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ABSTRACT: A combinatorial library of unsaturated lipidoids was synthesized
through the Michael addition of amines to oleyl acrylamide. Their capability in
facilitating in vitro gene delivery was evaluated by transfecting HeLa cells with EGFP-
encoding plasmid DNA and mRNA. The preliminary screening results indicated that
lipidoids with unsaturated oleyl tails are superior transfection agents compared to
saturated lipidoids with n-octadecyl tails under the same conditions. The different
transfection abilities of the unsaturated and saturated lipidioids were ascribed to the
large, tightly packed lipoplexes of saturated lipidoids. The potential applications of the
library of lipidoids were further expanded by looking at their ability to transfect
fibroblasts as well as different cancerous cell lines.
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The lack of a safe and efficient gene delivery vehicle remains
a bottleneck in the genetic treatment of inherited and

acquired diseases.1−8 A combinatorial strategy of constructing
libraries of lipid-like materials termed “lipidoids” has been
developed for efficient in vitro and in vivo gene delivery.9−15

These lipidoids can be synthesized via solvent- and catalyst-free
conjugation reactions of amines and α,β-unsaturated carbonyl
compounds (e.g., acylates, acrylamides) or epoxides. These
simple and mild reactions have enabled us to refine the
structure of the lipidoids and improve their transfection
capability. This was accomplished by reacting structurally
diverse amines, α,β-unsaturated carbonyl compounds, or
epoxides. It has been demonstrated that the tail length and
head amine group of the lipidoid play significant roles in
identifying the efficient carriers for gene delivery. For example,
lipidoids incorporating tails in the range of 8−12 carbons as
well as a secondary amine were reported to have high efficiency
for siRNA delivery,9 whereas lipidoids containing two tails of 14
carbons each were superior at delivering DNA.14

To further explore the structure−activity relationship of
lipidoids in gene delivery, we have designed a new library of
lipidoids with unsaturated hydrophobic tails. We compared this
new group to saturated lipidoids containing the same amine
group and tail length and evaluated their ability to facilitate in
vitro gene delivery. Lipids with lower saturation levels usually
have higher gene transfection efficiencies due to increased
membrane fluidity;16−19 however, the effect tail saturation
levels of lipidoids plays on gene delivery has not been
investigated. As shown in Figure 1, a library of unsaturated
and saturated lipidoids was prepared through the reaction of
amines with oleyl acrylamide (Figure 1B, I) and n-octadecyl
acrylamide (Figure 1B, II), respectively. This was completed in
the absence of any solvents or catalysts, and the simple and

mild reactions allowed us to generate a structurally diverse
library of 32 lipidoids. Their capability to facilitate intracellular
gene delivery was first evaluated by delivering enhanced green
fluorescent protein (EGFP)-encoding DNA and mRNA
(mRNA) into human cervical carcinoma cells (HeLa). The
preliminary screening results indicated that unsaturated
lipidoids are the superior gene transfection agent compared
to saturated lipidoids under the same conditions. Such
differences can be ascribed to the large, tightly packed
lipoplexes of the saturated lipidoids, which prohibit efficient
cellular uptake of lipidoid/gene complexes and intracellular
gene releases. The potential applications of the unsaturated
lipidoids for gene therapy were further determined by looking
at their ability to transfect fibroblasts as well as different
cancerous cell lines.
The capability of the lipidoids in transfecting HeLa cells was

