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Abbreviations:PEG, Poly (Ethylene Glycol); mPEG, 
Methoxypoly (Ethylene Glycol); PAMAM, Poly (Amidoamine); CD, 
Circular Dichroism; FTIR, Fourier Transform Infrared; AFM, Atomic 
Force Microscopy

Introduction
Synthetic polymers play a major role in therapeutic drug, protein 

and gene delivery systems.1-6 Among synthetic polymers (Scheme 1), 
poly (ethylene glycol) and its derivatives show potential applications 
in gene and drug delivery due to their solubility, nontoxicity and 
biocompatibility.1-3 Dendrimers (Scheme 1) are also unique synthetic 
macromolecules of nanometer dimensions with a highly branched 
structure and globular shape with strong affinity towards DNA and 
RNA complexation .4-10 It has been shown that synthetic polymers 
induce significant changes in DNA and RNA solubility and structure 
under given conditions.8-20 Synthetic polymers are also used to 
transport miRNA and siRNA  in vitro  .11-24 PEGylation of synthetic 
polymers such as dendrimers is shown to reduce toxicity and increase 
biocompatibility and DNA Transfection.6,7,9 It is well demonstrated 
that synthetic polymers induce DNA and RNA aggregation and 
particle formation.25-29 However, not much of investigation on the 
effect of synthetic polymers on tRNA structure and dynamic has 
been reported. Therefore, it was of interest to review and compare 
the effects of several synthetic polymers on tRNA aggregation and 
particle formation that are reported in the literature .25,26

In the following section we compare the binding of tRNA to 
several synthetic polymers such as PEG-3350, PEG-6000 and 
mPEG-anthracene, mPEG-PAMA-G3, mPEG-PAMAM-G4 and 
PAMAM-G4 at physiological conditions. The data obtained from 
multiple spectroscopic measurements and AFM microscopic images 
will be analysed and the effects of various synthetic polymers on 
tRNA aggregation and particle formation are reported here. 

AFM images and morphology of synthetic polymer-
tRNA complexes

Major tRNA aggregation and particle formation were observed in 
the presence of PEG, mPEG-anthracene, dendrimers and PEgylated 
dendrimers.25,26 In the case of PEG-3350, PEG-6000 and mPEG-

anthracene, the mica surface was covered by small complexes of 
various shapes (Figure 1-panel A). In each case the average height 
and average volume of the complexes were estimated. The PEG-
3350 complexes had an average height of 0.75±0.12 nm (n=143) 
and an average volume of 61 nm3  (Figure 1-panel A). PEG-6000 
complexes were doubled in height compared to the PEG-3350 ones, 
average height of 1.3±0.3 nm (n=208) and average volume of 520 
nm3 (Figure 1-panel A). Finally, mPEG-Anthracene complexes had an 
average height of 0.59±0.2 nm (n=108) and an average volume of 252 
nm3 (Figure 1-panel A). Assuming a molecular weight of 27 kDa and 
a density of 1 g/cm3, each tRNA molecule should occupy a volume 
of 45 nm3. Hence the PEG-3350 complexes contain in average one 
tRNA molecules, the anthracene complexes five molecules and the 
PEG-6000 complexes ten molecules (Figure 1-panel A). The tRNA 
aggregation and particle formation in the presence of PEG and 
mPEG-anthracene were very similar to those of PEG-DNA complexes 
recently reported.21,22

Scheme 1 Chemical structures of PEG, mPEG-PAMAM-G3 and PAMAM-G4.

Similarly in the cases of dendrimers and PEGylated dendrimers, 
the mica surface was covered by a layer that attributed to a mixture 
of free dendrimer, free pegylated dendrimers and free tRNA (Figure 
1-panel B). On the top of this layer several round aggregates were 
observed (Figure 1-panel B). In each case the average height and 
average volume of the aggregates were measured. The mPEG-
PAMAM-G3 complexes had an average height of 0.29±0.18 nm 
(n=50) and an average volume of 80 nm3  (Figure 1-panel B). The 
mPEG-PAMAM-G4 complexes had an average height of 0.54±0.35 
nm (n=50) and an average volume of 104 nm3  (Figure 1-panel B). 
Finally, PAMAM G4 complexes showed the best defined aggregates 
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Abstract

