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CONS P EC TU S

N ucleic acids are the foundation stone of all cellular processes. Consequently, the use of DNA or RNA to treat genetic and
acquired disorders (so called gene therapy) offers enormous potential benefits. The restitution of defective genes or the

suppression of malignant genes could target a range of diseases, including cancers, inherited diseases (cystic fibrosis,
muscular dystrophy, etc.), and viral infections. However, this strategy has a major barrier: the size and charge of nucleic acids
largely restricts their transit into eukaryotic cells. Potential strategies to solve this problem include the use of a variety of
natural and synthetic nucleic acid carriers. Driven by the aim and ambition of translating this promising therapeutic
approach into the clinic, researchers have been actively developing advanced delivery systems for nucleic acids for more
than 20 years.

A decade ago we began our investigations of solid-phase techniques to construct families of novel nucleic acid carriers for
transfection. We envisaged that the solid-phase synthesis of polycationic dendrimers and derivatized polyamimes would offer
distinct advantages over solution phase techniques. Notably in solid phase synthesis we could take advantage of mass action and
streamlined purification procedures, while simplifying the handling of compounds with high polarities and plurality of functional
groups. Parallel synthesis methods would also allow rapid access to libraries of compounds with improved purities and yields over
comparable solution methodologies and facilitate the development of structure activity relationships. We also twisted the concept
of the solid-phase support on its head: we devised miniaturized solid supports that provided an innovative cell delivery vehicle in
their own right, carrying covalently conjugated cargos (biomolecules) into cells. In this Account, we summarize the main outcomes
of this series of chemically related projects.

1. Introduction
Nucleic acids are at the very center of all cellular processes,

with chromosomal DNA serving as a storage device for

genetic informationwhile a variety of RNAs (mRNA,miRNA,

etc.) control the expression of proteins and, through this,

cellular function. Therefore, the potential benefits of using
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DNA or RNA to treat genetic and acquired disorders

(so-called gene therapy) are enormous. The restitution

of faulty genes or knocking-down overexpressedmalignant

genes would allow treatment of disease at its origin, not

merely its symptoms. However, the cellular membrane acts

as a selective barrier to prevent the uncontrolled trafficking

of biomolecules suchasnucleic acids,whose transit is largely

restricted by their size and charge. Because of the potential

of gene therapy and the indispensable need to deliver DNA

and RNA into cells for biological studies (e.g., for gene

function studies, induction of phenotypic modifications,

etc.1�4), the development of advanced nucleic acid deliv-

ery systems is an active area of research.

Many DNA/RNA delivery systems are “bioinspired” such

as the case of viral vectors. Viruses, which require the

parasitic use of the cellular enzymatic machinery to repli-

cate, have an extraordinary ability to translocate their ge-

netic material into particular cell types. Researchers have

thus made extensive use of these controversial carriers over

the last 20 years.3,4 While viral-based carriers lead to high

cellular transfection levels and cell-type specificity,5,6 con-

cerns regarding their safety and large-scale production have

hampered their therapeutic use.7,8 As such many research

groups are intensively working on creating innovative chem-

ical and physical strategies to improve the efficiency, safety,

and selectivity of transferring nucleic acids into cells. Among

these, nonviral carriers such as cationic lipids, polycationic

polymers, and dendrimers9�14 represent promising chemical

candidates. However, limited in vivo efficacy, lack of selec-

tivity, and toxicity issues are major obstacles that need to be

overcome.15,16

The anticipated benefits of developing novel nucleic acid

carriers using solid-phase synthetic techniques attracted our

attention to the field. We envisaged that the synthesis of

multifunctional polymeric structures such as dendrimers and

derivatized polyamines would benefit from the distinctive

advantages that solid-phase synthesis could offer, notably the

use of mass action to force reactions to completion as well as

offering a simplification of purification.12,17,18We also believed

that parallel synthesis methods would allow rapid access to

libraries of compounds with improved purities and yields over

comparable solutionmethodswhile allowing the development

of unrivalled structure activity relationships. Solid-phase meth-

ods would allow the efficient handling of compounds that are

notoriouslydifficult tohandledue to their polaritiesandplurality

of functional groups. We also twisted the concept of the solid-

phase support on its head and imagined that miniaturization of

solid supports to a subcellular size could provide an innovative

cell deliveryvehiclewhichmight serve tocarryDNAorsiRNAinto

cells.Assuchourgrouphasmadeconsiderableefforts,usingsolid

phase synthesis, to allow the development of a range of carriers

toenable theefficientdeliveryofDNAandRNA intomammalian

cells. According to the interactions between the carrier and the

nucleic acid, these delivery vehicles can be grouped into covalent

and noncovalent conjugation approaches (see Figure 1), and

these will be discussed in this Account.