evaluated by counting GFP-positive cells after DNA or mRNA
delivery. As summarized in Figure 2, unsaturated lipidoids 8-I,
9-I, 10-I, and 16-I (the Arabic numeral indicates the amine
number in Figure 1C, the Roman numeral indicates
unsaturated (I) or saturated tails (II)) were effective in
facilitating DNA delivery (Figure 2A). More than 40% cells
were positive for GFP expression, whereas less than 10% GFP
expression was observed for cells transfected with the saturated
lipidoid/DNA complexes. Additionally, the unsaturated lip-
idoids were more efficient in facilitating mRNA delivery, as
shown in Figure 2B. A majority of the unsaturated lipidoids
facilitated intracellular mRNA delivery; 4-I, 5-I, 8-I, 9-I, 10-I,
and 16-I can transfect the cells with efficiency greater than 50%,
which was even higher than that obtained with the commercial
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transfection agent Lipofectamine 2000. However, none of the
saturated lipidoids displayed any significant ability to deliver
mRNA. The screening results clearly demonstrated that for
lipidoids with 18 carbon tails, the introduction of unsaturated
bonds can effectively improve their performance in gene
delivery. Furthermore, we observed a higher GFP expression
level for the HeLa cells transfected with mRNA compared with
those dosed with DNA combined with unsaturated lipidoids.
This difference is understandable when the different protein
transcription mechanisms of intracellular mRNA and DNA
delivery are considered. For DNA-based gene delivery and
therapy, DNA released into the cytoplasm has to enter the
nucleus, be translated into mRNA, and then be released back
into the cytoplasm. The mRNA must then be transcribed as the
GFP that is then expressed in the cell. In contrast, mRNA is
released intracellularly and can initiate the transcription process
directly, omitting entering the nucleus. This shorter process
leads to the higher transient GFP expression levels observed
with lipidoid/mRNA transfection.20,21 These results agree with
previous reports for mRNA delivery using cationic lipids and
polymers as carriers.22

To probe the mechanism that leads to the different
transfection capabilities of unsaturated and saturated lipidoids,
lipidoids 16-I and 16-II were selected and purified for further
investigation. The DNA condensation abilities of 16-I and 16-II
were evaluated first by Picogreen assay. By fixing a lipidoid/
DNA ratio (5:1 w/w), the DNA condensation efficiency of 16-I
was determined to be 68.4%, whereas only 38.2% DNA was
condensed by 16-II. The different DNA condensation abilities
of unsaturated and saturated lipidoids may result from the rigid
and long hydrophobic chains of the saturated lipioids, which
comprise the water solubility of lipoplexes and thus affect DNA

condensation efficiency.19,23 Negative-staining transmission
electron microscopy (TEM) was then used to characterize
the self-assembled structures of lipidoids and genes. As shown
in Figure 3, multilamellar nanostructures (∼ 50 nm) with genes
intercalated between the lipidoid bilayers formed when 16-I was
bound to either DNA or mRNA at a 5:1 (w/w) ratio. For
lipidoid 16-II however, shapeless and large aggregation
complexes formed upon DNA or mRNA binding (Supple-
mentary Figure S1). The hydrodynamic sizes of lipidoid/DNA
and lipidoid/mRNA complexes were also analyzed by dynamic
light scattering (DLS). Unsaturated lipidoid 16-I/DNA and 16-
I/mRNA formed narrow distributed nanoparticles of 131.9 ±
10.8 and 84.6 ± 3.8 nm, respectively. However, saturated
lipidoid 16-II formed particles in the size range of 100−600 nm
following DNA or mRNA binding. In addition, the large, tightly
packed saturated lipidoid/genes complexes may prohibit
efficient intracellular gene release and result in low transfection
efficiency. The intracellular gene release from the lipidoid/gene
complexes was then simulated by a heparin competition assay.
Heparin is a biopolymer with a high negative charge and can
compete with DNA or mRNA in binding to the lipidoids.
These competitive interactions can be assayed by gel
electrophoresis and ethidium bromide (EB) exclusion assay.
By using a fixed ratio of lipoidoid to genes (5:1 w/w), the
amount of heparin required to displace genes from the lipidoid/
gene complexes is a good indicator of the degree of intracellular

Figure 1. (A) Synthesis route of lipidoids. (B) Chemical structures of
acrylamides used. (C) Amines used for lipidoids synthesis.