In this review, we have examined the effects of several synthetic nanoparticles such 
as poly (ethylene glycol) PEG-(PEG-3350, PEG-6000), methoxypoly (ethylene glycol) 
anthracene (mPEG-anthracene), methoxypoly (ethylene glycol) poly (amidoamine) 
(mPEG-PAMAM-G3), (mPEG-PAMAM-G4) and poly (amidoamine) (PAMAM-G4) 
on tRNA structure and dynamics. Atomic force microscopic (AFM) images and 
spectroscopic data were analysed and the effects of synthetic polymer complexation 
on tRNA stability, aggregation and particle formation are discussed. Hydrophilic and 
hydrophobic contacts were dominated in the polymer-tRNA complexation and the 
overall binding constants showed that the order of binding is PEG-6000>PAMAM-
G4>PEG-3350>mPEG-PAMAM-G4>mPEG-PAMAM-G3>mPEG-anthracene. The 
morphology of polymer-tRNA complexes showed major aggregation and nanoparticle 
formation of tRNA, in the presence of synthetic nanoparticles.
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with an average height of 0.43±0.13 nm (n=100) and an average 
volume of 102 nm3  (Figure 1-panel B). As one can see major 
aggregation and particle formation of tRNA were observed in the 
presence of these synthetic polymers, particularly in the cases of 
PEG-6000 and PAMAM-G4 nanoparticles (Figure 1-panel A & B).

Figure 1  Tapping mode AFM images in air of synthetic polymer-tRNA 
complexes diluted 10 or 100 times in ultrapure water and adsorbed to mica. In 
all three cases, the surface was covered with aggregates. Panel A) complexes 
with PEG 3350, PEG 6000 and mPEG-anthracene and panel B) for complexes 
with mPEG-PAMAM-G3, mPEG-PAMAM-G4 and PAMAM-G4.

Binding sites of synthetic polymers with tRNA

FTIR spectroscopy is widely used to characterize the binding of 
ligand to DNA and RNA.25-29 Synthetic polymer complexes with DNA 
and tRNA  via  hydrophilic, hydrophobic contacts, groove binding 
and phosphate interaction.25-29 The infrared spectra and difference 
spectra of the free tRNA showed major alterations of tRNA in-plane 
vibrations and the backbone phosphate asymmetric and symmetric 
stretching bands.30-35 upon polymer complexation (Figure 2-panels A 
and B). Low concentration (0.125 mM) of synthetic polymers PEG-
3350, PEG-6000, mPEG-PAMAM-G3, mPEG-PAMAM-G4 and 
PAMAM-G4 induced minor changes of tRNA vibrational frequencies, 
while at high polymer content (1 mM) major alterations of tRNA 
in-plane and the backbone vibrational frequencies (Figure 2-panels 
A and B). The major intensity increases were associated with the 
guanine at 1698 (guanine N7), uracil at 1660 (uracil O2 and adenine at 
1609 cm-1 (adenine N7) in the difference spectra of PEG-3350, PEG-
6000, mPEG-anthracene, mPEG-PAMAM-G3, mPEG-PAMAM-G4 
and PAMAM-G4 complexes of tRNA (Figure 2-panels A and B, diff., 
1 mM). The observed intensity changes were attributed to polymer 
interactions with tRNA guanine N7, uracil O2 and adenine N7 sites.25,27 
Similarly, increase in the intensity of the backbone PO2 groups at 1241 
(asymmetric PO2) and 1085 cm-1  (symmetric PO2  vibrations) were 
observed due to synthetic polymer-PO2  interaction (Figure 2-panels 
A and B, diff., 1 mM).

Figure 2  FTIR spectra and difference spectra [(tRNA solution + polymer 
solution) -(tRNA solution)] in the region of 1800-600 cm-1 for the free tRNA 
and its synthetic polymer complexes with PEG-3350, PEG-6000 and mPEG-
anthracene (panel A) and for mPEG-PAMAM-G3, mPEG-PAMAM-G4 and 
PAMAM-G4 (panel B) in aqueous solution at pH 7.3 with various polymer 
concentrations (0. 125 and 1 mM) and constant tRNA content (12.5 mM).

Hydrophilic and hydrophobic contacts in polymer-
tRNA complexes

A major shifting of the OH stretching of the free PEG at about 
3430 cm-1 to a lower frequency in the infrared spectra of PEG-tRNA 
complexes was attributed to the hydrophilic interaction between PEG 
and tRNA polar groups. Similarly, the shifting of the NH stretching 
vibration at 3280 cm-1 in the spectra of the free dendrimer and pegylated 
dendrimers was due to the hydrophilic contacts between dendrimers 
terminal NH2  groups and the tRNA polar groups.25,27 However, 
hydrophobic interactions between tRNA and synthetic polymer 
were characterized by the shifting of the polymer antisymmetric and 
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symmetric CH2 stretching vibrations, in the region of 3000-2800 cm-1. 
The CH2 bands of the free PEG at 3000, 2990, 2940 cm-1 exhibited 
a minor shifting, while the CH2  vibrations related to mPEG-
PAMAM-G3 located at 2946, 2884 and 2859 cm-1; for free mPEG-
PAMAM-G4 at 2942, 2876 and 2856 cm-1  and free PAMAM-G4 
at 2969, 2940 and 2834 cm-1  shifted to higher frequencies in the 
spectra of dendrimer-tRNA complexes. The shifting of the polymer 
antisymmetric and symmetric CH2 stretching vibrations in the region 
3000-2800 cm-1 of the infrared spectra suggests the presence of minor 
hydrophobic interactions  via  dendrimer hydrophobic cavities and 
tRNA hydrophobic groups.25,27

