticuloendothelial
system (RES), and interfere with cellular uptake by steric
hindrance.®* Conjugation of SPDP-activated Au NPs on the
SIRNA/KL-PEI polyplexes was confirmed by FT-IR (Figure S2,
Supporting Information). Inductively coupled plasma optical
emission spectrometry (ICP-OES) showed 83% conjugation
efficiency of SPDP-activated Au NPs on the siRNA/KL-PEI
polyplexes (Table S1, Supporting Information). The size and
surface charge of the resulting ssIRNA/KL-PEI-Au NP-PEG
nanoparticles were measured to be 194.4 nm (DLS) and +17.2
(£1.27) mV (zeta-potential analysis), respectively (Figure 2A).
To confirm dissociation of Au NP-PEG from the polyplexes
upon acid-hydrolysis with decreased size and increased zeta-
potential, the nanoparticles were incubated in pH 5.0 acetate
buffer for 2 h at 37 °C. The size of the acid-hydrolyzed
nanoparticles split to 114.6 nm (hydrolyzed polymer/siRNA
aggregates, 94.5% intensity) and 19.12 nm (Au NP-PEG, 5.5%
intensity, solid arrow) by losing PEGylated Au NP shells (Figure
2A). Incubation of the nanoparticlesin acidic buffers that were
at the same pH but different electrolyte concentrations (i.e., 10
and 100 mM acetate buffers adjusted to pH 5.0 by NaOH) did
not result in differences in size (data not shown), confirming
that the acidic pH (not different electrolyte concentrations)

(30) Kwon, Y. J; Yu, H.; Peng, C.-A. Biotechnol. Bioeng. 2001, 72, 331—
338.
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(31) Otsuka, H.; Nagasaki, Y .; Kataoka, K. Adv. Drug Delivery Rev. 2003,
55, 403-419.
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Figure 2. Acid-responsive changes of SsSRNA/KL-PEI-Au NP-PEG nanoparticles’ physical properties. (A) Size of the nanoparticles measured by DLS
before (red) and after (blue) acid-hydrolysis for 2 h at pH 5.0. Arrow indicates disassembled Au NPs at an acidic pH. Numbers are the zeta-potentials of the
nanoparticles before hydrolysis (red) and the acid-hydrolyzed nanoparticles including dissociated Au NPs and hydrolyzed siRNA/KL-PEI polyplexes (blue).
(B) TEM images of ssRNA/KL-PEI-Au NP-PEG nanoparticles before (left) and after (right) acid-hydrolysis. The dotted area indicates a SSRNA/KL-PEI
polyplex after Au NPs and PEG are dissociated. Scale bar =100 nm. (C) UV absorbance by the nanoparticles before (red) and after (blue) acid-hydrolysis
for 2 h. The arrow indicates the absorbance by residual aggregates. (D) Colorimetric changes of the solutions (200 L in a 96-well plate) containing sIRNA/
KL-PEI-Au NP-PEG nanoparticles before (left) and after (right) hydrolysis a pH 5.0 for 10 min.