2. Noncovalent Conjugation Approaches
The pioneering works of Felgner et al.19 and Behr et al.20 in the

late 1980s demonstrated that cationic materials were able to

complex DNA and deliver it into eukaryotic cells. This straight-

forward while effective technique is still the most applied

method toencapsulateanddelivernucleic acid cargos into cells.

2.1. Cationic Lipids. Over the past 20 years, a vast range

of cationic lipids based on different scaffolds with various

numbers and natures of cationic head groups and lipid

moieties, with cleavable and noncleavable linkers, have

been generated and applied as nucleic acid carriers.9�13

However, few structure/transfection�activity relationships

(STARs) have been generally established that allow the

FIGURE 1. Covalent and noncovalent conjugation strategies for the
delivery of nucleic acids into cells.
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optimal features necessary to complex and deliver nucleic

acids into cells to be established. This is typically because the

families of cationic lipids evaluated do not share similar

structural elements, while transfection experiments have

typically been run on different cell types, in different media,

with varying plasmids, for differing periods of time. All

of which makes meaningful comparisons difficult and

STARs difficult to generate. There are also major issues with

analysis. It is for example inappropriate to analyze transfec-

tion based only on nonquantitative microscopic images or

plate readers as this cannot distinguish between small

numbers of highly transfected cells or large numbers of

poorly transfected cells, and ideally flow cytometry should

be used.

2.1.1. Lipid�Polyamine Conjugates. Following the con-

cept that parallel approaches could assist in the rapid deter-

mination of framework-specific STARs, in 2004 we reported

the solid-phase synthesis and transfection analysis of 89

guanidinium-containing cationic lipids. The synthetic strat-

egy was based on the systematic modification of a modular

cationic lipid composed of (i) one or two guanidinium-based

cationic headgroups; (ii) a bi- or trifunctional linking moiety;

and (iii) different fatty acyl tails.21

This approach was the first to illustrate the potential of

solid-phase synthesis techniques in the area of transfection

and allowed the synthesis of three libraries of polyamine-

based cationic lipids: (a) monoguanidinium single-tailed

cationic lipids, (b) monoguanidinium double-tailed cationic

lipids, and (c) bis-guanidinium single-tailed cationic lipids

(see Figure 2). DNA delivery analysis allowed the determina-

tion of the optimal efficacy of the bis-guanidinium single-

tailed lipids (Figure 2c), bearing a myristyl or oleoy moiety;

a remarkable find as single chained cationic lipids have been

generally regarded as highly toxic to mammalian cells. This

study with a large series of compounds suggests that the

general assumption that double-chained cationic lipids are

more efficient gene carriers than their single-chained coun-

terparts is not always correct.22

Inspired by these findings,23 we designed a novel family

of cationic lipids composed of three cationic head groups in

a tripodal conformation and a single hydrophobic tail (see

Figure 3A). The synthesis of these reagents was carried out

FIGURE 2. Solid-phase synthesis of guanidinium-based cationic lipids by divergent solid-phase assembly.21
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using traditional solution synthesis starting from the tris-(2-

cyanoethyl)nitromethane scaffold.23,24 Sixteen tripod-like

cationic lipids bearing fatty tails of different length were

generated and their transfection properties tested. Interest-

ingly, transfection analysis showed that the compound

consisting of a lignoceryl moiety, the longest fatty tail of

the library (24 carbon atoms long), was the most efficient

DNA delivery carrier;23 a noteworthy observation as pre-

vious studies had avoided going beyond C18 fatty acids.

