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D
ue to their unique properties,
nanoparticles (NPs) are attractive
for numerous biological and thera-

peutic applications.1�10 One of the biggest

barriers for utilizing NPs is nonspecific ad-

sorption, where biomolecules nonco-

valently adsorb to NPs, obscuring biologi-

cal function and leading to denaturation

and undesirable effects.11�14 Unfortunately,

nonspecific adsorption is complex, where

an enormous number of noncovalent

bonds between biomolecules and NP sur-

faces or ligands can form. Nonspecific ad-

sorption is difficult to not only prevent but

also directly probe and thus remains poorly

understood.15,16 Despite the fact that gold

NPs (AuNPs) have versatile surface chemis-

try, efforts to simply eliminate nonspecific

adsorption via surface modification17 with

inert molecules18,19 have met limited

success.20�23 Consequently, nonspecific ad-

sorption is a major hindrance for nanobio-

technology.

Here we adopt a different perspective

of nonspecific adsorption and demonstrate

that it is ideal for enhancing the efficiency of

a biological reaction, in vitro translation.

Translation, the synthesis of a protein en-

coded in mRNA, is complex and involves the

ribosome, mRNA, and hundreds of other

species.24 It can potentially be enhanced

by recruiting and coordinating translation

machinery and mRNA.25,26 Because

AuNP�DNA conjugates are approximately

the same size as proteins, they can act as ar-

tificial scaffolds to bring proteins into prox-

imity by nonspecifically adsorbing to them

(Figure 1a). Numerous weak bonds are what

make nonspecific adsorption problematic,

but this very property is uniquely suited for

dynamic and repeating reactions, where

multiple species must be fluxional.27 In this

case, strong and specific binding to transla-
tion machinery would not only be impos-
sible to design since reactions involve nu-
merous species but it would also be
detrimental, preventing turnover of species
necessary for dynamic and repeating reac-
tions. In addition, the DNA on the AuNP can
have a sequence such that it can bind
specifically to the mRNA of interest, increas-
ing enhancement. We show that nonspe-
cific adsorption to AuNP�DNA can be ex-
ploited synergistically with specific binding
to enhance in vitro translation as high as
100%. Expression enhancement by conju-
gates of AuNP and DNA (AuNP�DNA) de-
pends on the mRNA�DNA interaction and
the AuNP surface charge. Finally, AuNP�

DNA can be used to enhance specific trans-
lation of a target gene in a mixture.

RESULTS AND DISCUSSION
AuNPs (D � 9.6 nm, Supporting Informa-

tion, Figure S1) coated with bis(p-
sulfonatophenyl) phenylphosphine (BPS)
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ABSTRACT Gold nanoparticle (AuNP)�DNA conjugates can enhance in vitro translation of a protein.

Enhancement occurs via a combination of nonspecific adsorption of translation-related molecules and the

ribosome to the AuNP�DNA and specific binding to the mRNA of interest. AuNP�DNA conjugates enhanced

protein production of fluorescent proteins (mCherry, eGFP) in retic lysate mixes by 65�100%. Gel electrophoresis

was used to probe nonspecific adsorption of the AuNP�DNA conjugates to the translation machinery. It was

determined that nonspecific adsorption is critical for enhancement, and if it was eliminated, expression

enhancement did not occur. The interaction of the mRNA with the DNA on the AuNP surface influenced the amount

of enhancement and was probed by expression in the presence of RNase H. These results suggest that higher

translation enhancement occurs when the DNA on the AuNP forms an incomplete duplex with the mRNA. Tuning

the balance between nonspecific adsorption and specific binding of the AuNP�DNA conjugates could result in the

translation enhancement of a specific gene in a mixture.