Figure 2. Initial in vitro screening results of lipidoid efficiency at
delivering EGFP encoding (A) DNA and (B) mRNA into HeLa. (1−
16: DNA or mRNA was delivered by lipidoids with different amine
headgroups as indicated in Figure 1C; 17: DNA or mRNA was
delivered using Lipofectamine 2000; 18: DNA or mRNA only). The
transfection efficiency was determined by counting GFP-positive cells.
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gene release.24,25 As shown in Figure 4, both 16-I and 16-II can
bind with DNA or mRNA effectively. By increasing

concentration of heparin from 4 to 50 mg/mL, DNA is
released gradually from the lipidoids. It was observed that the
DNA was completely released from the 16-I/DNA complex in
the presence of 16 mg/mL heparin. For 16-II with DNA, no
DNA release was observed in the presence of same amount of
heparin. The EB exclusion assay also demonstrated the different
DNA release behavior of 16-I/DNA and 16-II/DNA complexes
in the presence of heparin. As shown in Supplementary Figure
S2, the relative fluorescence intensity of DNA/EB complex
without any lipidoid was set to be 100%, and the binding of
DNA with 16-I or 16-II quenched the emission. However, with
the addition of heparin, the EB fluorescence restored gradually.
The addition of 16 μg/mL heparin restored 85% of emission
for 16-I/DNA, whereas only 55% was restored for 16-II/DNA
complex. The gel retardation and EB exclusion assay
demonstrated that the genes could be easily released from
the lipoplexes of unsaturated lipidoids. The lipidoid/mRNA
complexes displayed a mRNA release behavior similar to that of
the lipidoid/DNA complexes, in which mRNA is released easier
from 16-I/mRNA complex than from the 16-II/mRNA
complexes. The heparin competition assay results correlate

very well with the cellular transfection experiments. They
showed that poor transfection ability of the saturated lipidoids
is likely due to the large, tightly packed aggregation complexes
formed, resulting in the ineffective intracellular gene release.
The potential of the library of lipidoids for gene therapy was

further expanded by optimizing the lipidoid/gene ratio and
transfecting different cell lines. As shown in Figure 5, GFP

expression was enhanced by increasing the ratio of 16-I to DNA
or mRNA. This increase in expression was seen with ratios
from 1:1 to 5:1 (lipidoid:DNA/mRNA), while any further
increase led to a lower transfection efficiency. Furthermore,
different cell lines including the cancerous NIH3T3, MCF-7,
HepG2, and MDA-MB-231 cell lines and non-cancerous
fibroblasts (BJ cells) were dosed with 16-I/DNA or 16-I/
mRNA to test the versatility of the lipidoids. As shown in
Figure 6, lipidoid 16-I facilitates both DNA and mRNA delivery

in all of the tested cell lines. It was observed that HeLa cell can
be transfected at the highest efficiency (greater than 50%) of
the tested cells. For MCF-7, HepG2, MDA-MB-231, and BJ
cells, mRNA transfection led to higher GFP expression
compared to DNA transfection. For NIH-3T3 cells, DNA
delivery was more efficient than mRNA delivery.
In conclusion, we have used a combinatorial approach to

design and construct a lipidoid library consisting of lipidoids
with different saturation levels to facilitate intracellular gene
delivery. The investigation of the structure−activity relation-
ships indicates that the introduction of unsaturated bonds can
improve the transfection ability of the lipidoids. This is most
likely due to the increased cellular uptake and enhanced
intracellular gene release of the unsaturated complexes.

Figure 3. TEM images of (A,B) lipidoid 16-I/DNA complex and
(C,D) 16-II/mRNA complex.

Figure 4. Heparin competition assay of lipidoid/gene complexes. (A)
16-I/DNA(1−6) and 16-II/DNA (7−12) in the absence (1, 7) and
presence of heparin (2−6, 8−12). (B) 16-I/mRNA(1−6) and 16-II/
mRNA (7−12) in the absence (1, 7) and presence of heparin (2−6,
8−12). The lipidoid/gene ratios were fixed at 5:1 (w/w); the
concentration of heparin in lane 2 and 8 was 4 mg/mL; in 3 and 8, 8
mg/mL; in 4 and 9, 16 mg/mL; in 5 and 10, 32 mg/mL; in 6 and 11,
50 mg/mL.

Figure 5. Relationships of lipidoid 16-I to DNA or mRNA ratios and
delivery efficiency. The delivery efficiency was monitored by counting
GFP-positive cells.

