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Intramolecularly Protein-Crosslinked DNA Gels:  
New Biohybrid Nanomaterials with Controllable Size  
and Catalytic Activity
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and programmability.[1–5] For instance, the use of DNA as a 
backbone for hydrogels has recently led to various funda-
mental studies[6–8] and applications,[9–11] such as molecular 
detection,[12] drug or gene delivery,[13,14] cell culture,[15] and 
water detoxification.[16,17] Such DNA hydrogels can be pre-
pared by several methods, including covalent crosslinking 
between double-stranded DNA molecules,[18] i-motif forma-
tion or hybridization between sticky ends of branched DNA 
nanostructures,[6,19–21] and physical entangling between long 
DNA strands.[22] For nanotechnological and biomedical 
applications, the reduction of the dimensions[23–25] of such 
biocompatible materials is often a requisite, which has trig-
gered a growing interest for nano- and microsized DNA gels. 
For instance, DNA nanogels of controllable size were pre-
pared through hybridization between branched DNA nano-
structures in the presence of DNA units able to inhibit the 
extension of the nanogel.[13] Another strategy has relied on 
the intramolecular hybridization inside long, single-stranded 
DNA produced by the rolling circle amplification method.[26] DOI: 10.1002/smll.201700706

DNA micro- and nanogels—small-sized hydrogels made of a crosslinked DNA 
backbone—constitute new promising materials, but their functions have mainly 
been limited to those brought by DNA. Here a new way is described to prepare sub-
micrometer-sized DNA gels of controllable crosslinking density that are able to embed 
novel functions, such as an enzymatic activity. It consists of using proteins, instead of 
traditional base-pairing assembly or covalent approaches, to form crosslinks inside 
individual DNA molecules, resulting in structures referred to as intramolecularly 
protein-crosslinked DNA gels (IPDGs). It is first shown that the addition of 
streptavidin to biotinylated T4DNA results in the successful formation of thermally 
stable IPDGs with a controllable crosslinking density, forming structures ranging from 
elongated to raspberry-shaped and pearl-necklace-like morphologies. Using reversible 
DNA condensation strategies, this paper shows that the gels can be reversibly actuated 
at a low crosslinking density, or further stabilized when they are highly crosslinked. 
Finally, by using streptavidin–protein conjugates, IPDGs with various enzymes are 
successfully functionalized. It is demonstrated that the enzymes keep their catalytic 
activity upon their incorporation into the gels, opening perspectives ranging from 
biotechnologies (e.g., enzyme manipulation) to nanomedicine (e.g., vectorization).
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1. Introduction

Besides its biological importance, DNA can be seen as a 
material that combines unique properties of biocompatibility 

www.advancedsciencenews.com

small 2017, 13, 1700706

http://doi.wiley.com/10.1002/smll.201700706


full papers

1700706 (2 of 7) www.small-journal.com © 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These hybridization-based methods have the advantage to 
exploit the programmability of DNA base-pairing princi-
ples, but lead to temperature-sensitive systems.[6] An alter-
native has consisted of preparing nanogels through covalent 
crosslinking between either X-shaped DNA nanostruc-
tures[27] or condensed plasmid DNA.[28,29] However, with 
covalent-based approaches, the crosslinking density is deter-
mined by the conditions of the crosslinking reaction, ham-
pering possibility to further modify the gel properties once it 
has been prepared. Here we describe a new methodology for 
intramolecular DNA gelation, which uses single molecules of 
giant, comb-like biotinylated DNA as the starting material. 
With this method, by exploiting the strong yet noncovalent 
streptavidin/biotin binding characteristics, adding a con-
trolled amount of streptavidin to biotinylated DNA allowed 
us to form intramolecularly protein-crosslinked DNA gels 
(IPDGs) (Figure 1) for the first time, and tune the gel charac-
teristics (size, crosslinking density) in a user-defined fashion. 
Moreover, the functionality of DNA micro- and nanogels  
reported so far has been mainly limited to the inherent physi-
cochemical characteristics of their main constituent, that is,  
DNA.[14,16,17] By contrast, other types of nanogels, such as 
organic nanogels, have been demonstrated as versatile and 
useful hosts for functional entities, such as proteins.[24,25,30–32] 
Finding ways to functionalize DNA nanogels, for instance, 
with proteins, thus appears as a valuable challenge. With 
our method, this was achieved in a straightforward manner 
by using streptavidin–protein conjugates, thus exploiting 
streptavidin as both the DNA crosslinking agent and the 
vector for the protein guest. Here, we describe the prepara-
tion of IPDGs, study their structural properties as a func-
tion of streptavidin concentration, explore the possibility 
to further actuate those using DNA condensing/unfolding 
strategies, and characterize the enzymatic activity of IPDGs 
functionalized with various enzymes.