KEYWORDS: nanoparticle�DNA conjugates · nonspecific adsorption · in vitro
translation · selective enhancement · antisense · DNA�mRNA
hybridization · nanoparticle�mPEG
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were conjugated covalently to stDNA or wkDNA (Table

1; see Methods). Fluorescence measured mCherry ex-

pression (Figure 1b) from fixed amounts of mRNA (0.25
�g) in reticular lysate translation kits and was normal-
ized to reactions that had no AuNP, DNA, or
AuNP�DNA added. When AuNP�stDNA (AuNP/DNA
� 1:65, filled squares) was added to a translation reac-
tion, mCherry expression reached 1.65� the amount for
no AuNP�DNA or an enhancement of 65%. Enhance-
ment depended on AuNP�DNA concentration, peak-
ing at 0.4 AuNP/mRNA molar ratio and switching to in-
hibition at higher AuNP/mRNA. This suggests that
enhancement is strongest when multiple species, in-
cluding the mRNA, can bind to one scaffold that brings
them into proximity. AuNP�stDNA of lower coverage
(Figure 1c, AuNP/DNA � 1:29, open squares) enhanced
expression to a lesser extent (40%), suggesting that
more DNA on the AuNP facilitates binding to mRNA
and translation-related species.

Enhancement did not occur with either free AuNP
or DNA. mCherry expression decreased with increasing
free AuNP (Figure 1b, red triangles). BPS-coated AuNPs
are negative, so evidently charge interaction between
AuNPs and translation-related molecules interferes with
translation. Quenching was not responsible for fluores-
cence changes,28 as fluorescence was unaffected when
AuNPs were added after translation reactions were
complete (Supporting Information, Figure S2). Free
stDNA only inhibited translation (Figure 1b, blue circles;
upper axis matches with lower axis at 65:1), acting as
antisense DNA to block ribosomal activity via mRNA
binding.29,30 This shows that the DNA’s biophysical be-
havior is completely reversed when on the AuNP sur-
face. AuNPs mixed with unlinked stDNA at a ratio of
1:65 (Figure 1b, open squares) inhibited expression
more than free stDNA or AuNP, confirming that stDNA
must be covalently bound to AuNPs for the enhance-
ment effect.

Gel electrophoresis confirmed the presence of non-
specific adsorption to the translation machinery (Fig-
ure 1f). AuNP, AuNP�mPEG, and AuNP�DNA (lanes
2�6) when added to the translation mix (lanes 7�11)
exhibited lower mobility bands (bracket), which were
determined to have protein by blue-staining (Support-
ing Information, Figure S3). This shows that, regardless
of whether the particles were modified with DNA, they
adsorbed to the translation machinery.

We compared enhancement by AuNP�DNA for
two different DNA sequences. DNA was chosen to ex-
hibit strong (stDNA) or weak (wkDNA) antisense inhibi-
tion of mCherry or eGFP (Figure 1d). Free stDNA sup-
pressed both eGFP (open squares) and mCherry
expression (filled squares). However, stDNA behaved

Figure 1. In vitro gene expression with DNA, AuNP, and
AuNP�DNA. (a) Schematic diagram of enhanced mCherry
gene expression with AuNP�DNA. AuNP recruits mRNA and
translation related molecules into its proximity. AuNP D �
9.6 � 0.6 nm. (b) Normalized peak fluorescence intensity of
expressed mCherry with AuNP�stDNA of coverage 1:65
(filled squares), AuNP (red triangles), and mixture of 1:65
free AuNP and stDNA (open squares) as a function of AuNP/
mRNA ratio (lower axis), and expression with free stDNA
(blue circles) as a function of stDNA/mRNA ratio (upper axis).
For all translation experiments, the amount of mRNA used
was fixed at 0.25 �g. Error bars denote 95% confidence in-
tervals with n > 4. Upper axis matches lower axis at NP/
mRNA � stDNA/mRNA � 0, and NP/mRNA � 1 and stDNA/
mRNA�65, as the coverage of stDNA on the NP is 65 DNA/
NP. (c) High (1:65, filled squares) or low (1:29, open squares)
coverage of AuNP�stDNA with mCherry expression. (d) Ef-
fect of wkDNA on mCherry (filled triangles) and eGFP (open
triangles), and stDNA on mCherry (filled squares) and eGFP
(open squares) translation. (e) AuNP�wkDNA (1:59) on
mCherry (filled triangles) and eGFP (open triangles), and
AuNP�stDNA (1:65) on mCherry (filled squares) and eGFP
(open squares). (f) Agarose gel (1.5%) electrophoresis in
0.5� TBE at 3.8 V/cm for 1.5 h. Lane 1: retic lysate kit mix-
ture. Lane 2: AuNP. Lane 3: AuNP�mPEG (reaction ratio
1:200). Lane 4: AuNP�wkDNA (coverage 1:59). Lane 5:
AuNP�stDNA (1:65). Lane 6: AuNP�stDNA (1:29). Lane 7:
mixture of 1 and 2. Lane 8: 1 and 3. Lane 9: 1 and 4. Lane 10:
1 and 5. Lane 11: 1 and 6.