Figure 6. Gene delivery efficiency of lipidoid 16-I in different
cancerous and non-cancerous cell lines.
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Meanwhile, the amine groups in the lipidoids play critical roles
in determining the transfection efficiency, and a secondary
amine and a hydrophilic group incorporated in a lipidoid can
facilitate the gene delivery. The potential applications of these
unsaturated lipidoids for gene therapies were expanded by
evaluating their ability to transfect different cells lines.
Furthermore, we have reported the first application of lipidoids
for in vitro mRNA delivery. This application has the potential
to be beneficial for cancer vaccines26 and cellular reprogram-
ming27 due to the advantages of using mRNA rather than DNA.
These advantages include pharmaceutical safety as well as the
ability to transiently transfect cells.

■ METHODS

Materials. Compounds in the library were synthesized and
characterized as previously described by our group as well as
several others.9,14 All chemicals were purchased from Sigma-
Aldrich or Alfa-Aesar and used directly. EGFP encoding
Plasmid DNA was purchased from Elim Biopharmaceuticals,
Inc. (Hayward, CA). Messenger RNA encoding EGFP was
purchased from Stemgent Inc. (Cambridge, MA). Picogreen
assay kit was purchased from Invitrogen (Carlsbad, CA), and
the DNA condensation efficiency was determined according to
the manufacturer’s instruction.
Synthesis of Lipidoids. Oleyl acrylamide and n-octadecyl

acrylamide were synthesized according to the published
methods.28 In a 5-mL Telfon-lined glass screw-top vial, oleyl
acrylamide or n-octadecyl acrylamide was added to amine at a
molar ratio of 1:2.4 (amine:acrylamide). The mixture was then
stirred at 90 °C for 2 days. After cooling, the lipidoid mixtures
were used without purification unless otherwise noted.
Representative lipidoids 16-I and 16-II were purified through
flash chromatography on silica gel and characterized by 1H
NMR.
Cell Culture. All cell lines used in this paper (HeLa, MCF-7,

HepG2, MDA-MB-231, NIH-3T3, BJ) were purchased from
ATCC (Manassas, VA) and cultured in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin at 37 °C in the
presence of 5% CO2. For gene transfection experiments, cells
were seeded in 96-well plates at a density of 10,000 cells per
well 1 day prior to transfection.
In Vitro Gene Transfection. To facilitate high-throughput

screening, the lipidoid/DNA or lipidoid/mRNA complexes
were prepared simply by adding lipidoid to the sodium acetate
buffer solutions (25 mM, pH = 5.5) of DNA or mRNA at ratios
of 5:1 (w/w), followed by 15 min of incubation at room
temperature. After the addition of the lipidoid/gene complexes
to the cells (200 ng DNA or 100 ng mRNA complexed with
lipidoids per well), HeLa cells were incubated at 37 °C for an
additional 48 h. Control experiments were performed by
complexing DNA or mRNA with Lipofectamine 2000
(Invitrogen, Carlsbad, CA) in OPTI-MEM as per the
manufacturer’s instructions. The percentage of GFP expressing
cells was evaluated by a flow cytometer (BD FACS LSRII)
attached with a high-throughput system. All transfection
experiments were performed in quadruplicate.
Cytotoxicity of Unsaturated Lipidoids (MTT Assay).

Cytotoxicity of unsaturated lipidoids was assessed by incubating
lipidoid (7 μg/μL) with cells seeded on 96-well plate at a
density of 10,000 cells per well. Lipidoids were incubated with
cells for 24 h, and the cell viability was evaluated through MTT
assay according to previous reports.29

Transmission Electron Microscopy (TEM). Lipidoid/
DNA or lipidoid/mRNA complexes were prepared with the
same protocol as in vitro transfection experiment. One drop of
the samples (10 μL) was applied to hydrophilic carbon-covered
copper grids (300 meshes) for 10 min. The grids were
subsequently rinsed with contrasting materials (1% uranyl
acetate solution at pH 4.5). Any remaining staining solution
was removed with filter paper and air-dried. TEM micro-
structure was determined using a Tecnai FEG TEM (FEI tecnai
12 spirit Biotwin, FET company, Hillsboro, OR) operating at
80 kV.