reduced the size of Au NP-siRNA/KL-PEI-PEG nanoparticles.
It should be emphasized that the relative volumes of dissociated
Au NPs and siRNA/polymer aggregates were 93.4 and 6.6%,
respectively, indicating that most of the Au NPs were dissociated
from polyplexes. Transmission electron micrographs also proved
that most Au NPs were completely liberated from siRNA/KL-
PEI polyplexes upon acid-hydrolysis (Figure 2B). The zeta-
potential of sSIRNA/KL-PEI polyplexes, which was originally
+25.95 (4+1.90) mV, decreased to +17.2 mV with Au NP- and
PEG-conjugations; however, incubation at pH 5.0 for 2 h
restored the cationic surface charge to +22.2 (+1.20) mV by
exposing the cationic SRNA/KL-PEI core (Figure 2A), which
was expected to facilitate cellular uptake via attractive electro-
static interaction with negatively charged proteoglycans (e.g.,
heparan sulfate) as well as the phospholipid bilayer cellular
membrane. Zeta-potential changesin various pH and electrolyte
concentrations showed that the cationic conversion of Au NP-
SIRNA/KL-PEI-PEG nanoparticles was mainly attributed to pH
changes (Figure S3, Supporting Information). To differentiate
increased zeta-potential by protonation at pH 5.0, unketalized
branched PEI (B-PEI, 25 kDa) was used to synthesize nonhy-
drolyzable Au NP-siRNA/B-PEI-PEG nanoparticles because
KL-PEI resembles branched PEI due to its primary, secondary,
and tertiary amines (Scheme 1). Incubation of the nonhydro-
lyzable nanoparticlesin the same pH 5.0 acetate buffer resulted
in increased zeta-potential of 2.4 (£0.71) mV. This indicates
that the dissociation of Au NPs and protonation at pH 5.0 may
equally contribute to cationic conversion of Au NP-siRNA/KL-
PEI-PEG nanoparticles. B-PEI would have more primary amines
than acid-hydrolyzed KL-PEI whose primary amine-bearing
ketal branches are converted to neutral hydroxyl-bearing termini.
Since primary amines have higher protonation capability than
secondary and tertiary amines, the zeta-potential change of
B-PEI at an acidic pH 5.0 may be overestimated than that of
KL-PEI due to protonation at the same pH. This implies that

the zeta-potential increase of Au NP-siRNA/KL-PEI-PEG
nanoparticles at pH 5.0 was significantly more affected by the
Au NP and PEG disassembly than protonation at an acidic pH.
The nanoparticles shelled with Au NPs showed the maximum
UV absorbance wavelength (1) at 533 nm, while hydrolysis
resulted in Ay, a 528 nm, which is close to 4, of pure 15 nm
AuNPs (i.e., 520 nm).** The residual aggregates (not detectable
by DLS), consisting of free Au NPs, SsSRNA/KL-PEI polyplexes,
and/or hydrolyzed KL-PEI, resulted in slightly increased UV
absorbance between 600 and 700 nm wavelength (arrow in
Figure 2C). Disassembly of Au NPsfrom the nanoparticles upon
acid-hydrolysis turned the color of the nanoparticlesin DI water
(blue) into a typical color of colloidal Au NPs (pink) (Figure
2D). The results shown in Figure 2 clearly present distinctive
physical property changes upon dissociation of PEG-Au NPs
from the surface of SSIRNA/KL-PEI polyplex cores.
Acid-Responsive Changes of sSiRNA/KL-PEI-Au NP-PEG
Nanoparticles' Optical Properties. The possibility of utilizing
the changes of sIRNA/KL-PEI-Au NP-PEG nanoparticles
various physical properties under a mildly acidic condition
(Figure 2) for detecting pathological signalsin cancer using OCT
was investigated (Figure 3). When small Au NPs (15 nm) were
locally immobilized on the surface of SSIRNA/KL-PEI polyplex
at ahigh density, higher optical scattering was obtained due to
dramatically increased SPR effects (Figure 3A). Upon dissocia-
tion, however, small individual Au NPs were in an absorption-
dominant cross section with negligible SPR effects, significantly
reducing scattering intensity (Figure 3B). Few remaining strong
signals from hydrolyzed nanoparticles could be explained by
the presence of residual aggregates identified in Figure 2C. The
Doppler variance images demonstrated that Brownian motion
of the Au NPs that were dissociated from the SsSRNA/KL-PEI-