TABLE 1. DNA Sequences

name sequence

stDNA 5=-HS-TTTTT TTTTT CTCGT TGGGG TCTTT-3=
wkDNA 5=-HS-TTTTT TTTTT GATGT TGACG TTGTA-3=
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differently on AuNPs (Figure 1e). AuNP�stDNA inhib-
ited eGFP expression strongly (open squares) but en-
hanced mCherry (filled squares). Antisense inhibition by
AuNP�DNA was reported previously,31 but we ob-
served that the same DNA strand can either enhance
or inhibit translation depending on whether it is conju-
gated to AuNPs and is reported for the first time here
to our knowledge. Free wkDNA inhibited both genes
weakly (Figure 1d, open/filled triangles), and
AuNP�wkDNA suppressed eGFP (Figure 1e, open tri-
angles) and enhanced mCherry (filled triangles) but to
a lesser extent than AuNP�stDNA. Evidently, enhance-
ment depends not only on the sequence of the DNA on
the AuNP�DNA conjugate but also on the gene of in-
terest. Differences in eGFP and mCherry suppression by
stDNA or wkDNA could be due to how the oligos inter-
act with the mRNA and the resulting changes in mRNA
secondary structure, which would affect ribosomal ac-
cess and its ability to translate the mRNA. However, the
antisense mechanism of oligos is generally not well-
understood and difficult to predict.29,30,32 This shows
that enhancement or inhibition of AuNP�DNA can be
indirectly checked by the antisense strength of the free
DNA, which is correlated with DNA affinity for the
mRNA.

Because enhancement by AuNP�DNA varies for dif-
ferent genes, it is possible to exploit this to selectively
enhance a gene in a mixture. AuNP�stDNA incubated
with a mixture of mCherry and eGFP mRNA enhanced
mCherry expression by �100% at 0.2 AuNP/mRNA
while simultaneously suppressing eGFP (Figure 2a),
higher than in the single gene experiments (Figure 1e).
AuNP�wkDNA also exhibited selective enhancement
of mCherry over eGFP but to a lesser extent (Figure 2b).

To understand how nonspecific adsorption and
translation enhancements are related, AuNPs conju-
gated with different amount of mPEG (MW � 356.5)
were used. BPS-coated AuNPs became less negative
with increasing mPEG conjugation, while their hydrody-
namic size did not change,15 retarding their mobility
(Figure 3c, lanes 3�5, and Supporting Information, Fig-
ure S3). AuNP�mPEG 1:1000 and 1:2000 exhibited
minimal mobility shifts when added to the translation
mix (lanes 4 vs 8 and 5 vs 9), indicating negligible non-
specific adsorption to translation machinery with high
mPEG coverage. AuNP�mPEG 1:1000 and 1:2000 had
little effect on both mCherry and eGFP expression (Fig-
ure 3a,b, triangles and inverted triangles). Furthermore,
AuNP and AuNP�mPEG 1:200 differ only slightly in sur-
face charge (Figure 3c, lanes 2 and 3) and adsorption
behavior (lanes 6 and 7) but showed opposite transla-
tion behavior, where AuNP�mPEG 1:200 enhanced
(circles) while AuNP inhibited (squares). Free mPEG af-
fected translation negligibly (Supporting Information,
Figure S4). Thus, for enhancement, AuNPs need to be
charged to enable nonspecific adsorption, but not too
highly charged or inhibition results. Furthermore, non-