Synthetic polymer and tRNA conformation

The CD spectra of tRNA and its synthetic polymer complexes are 
shown in Figure 3. The CD of the free tRNA is composed of four 
major peaks at 209 (negative), 221 (positive), 240 (negative) and 269 
nm (positive) (Figure 3). This is consistent with CD spectra of double 
helical RNA in A conformation.36,37 As polymer complexes formed, a 
major increase in molar ellipticity of the band at 209 nm occurred and 
the amplitude of the band at 240 was reduced, while the intensity of 
the band at 269 decreased at high polymer concentration (Figure 3, 
panel A). However, no major shifting was observed for the band at 
269 nm in the spectra of polymer-tRNA complexes (Figure 3, panel 
A&B). This is due to the presence of tRNA in A-conformation both 
in the free state and in the synthetic polymer-RNA complexes. This 
is also consistent with the infrared results that showed free tRNA in 
A-conformation with IR marker bands at 1698 (G), 1241 (PO2), 864 
and 810 cm-1 (ribose-phosphate) with no major shifting of these bands 
in the polymer-tRNA complexes (Figure 2, panels A and B).

Figure 3 CD spectra of tRNA in Tris-HCl (pH ~ 7.3) at 25 ˚C (2.5 mM) 
with  PEG-3350, PEG-6000 and mPEG-anthracene (panel A) and mPEG-
PAMAM-G3, mPEG-PAMAM-G4 and PAMAM-G4 (panel B) with 0.125, 0.25, 
0.5 and 1 mM polymer concentrations.

The reduced intensity of the band at 269 nm, in the spectra of 
polymer-tRNA complexes together with the major intensity changes 
of the band at 209 and 221 nm were attributed to the aggregation and 
particle formation of tRNA, in the presence of PEG-3350, PEG-6000, 
mPEG-anthracene (Figure 3, panel A) and mPEG-PAMAM-G3, 
mPEG-PAMAM-G4 and PAMAM-G4 (Figure 3, panel B). The 
extent of decrease of intensity was much pronounced in the case of 
PAMAM-G4 nanoparticle, where tRNA aggregation and particle 
formation were observed (Figure 3, panel B). This is consistent with 
AFM images of the synthetic polymer-tRNA complexes that showed 
major tRNA aggregation and particle formation by PAMAM-G4 
nanoparticles (Figure 1, panel B).

Stability of synthetic polymer-tRNA complexes

The calculated binding constants of synthetic polymer-tRNA 
complexes by UV-visible spectroscopic method.38 showed KPEG 3350-

tRNA= 1.9 x 104 M-1, KPEG 6000-tRNA = 8.9 x 104 M-1 and KmPEG-anthracene= 1.2 x 
103 M-1 , KmPEG-G3= 7.6 x 103 M-1, KmPEG-G4= 1.5 x 104 M-1 and KPAMAM-G4= 
5.3 x 104  M-1  (Figure 4, panels A&B).25-27 Stronger polymer-tRNA 
complexation formed by PEG-6000 than PEG-3350 and mPEG-
anthracene, while PAMAM-G4 forms more stable complexes with 
tRNA than those of PEGylated dendrimers with the order of binding 
PEG-6000>PAMAM-G4>PEG-3350>mPEG-PAMAM-G4>mPEG-
PAMAM-G3>mPEG-anthracene (Figure 4, panels A&B).25-27 This is 
indicative of PEG forms stronger complexes than mPEG, dendrimers 
and PEGylated dendrimers. Similarly, stronger complexes form 
with larger PEG than smaller polymer. This is also consistent with 
the conclusion that synthetic polymer-tRNA interaction is more 
hydrophilic than hydrophobic occurred between polymer and tRNA 
polar groups. This conclusion can be supported by the argue that 
PEG with mostly hydrophilic character forms stronger complexes 
with tRNA, while mPEG-anthracene, with mostly hydrophobic 
nature forms weaker tRNA complexes. Similarly, PAMAM-G4 
which has more cationic NH2 groups (64 NH2 groups) than those of 
mPEG-PAMAM-G4 (32 NH2  groups) and mPEG-PAMAM-G-3 (8 
NH2 groups) forms stronger complexes than PEGylated dendrimers 
(Figure 4, panels A&B) [39,40]. The results showed that hydrophilic 
interaction is a major part of synthetic polymer-tRNA complexation.