(32) Krpetic, Z.; Nativo, P.; Porta, F.; Brust, M. Bi oconjugate Chem. 2009,
20, 619-624.
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Figure 3. Optical coherence property changes of siRNA/KL-PEI-Au NP-PEG nanoparticles upon acid-hydrolysis. (A and B) Three-dimensional SD-OCT
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Figure 4. Stimuli-responsive activation of siRNA/KL-PEI-Au NP-PEG nanoparticles for gene silencing. (A) eGFP gene silencing efficiency of (1) free Au
NPs, (2) ssRNA/KL-PEI, (3) sIRNA/KL-PEI-Au NP-PEG without prior incubation at pH 5.0, (4) sSRNA/KL-PEI-Au NP-PEG incubated at pH 5.0 for 10
min. (B) Effects of preincubation of siRNA/KL-PEI-Au NP-PEG nanoparticles at pH 5.0 for different periods of time on cellular internalization and gene
silencing. For cellular uptake analysis, NIH 3T3 cells were incubated with FAM-labeled siRNA-encapsulating siRNA/KL-PEI-Au NP-PEG nanoparticles for
1 h. Specific gene silencing was confirmed by comparing with that of scrambled sIRNA-encapsulating nanoparticles which resulted in barely measurable

gene silencing (data not shown).

Au NP-PEG nanoparticles in response to acidic stimuli was
increased, which was represented by increased red color pixels
in Figure 3D in comparison to Figure 3C. Theincreased variance
of Doppler frequency was a so quantitatively analyzed as shown
in Figure 3E. The increase in Brownian movement was lower
than what was expected (Figure 3E). According to the Stoke-
Einstein equation, Au NPs are supposed to move more than 10
times faster than unhydrolyzed nanoparticles. This may be
attributed to the increased viscosity of the hydrolyzed polymer-
containing solution and changesin Au NP/hydrolyzed polymer
interactions (e.g., increased encountering frequency between Au
NPs). In addition, it is also possible that the currently available
OCT technology has a limited capability of detecting all
dissociated small individual Au NPs, as shown by diminished
stimuli-responsive scattering intensity in Figure 3B. The results
shown in Figure 3 indicate that cancer lesions can be more
accurately identified by combining both scattering intensity and
Doppler variance images with each other rather than relying
on a single type of optical signal. Although the results shown

8322 J. AM. CHEM. SOC. m VOL. 132, NO. 24, 2010

in Figures 2 and 3 were obtained after 2 h-incubation at pH 5.0
in order to ensure complete hydrolysis, it was confirmed that
10 min of hydrolysis at the same pH was sufficient to generate
almost equivalent physical property changes, hence, optical
signal changes.

Enhanced Gene Silencing by Acid-Activated sSIRNA/
KL-PEI-Au NP-PEG Nanoparticles. The hypothesis of achiev-
ing facilitated gene silencing associated with various optical
signal changes was assessed. eGFP-expressing NIH 3T3 cells
were incubated with SSIRNA/KL-PEI, ssSRNA/KL-PEI-Au NP-
PEG nanoparticles before exposure to an acidic condition (Au
NP-conjugated gene carriers before generating various optical
property changes), and siRNA/KL-PEI-Au NP-PEG nanopar-
ticles incubated at pH 5.0 for various periods of time (gene
carriers with dissociated Au NPs). As shown in Figure 4A,
conjugation of Au NPs and further PEGylation substantially
reduced gene silencing efficiency by sSRNA/KL-PEI polyplexes
(from 46% to 24%) at a SIRNA concentration of 200 nM. This
can be explained by interfered cellular internalization by the
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compared with that of untreated cells (data not shown).

outer PEG layer, low cationic surface charge, and increased size
of polyplexes. On the other hand, conjugation of Au NPs and
PEGylation improved the biocompatibility of sSIRNA/KL-PEI-
Au NP-PEG nanoparticles by dlightly lowering cytotoxicity
(Figure $4, Supporting Information). Gene silencing quantified
by reduced fluorescence of the cells, which were incubated under
the same conditions, showed dightly less statistically significant
results, possibly due to Au NPs fluorescence interference
(Figure S5, Supporting Information). Gene silencing efficiency
is expected to increase with concentration, which necessitates
the use of more cationic polymers. The cells incubated with
SIRNA/KL-PEI-Au NP-PEG nanoparticles at 100, 200, and 400
nM siRNA demonstrated concentration-proportional gene si-
lencing but with decreasing viability (Figure S6, Supporting
Information). Therefore, asiRNA concentration of 200 nM was
used in this study in order to achieve optimized gene silencing
and cell viability.