Many applications of gene therapy will require repeated

dosing of the genetic material in association with the deliv-

ery reagent. This therefore puts rigorous demands on the

lackof compound toxicity. Biodegradability of the transfection

reagentwould resolve this problem, as one anticipated issue

with current carriers is tissue accumulation. To achieve

biodegradability, a novel family of tripodal cationic lipids

was designed by introducing ester bonds into the poly

branched structure which undergo esterase-mediated and/or

intramolecular cyclative cleavage and subsequent intracellular

metabolization into γ-butyric acid (GABA), fatty acids and

tris(2-amino-2-hydroxymethyl-propane-1,3-diol), an FDA-ap-

proved material widely used as a constituent of biological

buffers (Figure 3B).25 In addition to a reduction of toxicity,

it was hypothesized that ester cleavage would trigger

DNA-lipid dissociation thus promoting endosomal desta-

bilization/DNA release. The best-performing compound

FIGURE3. (A) Synthesisof tripod-likecationic lipids.23 (B) Biodegradablecationic lipidand itsprogrammedenzymaticdegradation.25 (C) Luminescence imaging
ofanesthetizedmice transfectedwitha luciferase-expressingplasmidcomplexed to theoleoylderivativeof (B) (leftmouse) and thenakedplasmid (rightmouse)
after intraperitoneal administration of firefly luciferin. Part C reproduced with permission from ref 25. Copyright 2011 the Royal Society of Chemistry.

FIGURE 4. Solid-phase synthesis of arginine-lipid conjugates.26,28
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of the 12-member library generated (the oleoyl derivative)

showed remarkable transfection efficiency along with no

toxicity in a variety of immortalized cells andmouse embryo-

nic stem (mES) cells.25Moreover, preliminary invivo studies in

a murine model underlined the potential applicability of this

reagent for the delivery of DNA into the respiratory tract

(Figure 3C).

2.1.2. Arginine�Lipid Conjugates. In 2004, we reported

the combinatorial synthesis of arginine-containing cationic

lipids on high-loading beads for single bead based screening

application, as described in Figure 4.26 This was achieved

by conjugation of one, two, or three arginine head groups

to high-loading resins27 via an acid-labile Knorr linker

(Figure 4). Each sample of resin was further split into five

and independently coupled to four different amino acids

spacers (with 1, 2, 3, or 5 carbon atoms between the amine

and carboxylic acid functionality) or left uncoupled. Each

of the 15 scaffolds generated where then split into four

and coupled with 4 different lipids (myristic, stearic and

oleic acid, and cholesteryl chloroformate). The transfec-

tion activity of the cationic lipids was determined using

compound cleaved from single beads. Analyses showed

that lipids with one arginine headgroup and a cholesteryl

moiety produced comparable or even higher DNA transfec-

tion activities than the commercially available reagent

Effectene (Qiagen).26

Supported by the finding that the transfection efficiency of

single-tailed cationic lipidswas enhanced by very long lipid tails

(>18 carbon atom long)23 a new library of arginine-containing

cationic lipidswas constructedusingarachidic (20 carbonatoms

long) and lignoceric acids (24 carbon atoms long) as lipid tails.28

Remarkably, the study found a number of cationic lipids with

improved transfection abilities relative to the original library,

with compounds formedbya lignoceryl tail and2argininehead

groups showing the greatest transfection efficacies.28

To explore further the generation and study of arginine-

lipid conjugates and encouraged by the transfection abilities

displayed by gemini surfactants,29 we reported the parallel

synthesis of double-tailed lipid-arginine conjugates and their

evaluation as DNA carriers (Figure 5).30 The solid-phase

strategy used to synthesize the 60-member library is sum-

marized in Figure 5 and, as in previous studies, started with

the incorporation of mono-, di-, or triarginine scaffolds on a

Knorr linker functionalized PS resin, followed by coupling

one of four trifunctional spacers (containing symmetrical

polyamines) and five fatty acids. This method was used to

generate 60 lipo-arginines and allowed the rapid generation

of STARs, indicating that 2 arginines (as found previously28),

a diethylenetriamine spacer, and palmitoyl tails (C16) were

optimal for DNA transfection with this class of cationic

conjugates.30

2.2. Polycationic Dendrimers. Dendrimers are highly

branched monodisperse polymers grown from a central

core fromwhichmultiplewedge-shapeddendritic fragments

or dendrons spread out.31 Due to their tunable chemistry

and ease of functionalization, dendrimers have great poten-

tial in a range of biomedical applications.32 Haensler and

Szoka33 were the first to show the ability of PAMAM den-

drimers to complex plasmid DNA by electrostatic interac-

tions and efficiently deliver them into cells with relatively

low toxicity, a finding that highlighted the versatility

and potential of dendritic structures in biological applica-

tions.32 Subsequent studies demonstrated that dendriplexes

(complexes between dendrimers and DNA/RNA) entered

cells by nonspecific endocytosis, while the buffering abilities

of the dendrimers were found to be critical for the cargo

release from the endosome (proton sponge effect).34�36

The Bradley group was the first to develop the solid-

phase synthesis of polyamidoamide (PAMAM) dendrimers37

using a divergent two-step procedure strategy (Figure 6A,B).