specific adsorption alone cannot enhance selectively,

as both eGFP and mCherry are affected similarly by

AuNP or AuNP�mPEG. Thus, specific enhancement re-

quires AuNPs conjugated to DNA designed for the

gene. Also, the enhancement effect is lower if there is

no DNA on the AuNP, where AuNP�mPEG 1:200 en-

hances only 25%, while AuNP�stDNA enhances 65%.

Ribonuclease H (RNase H) was used to probe the

DNA�mRNA interaction. RNase H recognizes

RNA�DNA duplexes to cleave the RNA, reducing ex-

pression levels.29,30 eGFP and mCherry expression was

measured with (white) and without (black) RNase H

(Figure 4). RNase H had negligible effect on eGFP or

mCherry mRNA alone (samples 1 and 4). eGFP expres-

sion decreased with stDNA (sample 2, black) and

dropped further with RNase H (sample 2, white). This in-

dicates that stDNA binds to eGFP mRNA to form a

DNA�mRNA duplex, which not only inhibits transla-

Figure 2. Selective gene expression enhancement. (a) Nor-
malized peak fluorescence intensity of mCherry (filled
squares) and eGFP (open squares) when a mixture of both
genes in equal amounts (0.25 �g each) are translated with
AuNP�stDNA (coverage 1:65). (b) Repeated for
AuNP�wkDNA (coverage 1:59). mCherry (filled triangles)
and eGFP (open triangles). Note that the AuNP�DNA in the
mixtures was �2� that used in single gene experiments.
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tion via the antisense effect but also can be recog-

nized by RNase H. AuNP�stDNA with eGFP behaved

similarly, where RNase H increased the inhibition of

eGFP by AuNP�stDNA (sample 3, black/white) but to a

lesser extent compared with sample 2. This suggests

that AuNP�stDNA also can form a duplex with eGFP

mRNA, but RNase H accessibility to mRNA is limited due

to the conjugated AuNP.

However, RNase H did not significantly change
mCherry expression in the presence of several free
stDNA concentrations (samples 5�7) and
AuNP�stDNA (samples 8 and 9). Because stDNA exhib-
ited antisense inhibition of mCherry, it somehow binds
to mCherry mRNA, but not in a manner suitable for
RNase H activity. Similarly, RNase H did not reduce the
enhanced mCherry expression of AuNP�stDNA.
wkDNA and AuNP�wkDNA exhibited both weak anti-
sense and RNase H activity (Supporting Information,
Figure S5). Antisense inhibition by an oligo is related
to its ability to sterically block ribosomes from reading
and translating the gene, which can result from both
nonspecific and specific binding of DNA to the mRNA.
eGFP and mCherry mRNA used in the experiments are
�700 bases, with multiple sites for partial or complete
binding of the DNA. Also, the poly-T spacers inserted
into stDNA and wkDNA can form non-Watson�Crick
pairs with mRNA.33 However, RNase H activity requires
the DNA�mRNA duplex to be not only well-formed but
also sterically accessible, which can result from DNA-
induced changes to secondary structure of mRNA.32 Evi-
dently, translation enhancement occurs when the DNA
in the free form binds to mRNA strongly enough for an-
tisense inhibition, but not RNase H activity. Interest-
ingly, AuNP�DNA does not enhance RNase H activity.
We believe that this is due to the fact that the RNase H
mechanism is significantly different from translation.
Unlike the ribosome, it does not require the numerous
translation factors, amino acids, and tRNAs for activity
and thus does not benefit from nonspecific adsorption.