Gel Retardation and Heparin Competition Assay.
Lipidoid/DNA and Lipidoid/mRNA complexes were prepared
by mixing 0.5 μg of DNA or 0.25 μg of mRNA with lipidoids at
a ratio of 1:5 (w/w), respectively. For the heparin competition
assay, heparin solutions with concentrations increasing from 0
to 50 mg/mL were added to the lipidoid/DNA or lipidoid/
mRNA complexes, followed by 15 min of incubation before
loading into gels. The electrophoresis gels were prepared by
dissolving 0.4 g of agarose in 50 mL of TBE with 0.1 μg/mL
ethidium bromide.

Ethidium Bromide (EB) Exclusion Assay. Briefly, 2 μg of
DNA and 2 μL of EB solution (0.01%) were mixed in 500 μL
of sodium acetate buffer solution (25 mM, pH = 5.5) and
incubated for 10 min, and the fluorescence intensity at 605 nm
was recorded and set as 100%. For the heparin competition
assay, the lipidoid 16-I or 16-II (10 μg), 2 μg of DNA, and 2 μL
of EB solution (0.01%) were incubated in 500 μL of sodium
acetate buffer solution (25 mM, pH = 5.5) for 10 min, followed
by the addition of different amount of heparin and 10 min of
incubation. The emission intensity was monitored and
compared with that of the lipidoid/DNA mixtures.

■ ASSOCIATED CONTENT

*S Supporting Information
Cytotoxicity assay of unsaturated lipidoid; TEM images of
16II/DNA and 16II/mRNA complexes; ethidium bromide
exclusion assay for heparin competition binding of lipidoid/
DNA complexes. This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: qiaobing.xu@tufts.edu.

Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Mintzer, M. A., and Simanek, E. E. (2008) Nonviral vectors for
gene delivery. Chem. Rev. 109, 259−302.
(2) Whitehead, K. A., Langer, R., and Anderson, D. G. (2009)
Knocking down barriers: advances in siRNA delivery. Nat. Rev. Drug
Discovery 8, 129−138.
(3) Bhattacharya, S., and Bajaj, A. (2009) Advances in gene delivery
through molecular design of cationic lipids. Chem. Commun., 4642−
4656.
(4) Gaynor, J. W., Campbell, B. J., and Cosstick, R. (2010) RNA
interference: a chemist’s perspective. Chem. Soc. Rev. 39, 4169−4184.
(5) Zhou, J., Liu, J., Cheng, C. J., Patel, T. R., Weller, C. E.,
Piepmeier, J. M., Jiang, Z., and Saltzman, W. M. (2011) Biodegradable
poly(amine-co-ester) terpolymers for targeted gene delivery. Nat.
Mater. 11, 82−90.