2. Results and Discussion

First, we reacedt giant T4DNA (166 000 base pairs (bp)) with 
psoralen-PEG3-biotin, a photoreactive reagent able to bind 
DNA through covalent [2 + 2] cycloaddition with pyrimidine 
bases upon UV exposure[33] (Figure S1, Supporting Infor-
mation). This led to the formation of biotinylated T4DNA 
(bt-T4DNA). The incorporation efficiency was estimated 
to be 1 biotin per 10.5 base pairs using the HABA assay.[34] 
Streptavidin (strep) was then added to bt-T4DNA to create 
intramolecular crosslinks between the biotinylated sites 
and induce noncovalent folding of the DNA molecules. 

This resulted in single-DNA gel-like structures, referred to 
as intramolecularly protein-crosslinked DNA gels (IPDGs, 
Figure 1). In order to achieve crosslinking exclusively at the 
intramolecular level, the concentration of T4DNA was kept 
very low (33.6 × 10−9 m in bp, corresponding to 0.2 × 10−12 m 
in DNA molecules). At this concentration, the average dis-
tance between DNA molecules was around 20 µm. This was 
about one order of magnitude larger than the average long-
axis length of DNA measured under our experimental condi-
tions (Figure 2), confirming that DNA chains were in a dilute 
regime during the crosslinking reaction.

To observe the DNA folding process upon streptavidin 
addition, we used fluorescence microscopy to characterize the 
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Figure 1. Streptavidin induces the crosslinking of biotinylated DNA 
(bt-T4DNA) into intramolecularly protein-crosslinked DNA gel (IPDG).

Figure 2. Fluorescence microscopy study of streptavidin-assisted 
IPDG formation. A) Typical fluorescence microscopy images of 
non-biotinylated (left) and biotinylated (right) T4DNA in solution 
as a function of streptavidin concentration. [DNA] = 33.6 × 10−9 m bp; 
[YOYO] = 10 × 10−9 m; [Tris/HCl] = 10 × 10−3 m (pH = 7.4). Scale bar is 
2 µm. B) Long-axis length (L) distribution of over 100 individual T4DNA 
and bt-T4DNA molecules at different streptavidin concentrations.
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behavior (Figure 2A) and to measure the apparent long-axis 
length (L, Figure 2B) of a large number of DNA molecules 
in solution, as a function of [strep]. In the absence of strep, 
both non-biotinylated (T4DNA) and bt-T4DNA behaved 
as fluctuating elongated coils due to the electrostatic repul-
sion between negatively charged phosphate groups. Their 
average long-axis length 〈L〉 was similar, showing that the 
biotinylation reaction did not affect the DNA characteristics 
much. However, T4DNA and bt-T4DNA had a markedly dif-
ferent response to the addition of strep. As expected, strep 
had no influence on T4DNA molecules, which maintained 
as fluctuating coils with a similar size regardless of [strep] 
(〈L〉 = 2.7 ± 0.6 µm). By contrast, bt-T4DNA progressively 
shrunk from elongated coils (〈L〉 = 2.6 ± 0.7 µm) to more 
compact and fast-diffusing globules (〈L〉 = 1.2 ± 0.3 µm) with 
an increase in [strep] from 1 × 10−9 to 10 × 10−9 m. This is 
in agreement with the formation of IPDG structures that 
became more compact with an increase in the number of 
streptavidin-induced intramolecular crosslinks. Strikingly, a 
further increase in [strep] was accompanied by the opposite 
trend. bt-T4DNA molecules progressively expanded again, 
denoting a progressive swelling of the IPDGs, to reach a size 
of 〈L〉 = 2.2 ± 0.7 µm at [strep] = 100 × 10−9 m. This expansion 
was attributed to the saturation of biotin sites by the growing 
excess of strep, therefore decreasing the crosslinking density 
inside the IPDGs. Interestingly, the same compaction–expan-
sion behavior as a function of [strep] was observed with  
bt-T4DNA of other biotinylation rates (Figure S2, Sup-
porting Information). Both the degree of compaction and the 
concentration of streptavidin to reach optimal compaction 
decreased with a decrease in the biotinylation rate. All these 
results show that streptavidin induces multiple crosslinks 
inside individual biotinylated giant DNAs, leading to DNA 
gels of controllable size, the highest crosslinking density 
being obtained at an intermediate streptavidin concentration.

Atomic force microscopy (AFM) characterization 
was then carried out to provide structural information on 
the IPDGs obtained with different streptavidin concen-
trations. For each given [strep], large-scale observations 
showed a rather homogenous sample distribution in size 
and morphology (Figure 3A; Figures S3 and S4, Supporting 
Information). Higher-resolution observations (Figure 3B) 
revealed that, with an increase in [strep], the entities 
evolved from elongated to raspberry-shaped structures 
([strep] ≤ 10 × 10−9 m) before expanding to pearl-necklace-
like morphologies ([strep] > 10 × 10−9 m). In the absence 
of strep, bt-T4DNA appeared as threads with an average 
height of 0.48 ± 0.07 nm, in agreement with previous obser-
vations on DNA adsorbed on mica.[35–37] In the presence of 
strep, the bright spots observed in both raspberry and pearl-
necklace structures had an average height of 1.6 ± 0.6 nm, a 
value similar to the height of free streptavidin adsorbed on 
mica (Figure S5, Supporting Information), and were thus 
attributed to streptavidin crosslinks. We finally characte-
rized the thermal stability of IPDGs in the maximal com-
paction state (raspberry structures, [strep] = 10 × 10−9 m) 
by incubating those for 4 h at temperatures ranging from 
20 to 65 °C. Regardless of temperature, we did not detect 
any significant change in the morphology (Figure 3C) nor in 

the size (Figure S6, Supporting Information) of the IPDGs, 
demon strating their stability even at a high temperature. All 
these results further demonstrate the role of streptavidin as 
a new crosslinking agent for thermally stable, intramolecular 
gelation of biotinylated DNA.