CONCLUSION
On the basis of these observations, specific transla-

tion enhancement occurs via a combination of nonspe-
cific adsorption to translation machinery and specific
binding to mRNA by AuNP�DNA. AuNP�DNA brings
the related species to within nanometer proximity and
permits species to come on and off. AuNP�DNA may
also remove mRNA secondary structure upon binding,

Figure 3. Translation enhancement by AuNP�mPEG. (a)
Normalized peak fluorescence intensity of mCherry when
AuNP (squares), AuNP�mPEG (reaction ratio 1:200, circles),
AuNP�mPEG (1:1000, triangles), and AuNP�mPEG (1:2000,
inverted triangles) are added. (b) Repeated for eGFP transla-
tion. (c) Agarose gel (1.5%) electrophoresis in 0.5� TBE at
3.8 V/cm for 1.5 h. Lane 1: retic lysate kit mixture. Lane 2:
AuNP. Lane 3: AuNP�mPEG (reaction ratio 1:200). Lane 4:
AuNP�mPEG (1:1000). Lane 5: AuNP�mPEG (1:2000). Lane
6: mixture of 1 and 2. Lane 7: 1 and 3. Lane 8: 1 and 4. Lane
9: 1 and 5.

Figure 4. Translation with RNase H. Normalized peak fluo-
rescence intensity of eGFP and mCherry expression (black
columns), and with identical amount of RNase H (white col-
umns). Sample 1: eGFP. Sample 2: eGFP with stDNA (stDNA/
mRNA � 50). Sample 3: eGFP with AuNP�stDNA (coverage
1:65, AuNP/mRNA � 0.4). Sample 4: mCherry. Samples 5�7:
mCherry with stDNA (stDNA/mRNA � 50, 75, and 100, re-
spectively). Samples 8 and 9: mCherry with AuNP�stDNA
(coverage 1:65, AuNP/mRNA � 0.4 and 0.8, respectively).
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facilitating ribosome access and thus enhancing expres-
sion. mPEG functionalization also enhances translation
by protecting the AuNP surface and reducing particle
charge, but to a lesser extent and without gene speci-
ficity. Strong binding of AuNP�DNA to mRNA results
only in inhibition, as it probably sterically hinders the ri-

bosome from reading the mRNA. With this informa-
tion, future work can explore how to improve enhance-
ment to even higher levels or apply it to other biological
reactions. This study shows that AuNP nonspecific ad-
sorption can be beneficially exploited for their use as
nanoscale platforms to enhance protein synthesis.

METHODS
RNase-Free Treatment. RNase-free water was either purchased

or made by incubation with 0.1% diethyl pyrocarbonate and au-
toclaving. All of the samples used for this work were prepared
with RNase-free water.

AuNP Synthesis. AuNPs (D � 9.6 nm, sd � 0.6 nm) were synthe-
sized by reduction of HAuCl4 according to literature methods.34

Average size of the particles was obtained by analysis of TEM im-
ages (JEOL 2011, Supporting Information, Figure S1) with Im-
ageJ software. AuNPs were functionalized with the negatively
charged ligand BPS (bis(p-sulfonatophenyl) phenylphosphine)
by incubating with excessive amount of BPS for �12 h. Unnec-
essary reaction residues were excluded by taking a narrow elec-
trophoretic band of AuNP from 1% agarose gel and letting the
particles diffuse into fresh 0.5� TBE (45 mM Tris, 45 mM boric
acid, and 1 mM EDTA). Concentration of AuNP solution was cal-
culated from the peak of absorption spectra at 520 nm.