ACS Synthetic Biology Letter

dx.doi.org/10.1021/sb300023h | ACS Synth. Biol. 2012, 1, 403−407406

http://pubs.acs.org
mailto:qiaobing.xu@tufts.edu


(6) Yuan, X., Naguib, S., and Wu, Z. (2011) Recent advances of
siRNA delivery by nanoparticles. Expert Opin. Drug Delivery 8, 521−
536.
(7) Sigwalt, D., Holler, M., Iehl, J., Nierengarten, J.-F., Nothisen, M.,
Morin, E., and Remy, J.-S. (2011) Gene delivery with polycationic
fullerene hexakis-adducts. Chem. Commun. 47, 4640−4642.
(8) Mellet, C. O., Fernandez, J. M. G., and Benito, J. M. (2011)
Cyclodextrin-based gene delivery systems. Chem. Soc. Rev. 40, 1586−
1608.
(9) Akinc, A., Zumbuehl, A., Goldberg, M., Leshchiner, E. S., Busini,
V., Hossain, N., Bacallado, S. A., Nguyen, D. N., Fuller, J., Alvarez, R.,
Borodovsky, A., Borland, T., Constien, R., de Fougerolles, A., Dorkin,
J. R., Narayanannair Jayaprakash, K., Jayaraman, M., John, M.,
Koteliansky, V., Manoharan, M., Nechev, L., Qin, J., Racie, T.,
Raitcheva, D., Rajeev, K. G., Sah, D. W. Y., Soutschek, J., Toudjarska,
I., Vornlocher, H.-P., Zimmermann, T. S., Langer, R., and Anderson,
D. G. (2008) A combinatorial library of lipid-like materials for delivery
of RNAi therapeutics. Nat. Biotechnol. 26, 561−569.
(10) Akinc, A., Goldberg, M., Qin, J., Dorkin, J. R., Gamba-Vitalo, C.,
Maier, M., Jayaprakash, K. N., Jayaraman, M., Rajeev, K. G.,
Manoharan, M., Koteliansky, V., Rohl, I., Leshchiner, E. S., Langer,
R., and Anderson, D. G. (2009) Development of lipidoid-siRNA
formulations for systemic delivery to the liver. Mol. Ther. 17, 872−879.
(11) Mahon, K. P., Love, K. T., Whitehead, K. A., Qin, J., Akinc, A.,
Leshchiner, E., Leshchiner, I., Langer, R., and Anderson, D. G. (2010)
Combinatorial approach to determine functional group effects on
lipidoid-mediated siRNA delivery. Bioconjugate Chem. 21, 1448−1454.
(12) Goldberg, M. S., Xing, D., Ren, Y., Orsulic, S., Bhatia, S. N., and
Sharp, P. A. (2011) Nanoparticle-mediated delivery of siRNA targeting
Parp1 extends survival of mice bearing tumors derived from Brca1-
deficient ovarian cancer cells. Proc. Natl. Acad. Sci. U.S.A. 108, 745−
750.
(13) Leuschner, F., Dutta, P., Gorbatov, R., Novobrantseva, T. I.,
Donahoe, J. S., Courties, G., Lee, K. M., Kim, J. I., Markmann, J. F.,
Marinelli, B., Panizzi, P., Lee, W. W., Iwamoto, Y., Milstein, S., Epstein-
Barash, H., Cantley, W., Wong, J., Cortez-Retamozo, V., Newton, A.,
Love, K., Libby, P., Pittet, M. J., Swirski, F. K., Koteliansky, V., Langer,
R., Weissleder, R., Anderson, D. G., and Nahrendorf, M. (2011)
Therapeutic siRNA silencing in inflammatory monocytes in mice. Nat.
Biotechnol. 29, 1005−1010.
(14) Sun, S., Wang, M., Knupp, S. A., Soto-Feliciano, Y., Hu, X.,
Kaplan, D. L., Langer, R., Anderson, D. G., and Xu, Q. (2012)
Combinatorial library of lipidoids for in vitro DNA delivery.
Bioconjugate Chem. 23, 135−140.
(15) Love, K. T., Mahon, K. P., Levins, C. G., Whitehead, K. A.,
Querbes, W., Dorkin, J. R., Qin, J., Cantley, W., Qin, L. L., Racie, T.,
Frank-Kamenetsky, M., Yip, K. N., Alvarez, R., Sah, D. W. Y., de
Fougerolles, A., Fitzgerald, K., Koteliansky, V., Akinc, A., Langer, R.,
and Anderson, D. G. (2010) Lipid-like materials for low-dose, in vivo
gene silencing. Proc. Natl. Acad. Sci. U.S.A. 107, 1864−1869.
(16) Felgner, J., Kumar, R., Sridhar, C., Wheeler, C., Tsai, Y., Border,
R., Ramsey, P., Martin, M., and Felgner, P. (1994) Enhanced gene
delivery and mechanism studies with a novel series of cationic lipid
formulations. J. Biol. Chem. 269, 2550−2561.
(17) Byk, G., Dubertret, C., Escriou, V., Frederic, M., Jaslin, G.,
Rangara, R., Pitard, B., Crouzet, J., Wils, P., Schwartz, B., and
Scherman, D. (1998) Synthesis, activity, and structure−activity
relationship studies of novel cationic lipids for DNA transfer. J. Med.
Chem. 41, 224−235.
(18) Bell, P. C., Bergsma, M., Dolbnya, I. P., Bras, W., Stuart, M. C.
A., Rowan, A. E., Feiters, M. C., and Engberts, J. B. F. N. (2003)
Transfection mediated by gemini surfactants: Engineered escape from
the endosomal compartment. J. Am. Chem. Soc. 125, 1551−1558.
(19) Zhang, S. B., Zhi, D. F., Wang, B., Zhao, Y. N., Yang, B. L., and
Yu, S. J. (2010) Transfection efficiency of cationic lipids with different
hydrophobic domains in gene delivery. Bioconjugate Chem. 21, 563−
577.