Using this method, PAMAM dendrimers with generations as

high as five and with high structural homogeneity were

synthesized in spite of the steric constraints imposed on

the reaction sites as the dendrimers grow on the resin, while

simplifying purification steps and promoting reactions by

the use of high concentrations of reagents.

Following this approach, we developed a number of

polycationic dendrimers using solid-phase methods,38−40

including polyamidourea bis-dendrons39 and peptoid den-

drimers,40 which showed remarkable transfection abilities.

The synthesis of the peptoid dendrimers is an example of

the versatility of solid-phase synthesis.41�43 These dendritic

structures were synthesized with high efficiency on low-

loading PS-Rink amide resin using HOBt/DIC chemistry

and microwave irradiation44 with the G3 peptoid bis-

dendron containing 16 external amines (8 primary and 8

secondary on the periphery) demonstrating very high DNA

delivery.40

3. Covalent Approaches
The use of solid supports has been a great tool in allowing

chemists to carryout the synthesis of materials such as pep-

tides, polycationic dendrimers and cationic lipids,9�13,17,18

synthesis that would otherwise have presented great chal-

lenges if carried out in solution. However, we envisaged that
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solid-supports could play a bigger role in the field of chemical

biology if particles could be used not just as a synthetic tool but

also as a device to go through cell-membranes. To do thiswhile

keeping the distinct advantages associated with solid-phase

synthesis,12,18,47 a dramatic reduction in size would be required

in order to make them “bio-friendly” allowing them to go

through cellmembranes in an efficient and nontoxicmanner.48

With these requirements in mind, efforts were focused

on developing protocols to produce high-quality monodis-

perse cross-linked polystyrene (PS) microspheres ranging

from 0.2 to 2 μm in diameter.49 Figure 7 illustrates the

differences in scale between standard solid support beads

and the microspheres produced by our group as a generic

delivery system.

These novel microspheres were demonstrated to be very

robust supports, able to be used in multistep organic synthesis.

Moreover, theywere able to go through cellmembraneswithout

demonstratingany cellular toxicity.49,50,56 Indeed thedemonstra-

tion of cells with internalized beads being taken through to live

viable progeny56 is perhaps the most robust proof, of their in-

nocuous nature, possible. It was found that they were not inside

vesicles nor did they alter any gene expression levels signifi-

cantly.50 These properties49,50 allowed microspheres to be con-

sidered as an excellent alternative to other delivery technologies.

The use of these particles as a delivery system for a

number of biologically relevant entities has been performed

and the data are testimony to the huge potential of this

carrier system.We have reported the use of these polymeric

FIGURE 5. Solid-phase synthesis of arginine-containing double-tailed cationic lipids. Reproduced with permission from ref 30. Copyright 2011 the
Royal Society of Chemistry.
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FIGURE 6. (A) Solution and (B) solid-phase approaches for the synthesis of PAMAM dendrimers. (B) A p-(hydroxymethyl)phenoxy based linker was
used to allow acid-mediated cleavage from the resin. Dendrimer generation growth used: (i) 1,4-addition of the nucleophilic core/branch to methyl
acrylate followed by (ii) methyl ester amidation with 1,3-propyldiamine.36 (C, D) Structures of the dendrimers synthesized by solid-phase methods:
(C) G3 PAMAMbis-dendron and (D) G3 peptoid bis-dendron. (E) Solid-phase synthesis of a G2 peptoid dendrimer40 usingmonomer 1. n=number of
synthetic steps (in brackets = number of monomer units incorporated after each synthetic cycle).
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particles for applications such as intracellular in situ sens-

ing (calcium,51 pH detection52), protein delivery53,54 and

palladium-mediated intracellular catalysis.55 The micro-

spheres have been successfully internalized by a broad

range of cell lines, from adherent to suspension cells, includ-

ing primary cells and stem cells.46,49,54,56 In the following

sections of this Account, we will explain strategies that

have been used to deliver DNA and RNA into cells using

these carriers.