AuNP�mPEG Functionalization. BPS-coated AuNPs were incu-
bated in mPEG-SH (methoxypolyethylene glycol thiol, MW �
356.5) bath for �24 h with different ratios of AuNP/mPEG-SH (1:
200, 1:1000, and 1:2000, [AuNP] � 5 � 10�7 M) to allow forma-
tion of thiol linkages between AuNPs and mPEG. The solution
was centrifuged with a benchtop microcentrifuge at 10 krpm for
30 min, and then the thick-colored bottom layer was collected
and resuspended in 0.5� TBE. This step was repeated at least
three times to wash off free mPEG molecules.

AuNP�DNA Conjugation. DNA was modified with a 5=-thiol that
attaches covalently to AuNP and has poly-T spacers to reduce
self-adsorption of DNA to the AuNP.16,35 AuNPs were lyophilized
with thiol-functionalized DNA (AuNP/DNA � 1:160 for high cov-
erage, 1:80 for low coverage) and incubated in �1� TBE for 2
days for further conjugation. Free DNA strands were washed off
by the same way free mPEG molecules were washed away. Cov-
erage (average number of DNA strands per particle) was mea-
sured by displacing the DNA completely from AuNP in concen-
trated MCH solutions (6-mercapto-1-hexanol, �1�100 mM) for
extended time (�24 h), excluding aggregated bare NPs by cen-
trifugation and staining supernatant with SYBR gold (Invitrogen)
to measure fluorescence intensity.20,35 Concentration of DNA
was interpolated from fluorescence intensity of DNA solutions
with known concentration.

In Vitro Transcription/Translation. Genes used encode the pro-
teins eGFP and mCherry,36,37 which have distinct emission and
excitation fluorescence peak wavelengths and are encoded in
peGFP-C1 plasmid (GenBank accession # U55763, Clontech) or
pmCherry-C1 (GenBank accession # not available, Clontech).
Standard T7 promoter was inserted during DNA replications us-
ing Taq DNA polymerase. Replicated DNA was amplified by PCR,
and the products were purified with PCR Purification Kit
(Qiagen). Concentration of DNA was determined by measuring
optical absorbance at 260 nm. mRNA was then transcribed from
the DNA using PROTEINscript II T7 Kit (Applied Biosystems) and
cleaned with a RNA cleaning kit (Qiagen). Template DNA remain-
ing in the solution was degraded by DNase I Kit (Qiagen).
Achieved mRNA was quantified by optical absorbance at 260
nm and stored at �80 °C. mRNA was used as a template for
translation reaction using Retic Lysate IVT Kit (Applied Biosys-
tems); 0.25 �g of eGFP and/or 0.25 �g of mCherry mRNA, to-
gether with DNA, AuNP�DNA, or AuNP�mPEG, were mixed
with a batch amount of the translation kit and incubated at 30
°C for 1 h. Note that the amount of AuNP�DNA used in experi-
ments of gene mixtures is �2� the amount used in single gene
experiment since 0.25 �g of eGFP and/or 0.25 �g of mCherry

mRNA were put into the reaction, and the amount of AuNP was
based on the total mass of mRNA, where both genes have simi-
lar molecular weight. After the incubation was finished, the
samples were cooled to 4 °C and maintained at that tempera-
ture for �12 h. All of the translation processes were performed
using manufacturers’ protocols. Fluorescence of the samples
were measured at �emission � 507 nm (�excitation � 488 nm) for
eGFP and at �emission � 610 nm (�excitation � 587 nm) for mCherry.
Fluorescence spectra of the sample mixture that lacked mRNA
substrate were identically subtracted from the data to collect the
actual spectra of eGFP or mCherry protein only. Data were nor-
malized with the fluorescence intensity of the resultant, which
was translated with only mRNA. When RNase H is applied to
translation reaction, 1 unit amount of the enzyme as defined by
the manufacturer (Applied Biosystems) was used for each
experiment.

Gel Electrophoresis of AuNP and AuNP�DNA. Agarose gel electro-
phoresis (1.5%) was performed in 0.5� TBE at E � 3.8 V/cm for
90 min. Gel was stained with Coomassie blue for �2 h and
destained for �12 h.
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