The hypothesis of achieving enhanced gene silencing via
exposure of asize-reduced and cationic SRNA/KL-PEI polyplex
core in the presence of stimuli was proven as shown in Figure
4B. Incubation of SRNA/KL-PEI-Au NP-PEG nanoparticles at
pH 5.0 for 10 min before being incubated with the cells
enhanced gene silencing by approximately 37% (Particle 4 in
Figure 4A). Enhanced gene silencing efficiency of SRNA/KL-
PEI-Au NP-PEG nanoparticles was closely correlated with
cellular uptake of the nanoparticles preincubated at pH 5.0 for
different periods of time (e.g., ~15% increased internalization
after 10 min of preincubation, Figure 4B). The fact that it takes
only ~10 min for ssIRNA/KL-PEI-Au NP-PEG nanoparticles
to transform themselves into activated gene therapeutics (Figure
4B) implies that fast stimuli-responsive diagnosis and gene
delivery can be achieved.

Simultaneous Multimodal Optical Signal Changes and
Enhanced Gene Silencing in Vitro by siRNA/KL-PEI-Au
NP-PEG Nanoparticles. The feasibility of achieving smulta-
neous multimodal optical imaging and enhanced gene silencing
using stimuli-transforming siIRNA/KL-PEI-Au NP-PEG nano-
particles was demonstrated in vitro (Figure 5). Physical and
optical property changes of the sSRNA/KL-PEI-Au NP-PEG
nanoparticles (Figures 2 and 3) and enhanced gene silencing
(Figure 4) were investigated at an endosomal pH 5.0. However,
normal extracellular pH in atumor isin the range of 6.0—7.2.2°%"
Therefore, the results shown in Figures 2—4 may not represent
the acid-responsive optical signa changes and cationic activation
of the nanoparticles in a slightly acidic tumor tissue, followed
by rapid SIRNA release from the more acidic endosome into
the cytoplasm of a cell. It is aso believed that the sSIRNA-
encapsulating core could be partially hydrolyzed during the Au
NP-PEG dissociation at pH 5.0 even for the 10 min of
preincubation.

To demonstrate simultaneous optical imaging and transfection
under a more realistic condition, eGFP-expressing cells were
incubated with the SSIRNA/KL-PEI-Au NP-PEG nanoparticles
at a tumor pH of 6.0 as well as physiological pH of 7.3. As
shown in Figure 5A,B, 10 min-incubation at pH 6.0 resulted in
reduced scattering intensity (p = 0.02) and substantialy
increased variance of Doppler frequency (p = 0.009). On the
contrary, incubation at pH 7.3 even for 30 min resulted in
minimal changes. While scattering intensity reached its maxi-
mum decrease after a 10 min-incubation at pH 6.0 medium and
remained unchanged, variance of Doppler frequency increased
with incubation time. Thisindicates that substantially increased
Brownian motion requires a complete dissociation of individual
Au NPs, but a partial dissociation of Au NPsfrom siRNA/KL-
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PEI polyplexesis sufficient to diminish light scattering. Slightly
decreased variance of Doppler frequency after 30 min-incubation
of the SRNA/KL-PEI-Au NP-PEG nanoparticles at pH 7.3 may
indicate partial aggregation.