3.1. DNA Functionalized Microspheres. The option to

conjugate nucleic acids to nanomaterials offers the oppor-

tunity to deliver genes selectively to tissues or cells for

specific biomedical applications and opens up a multitude

of novel opportunities to develop new therapies. In recent

years, several nanotechnologies have been developed

based on quantum dots, gold and silica nanoparticles,

carbon nanotubes and lipid based nanoparticles.13

The first strategy we developed for nucleic acid delivery

was based on the use of a streptavidin�biotin system.57 The

conjugation of biotinylated DNA to streptavidin-loaded

microspheres and subsequent delivery into HeLa cells58

showed excellent cellular uptake (assessed by flow cytome-

try) and low cytotoxicity (Figure 8).

We also developed an approach for the conjugation and

delivery of plasmid DNA. The strategy used a disulfide

moiety to link the pDNA to the microspheres to allow the

intracellular release of the bioactive cargo.59 For this pur-

pose, the pDNA was first linearized and tagged with an

amino-modified nucleotide (aminoallyl-dUTP) at the 30-end
terminal using a deoxynucleotidyltransferase (TdT). This

enabled the conjugation of the pDNA to carboxy-functio-

nalized microspheres (Figure 9A) and the expression of a

fluorescently labelled functional protein (PEP-YFP) in non-

dividing naïve lymphocytes T cells after “beadfection”. This

delivery method showed higher efficiency and lower toxi-

city than currently used nonviral methodology for introdu-

cing DNA into lymphocytes such as electroporation with

Amaxa's Nucleofector (Figure 10).

3.2. RNA Functionalized Microspheres. In parallel to

the work related to DNA delivery, our group engaged in

developing several chemical strategies using micro-

spheres for the efficient intracellular delivery of RNA,

especially for gene silencing using small interfering RNA

(siRNA).60

The first strategy reported in this field by our group was

based on the functionalization of the polymeric particles

with both (i) cleavable and (ii) noncleavable carboxy-based

functionalized linkers that allowed the conjugation of amino-

modified siRNA (Figure 11).61 Both conjugation approaches

were evaluated using a siRNA targeted against EGFP

expressed in human cervical cancer (HeLa) cells.61 Cell-

based assays showed the efficiencies of these devices to

silence protein expression over 72 h without detrimental

cytotoxicity.

This strategy was enhanced by dual functionalization

of the PS microspheres62 which allowed the simultaneous

incorporation of a tracking fluorescent label (Cy5) and the

FIGURE 8. Streptavidin microspheres as carriers of fluorescently labeled dsDNA into mammalian cells.58

FIGURE 7. Solid supports for solid-phase organic synthesis and cellular
delivery. Drawings represent (A) a 100 μm bead and (B) thirty-one 2 μm
beads at a 5000:1 scale each. (C) Scanning electronicmicroscope image
of 2 μm cross-linked microspheres.
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FIGURE 9. Preparation of encoding pDNA-conjugated microspheres.59 (A) 30-end amino-modification of linearized pDNA with 5-aminoallyl-dUTP
and (i) TdT. (B) Loading of pDNA onto pegylated microspheres containing a cleavable linker; (ii) coupling of dicarboxylic disulfide linker using
HOBt/DIC chemistry; (iii) carboxylic acid activation; (iv) amide formation between 30 aminoallyl-uracil-pDNA and activated microspheres.

FIGURE 10. F5.BW hybridoma pDNA beadfection and protein expression: (A) Flow cytometric analysis of YFP expression in untreated cells
(No beads), cells beadfected without pDNA conjugated (Naked beads), electroporated cells (Amaxa), and pDNA-microsphere beadfected cells
(Beadfection). (B) Confocal microscopy image of a single T hybridoma cell (F5.BW) loaded with pDNA-microspheres expressing PEP-YFP (green).
Image taken after 24 h at a 63� magnification (nucleus is stained with DAPI).59
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functional siRNA (Figure 11). This allowed us to select only

those cells that contained the delivery vehicle (and thus the

siRNA targetedagainst EGFP) generatinganaccuratepictureof

microsphere-induced gene silencing. Experimental data ob-

tained from this strategy demonstrated higher silencing

efficiency than siRNA delivery by standard lipofection meth-

ods, with no significant differences in efficiency between the

cleavable and noncleavable conjugation strategies (Figure 12).