Figure 4 UV-visible results of tRNA and its PEG-3350, PEG-6000  (B) and 
mPEG-anthracene complexes (panel A) and for mPEG-PAMAM-G3, mPEG-
PAMAM-G4 and μM PAMAM-G4 complexes (panel B) with free tRNA (100 
μM); b) free polymer (100); titrated with polymer (5 to 80 μM). Plot of 1/ 
(A-A0) vs (1/polymer concentration) for K calculation of polymer and tRNA 
complexes, where A0 is the initial absorbance of tRNA (260 nm) and A is the 
recorded absorbance (260 nm) at different polymer concentrations (5 μM to 
80 μM ) with constant tRNA concentration of 100 μM at pH 7.3.

Fluorescence spectra of synthetic polymer-tRNA and 
the number of binding sites

As tRNA is a weak fluorophore, the titration of mPEG-anthracene 
was done against various tRNA concentrations, using mPEG-
anthracene excitation at 330-350 nm and emission at 400-450 nm.41,42 
When mPEG-anthracene interacts with tRNA, fluorescence may 
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change depending on the impact of such interaction on the mPEG-
anthracene conformation or via direct quenching effect.43 The decrease 
of fluorescence intensity of mPEG-anthracene has been monitored at 
420 nm for mPEG-anthracence-RNA systems. The plot of F0 / (F0 – 
F) vs 1 / [tRNA] is shown in Figure 5A. Assuming that the observed 
changes in fluorescence come from the interaction between mPEG-
anthracene and polynucleotides, the quenching constant can be taken 
as the binding constant of the complex formation. The binding constant 
obtained was KmPEG-anthracene-DNA= 8.2 (± 1) x 103 M-1 (Figure 5A’). The 
association constant calculated for the mPEG-anthracene-RNA adduct 
suggests low affinity mPEG-anthracene-tRNA, which is consistent 
with the UV results discussed above. The f values obtained in Figure 
5, suggest that tRNA also interacts with fluorophore via hydrophobic 
interactions, which is consistent with our infrared spectroscopic 
results discussed (hydrophilic and hydrophobic contacts).

The number of binding sites occupied by mPEG-anthracene 
molecule on tRNA (n) was calculated from log [(F0 -F)/F] = log KS + 
n log [tRNA] for the static quenching .44-49 The linear plot of log [(F0-
F]/F] as a function of log [RNA] is shown in Figure 5A’’. The n values 
from the slope of the straight line was 1.3 for mPEG-anthracene-tRNA 
adduct (Figure 5A’’). It seems that about one binding site is occupied 
by the PEG and mPEG-anthracene on tRNA in these polymer-tRNA 
complexes.

Figure 5 Fluorescence emission spectra of mPEG-anthracene-tRNA systems 
in 10 mM Tris-HCl buffer pH 7.3 at 25 ˚C for  A) polymer-tRNA: (a) free 
mPEG-anthracene (80 μM), (b-k) with polymer-RNA complexes at 5 to 100 
μM with (l) free tRNA 100 μM. The plot of F0/ (F0- F) as a function of 1/tRNA 
concentration. The binding constant K being the ratio of the intercept and the 
slope for (A’) mPEG-anthracene-tRNA. The plot of log (F0-F)/F as a function 
of log [tRNA] for calculation of number of binding sites occupied by mPEG-
anthracene molecules on tRNA (n) in polymer-tRNA complexes (A’’).

Conclusion and outlook
In this review the bindings of several synthetic polymers with 

tRNA were characterized and several major points are concluded. 
Synthetic polymers bind tRNA through a major hydrophilic 
interaction and a minor hydrophobic contact. The binding is mainly 
through polymer polar groups (OH, NH2 and C-O) and tRNA bases 

and the backbone-phosphate group. The order of binding is PEG-
6000>PAMAM-G4>PEG-3350>mPEG-PAMAM-G4>mPEG-
PAMAM-G3>mPEG-anthracene. Synthetic polymer complexation 
induces major tRNA aggregation and particle formation, while tRNA 
remains in A-conformation. More investigations of similar nature 
should be done, using AFM, TEM and SEM microscopic images in 
order to determine the ultrastructure and morphology of synthetic 
polymer-RNA complexes.
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