The cells incubated with SSRNA/KL-PEI-Au NP-PEG nano-
particles for 10 min at pH 7.3 and 6.0, followed by 4
h-transfection and additional incubation for 68 h at pH 7.3, were
observed under a fluorescence microscope (Figure 5C). Itisclear
that the highest gene silencing was achieved when the cells were
incubated with SsIRNA/KL-PEI-Au NP-PEG nanoparticles at a
tumor pH of 6.0 for 10 min, while incubation of the cells with
the nanoparticles at a physiological pH 7.3 resulted in moderate
but significantly lower gene silencing (p = 0.007) than at pH
6.0. As shown in Figure 4B that a preincubation at pH 5.0 for
10 min maximally enhanced gene silencing efficiency of SRNA/
KL-PEI-Au NP-PEG nanoparticles, the maximum gene silencing
was obtained when the cells were incubated with the nanopar-
titcles a pH 6.0 for 10 min (Supporting Information, Figure
S7). In this study, the cells were transfected by the SsSRNA/KL-
PEI-Au NP-PEG nanoparticles under a serum-free condition.
It was confirmed that the gene silencing by the sSiRNA/KL-
PEI-Au NP-PEG nanoparticles was not affected in the 10%
serum-containing media (data not shown), as previously reported
using sSIRNA/KL-PEI polyplexes.?* However, both scattering
intensity and variance of Doppler frequency were reduced in
the presence of serum without acid-responsiveness, indicating
Au NP aggregation (and precipitation) which may be minimized
by coating the surface of Au NPs with bovine serum albumin
(BSA)*33 or polymers (e.g., polyvinyl acohol, PVA).%536

The results shown in Figure 5 propose the feasibility of
obtaining multimodal optical imaging and enhanced transfection
shortly after (i.e., 10 min) stimuli-transforming SsSRNA/KL-PEI-
Au NP-PEG nanoparticles are accumulated (delivered) in a
tumor tissue. The SIRNA/KL-PEI polyplex core partialy
hydrolyzes during the Au NP-PEG dissociation a pH 6.0,
although its hydrolysis in the endosomal pH of 5.0 is much
faster. Thisimplies that significantly improved stimuli-enhanced
gene silencing could be achieved by tuning the nanoparticles
to be differentially responsive to extracellular and intracellular

(33) Gao, D.; Tian, Y.; Liang, F.; Ding, L.; Bi, S;; Chen, Y.; Zhang, H.;
Yu, A. Colloids Surf., B 2006, 47, 71-77.

(34) Housni, A.; Ahmed, M.; Liu, S.; Narain, R. J. Phys. Chem. C 2008,
112, 12282-12290.

(35) Tcherniak, A.; Ha, J. W.; Dominguez-Medina, S.; Slaughter, L. S,;
Link, S. Nano Lett. 2010, 10, 1398-1404.

(36) Basu, S.; Pande, S,; Jana, S.; Bolisetty, S.; Pal, T. Langmuir 2008,
20, 5562-5568.
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stimuli (e.g., SRNA/KL-PEI conjugated with Au NPs via matrix
metalloproteinases (MM Ps)-cleavable linkages).>"8

Conclusions

A novel nanotheragnostic agent that transforms its opto-
physical propertiesin the presence of a cancer-specific stimulus
was developed for combined optical imaging and gene therapy
by conjugating small Au NPs on the surface of sIRNA-carrying
polyplexes via acid-degradable linkages. The hypothesis of
achieving various optical signal changes (blue-shifted UV
absorbance, diminished scattering intensity by lost SPR effects,
and increased variance of Doppler frequency) with simulta-
neously enhanced cellular internalization and subsequent gene
silencing was demonstrated using the stimuli-transforming
nanoparticles. These novel nanotheragnostic materials could
detect a pathological event and simultaneously trigger them-
selves to act on identified targets when they are further tuned
and optimized for demonstration in vivo. The use of this novel
theragnostics concept could be expanded by incorporating other
types of therapeutic agents (e.g., chemoagents) and imaging
contrast agents (e.g., magnetic iron oxide nanoparticles) for
different modes of combined imaging and therapy applications
as well as using various polymers responding to other types of
disease-specific and external stimuli, such as enzymes, hypoxia,
redox potential gradients, temperature, and light.
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