More recently, another siRNA delivery strategy has

been developed by our group, in this case using thiolated

FIGURE 11. Strategy for the preparation of dual-loaded Cy5-co-siRNA-microspheres with disulfide (cleavable) and amide linkages
(noncleavable).61

FIGURE 12. (A) EGFP Intensity in HeLa-EGFP cells after 24, 48, and 72 h incubation with Cy5-co-siRNA microspheres (noncleavable and cleavable).
“� GFP” = HeLa cells untreated and not transfected with EGFP; “þ GFP” = HeLa cells untreated and stably transfected with EGFP. “Noncleavable” and
“cleavable” GFP intensities are taken from Cy5 positive cells (thus containing microspheres). Inset: Dot plot of EGFP vs Cy5 showing beadfected cells
(quadrants Q1 and Q2) have a substantial reduction in EGFP intensity. (B) Microscopy images of HeLa-EGFP cells (green) treated with noncleavable-
siRNA Cy5 microspheres (scale bar = 70 μm). Note only the cell containing microspheres (in blue and indicated with a white arrow) have been
effectively silenced.61
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cargos and sulfhydryl reactive microspheres63 following

a similar approach to the one reported by Dai et al.64

The strategy for the functionalization of microspheres

and conjugation of thiolated cargos is shown in Figure 13.

Following introduction of the spacer unit, amino

groups were coupled to linkers containing maleimide or

pyridyldithio groups, generating sulfhydryl reactive micro-

spheres with noncleavable and cleavable linkers, respec-

tively (Figure 13). siRNA sequences targeting mRNA encod-

ing EGFP and bearing a 50-thiol functional groups in the

sense strand were then coupled to the microspheres. EGFP

stably expressed in HeLa cells was successfully knocked-

downusing this strategy. The siRNA-microsphere conjugates

comprising a PEG spacer and a noncleavablemaleimide linker

achieveda silencing capabilityofapproximately90%,avalue

comparable with the silencing efficiency of commercially

available lipofection products.

4. Conclusion and Perspectives
Gene silencing by RNA interference (RNAi) mediated by

siRNA and miRNA has become a powerful tool for gene

analysis and gene therapy. In addition, in order to prolong

the RNAi effect, a variety of DNA constructs contain-

ing short-hairpin RNA (shRNA) expression systems have

been developed. Recent advances in gene therapy are

highlighting its potential for the treatment of inherited

and acquired genetic/infectious diseases by transferring

recombinant genes and siRNA/miRNA into somatic cells.

With the aim of providing an alternative, more effective

therapeutic solution for the treatment of genetic diseases,

cancers, and viral infections, over 1700 gene based clin-

ical trials are currently being undertaken.65 Due to the lack

of in vivo activity and selectivity of current synthetic

vectors, most of these trials are based on viral and virus-

like vectors.65 However, many researchers agree that viral

vectors are far from ideal and a biodegradable and selec-

tive synthetic delivery system would be the optimal de-

livery solution for nucleic acids.

To do so, continued research on synthetic carriers is

fundamental. The challenge is set: to devise multitasking

smart carriers able to perform, in a chronological order and

without toxicity, the various steps involved in transfection

starting from complexing the DNA to targeting the cells of

interest. Viruses, with their extraordinary ability to interact

with different cell components in a spatial-temporalmanner,

have shown this is possible. In order to be successful,

sophisticated multicomponent chemical systems will quite

probably be required. The ultimate solution for gene therapy

relies upon the ability of chemists, biologists, and clinicians

in bringing together their knowledge and experiences to

develop complex multicomponent carrier-nucleic acid as-

semblies able to meet the abilities of viruses while bypas-

sing all their disadvantages, and solid-phase methods

FIGURE 13. Strategy for conjugation of microspheres with thiolated siRNA.63
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provide a powerful tool in the armory of the medicinal

chemists.
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Note Added after ASAP Publication. This paper was

published ASAP on March 5, 2012 with formatting errors

in Figures 6 and 13. The corrected version was reposted on

March 7, 2012.
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