(20) Yamamoto, A., Kormann, M., Rosenecker, J., and Rudolph, C.
(2009) Current prospects for mRNA gene delivery. Eur. J. Pharm.
Biopharm. 71, 484−489.
(21) Tavernier, G., Andries, O., Demeester, J., Sanders, N. N., De
Smedt, S. C., and Rejman, J. (2011) mRNA as gene therapeutic: How
to control protein expression. J. Controlled Release 150, 238−247.
(22) Rejman, J., Tavernier, G., Bavarsad, N., Demeester, J., and De
Smedt, S. C. (2010) mRNA transfection of cervical carcinoma and
mesenchymal stem cells mediated by cationic carriers. J. Controlled
Release 147, 385−391.
(23) Zuhorn, I. S., Oberle, V., Visser, W. H., Engberts, J. B. F. N.,
Bakowsky, U., Polushkin, E., and Hoekstra, D. (2002) Phase behavior
of cationic amphiphiles and their mixtures with helper lipid influences
lipoplex shape, DNA translocation, and transfection efficiency. Biophy.
J. 83, 2096−2108.
(24) Barnard, A., Posocco, P., Pricl, S., Calderon, M., Haag, R.,
Hwang, M. E., Shum, V. W. T., Pack, D. W., and Smith, D. K. (2011)
Degradable self-assembling dendrons for gene delivery: Experimental
and theoretical insights into the barriers to cellular uptake. J. Am.
Chem. Soc. 133, 20288−20300.
(25) Glodde, M., Sirsi, S. R., and Lutz, G. J. (2005) Physiochemical
properties of low and high molecular weight poly(ethylene glycol)-
grafted poly(ethylene imine) copolymers and their complexes with
oligonucleotides. Biomacromolecules 7, 347−356.
(26) Mitchell, D. A., and Nair, S. K. (2000) RNA transfected
dendritic cells as cancer vaccines. Curr. Opin. Mol. Ther. 2, 176−181.
(27) Warren, L., Manos, P. D., Ahfeldt, T., Loh, Y. H., Li, H., Lau, F.,
Ebina, W., Mandal, P. K., Smith, Z. D., Meissner, A., Daley, G. Q.,
Brack, A. S., Collins, J. J., Cowan, C., Schlaeger, T. M., and Rossi, D. J.
(2010) Highly efficient reprogramming to pluripotency and directed
differentiation of human cells with synthetic modified mRNA. Cell
Stem Cell 7, 618−630.
(28) Wang, Y. F., Chen, T. M., Okada, K., Sakurai, I., and Nakaya, T.
(1999) Structure in the condensed state and amphiphilic properties of
novel copolymers having alkyl chains and phosphatidylcholine
analogous groups. J. Polym. Sci. Part A: Polym. Chem. 37, 1293−1302.
(29) Liu, C.-L., Wu, H.-T., Hsiao, Y.-H., Lai, C.-W., Shih, C.-W.,
Peng, Y.-K., Tang, K.-C., Chang, H.-W., Chien, Y.-C., Hsiao, J.-K.,
Cheng, J.-T., and Chou, P.-T. (2011) Insulin-directed synthesis of
fluorescent gold nanoclusters: Preservation of insulin bioactivity and
versatility in cell imaging. Angew. Chem., Int. Ed. 50, 7056−7060.

ACS Synthetic Biology Letter

dx.doi.org/10.1021/sb300023h | ACS Synth. Biol. 2012, 1, 403−407407