According to the biotinylation rate of T4DNA, the frac-
tion of DNA base pairs involved in the formation of the 
crosslinks was less than 10%. We therefore explored the possi-
bility to further actuate the gels by reversible condensation of 
the non-crosslinked segments of the DNA backbone. This was 
done by using spermine (SPM), a naturally occurring DNA 
compaction agent, and an excess of NaCl as the spermine 
antagonist.[38–40] We analyzed the effects of sequential addi-
tion of SPM (5 × 10−6 m) and NaCl (100 × 10−3 m) to the three 
typical structures: elongated ([strep] = 1 × 10−9 m), raspberry 
([strep] = 10 × 10−9 m), and pearl-necklace ([strep] = 100 × 
10−9 m). Fluorescence microscopy observations showed that 
adding SPM had no effect on the apparent size of the rasp-
berry structures, whereas both elongated and pearl-necklace 

www.advancedsciencenews.com

small 2017, 13, 1700706

Figure 3. AFM observation and thermal stability of IPDGs. A) Large-
scale overview and B) zoomed AFM images of bt-T4DNA incubated 
with an increasing concentration of streptavidin. Each yellow arrow 
in (A) indicates the IPDG scanned in (B). C) IPDGs obtained with  
[strep] = 10 × 10−9 m after 4 h incubation at different temperatures. 
Scale bars are A) 3 µm and B,C) 300 nm.
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structures became more compact (Figure 4A,B). Interest-
ingly, further addition of NaCl induced a recovery of the ini-
tial apparent size only in the case of the elongated structures. 
AFM was then used to characterize the fine structure of the 
IPDGs under these conditions (Figure 4C). Upon SPM addi-
tion, the elongated structures at [strep] = 1 × 10−9 m formed 
compact, highly looped flower-like structures, reminiscent 
to the morphologies typically observed during compaction 
of non-biotinylated DNA.[41–43] Upon addition of NaCl, the 
structures were elongated again, in agreement with the salt-
induced unfolding observed by fluorescence microscopy, 
which indicated successful decondensation of the DNA back-
bone by the excess of monovalent salt. The raspberry-like 
morphologies at [strep] = 10 × 10−9 m became slightly denser 
upon addition of SPM, showing that DNA segments could be 
locally condensed by SPM but the large number of strepta-
vidin crosslinks prevented from a large reduction of the 
IPDG size. The SPM addition to the pearl-necklace structures 
at [strep] = 100 × 10−9 m also led to tightly compact structures. 
In agreement with fluorescence microscopy results, the com-
pact structures obtained after SPM addition on raspberry 
([strep] = 10 × 10−9 m) and pearl-necklace ([strep] = 100 × 
10−9 m) morphologies were not affected much by the addi-
tion of NaCl. We suggest that, in the latter case, SPM-induced 

DNA condensation favored the formation of intramolecular 
contacts and therefore the creation of additional crosslinks. 
This shows that SPM can be used as a mean to stabilize DNA 
gels. All these results demonstrate that, depending on the 
crosslinking density of the IPDGs, DNA condensation strate-
gies can be used either to reversibly actuate the gels (low 
[strep]) or to get highly stable compact structures (middle to 
high [strep]).

Finally, we explored the possibility of functionalizing 
the gels without any additional step, by directly crosslinking  
bt-T4DNA with conjugates composed of a streptavidin linked 
to a desired functional entity such as, for instance, another 
protein. We studied in particular the possibility of intro-
ducing β-galactosidase (βGal), alkaline phosphatase (ALP), 
or horseradish peroxidase (HRP) enzymes into IPDGs by 
crosslinking bt-T4DNA with the corresponding streptavidin–
enzyme conjugate (strep–βGal, strep–ALP, or strep–HRP, 
respectively) (Figure 5A). Fluorescence microscopy observa-
tions showed that the addition of strep–enzyme conjugates 
led to the same compaction behavior of bt-T4DNA as that 
with bare streptavidin (Figure S7, Supporting Information), 
indicating the successful formation of IPDGs. The maximum 
of crosslinking density was also observed at intermediate 
strep–enzyme concentrations (Figure 5B), at values slightly 
higher but close to that with bare streptavidin. To assess 
the catalytic activity of the resulting functionalized gels, we 
prepared enzyme-loaded IPDGs using a strep–enzyme con-
centration leading to highly crosslinked gels, while mini-
mizing the possible excess of unbound enzymes (30 × 10−9 m  
strep–βGal, 20 × 10−9 m strep–ALP, or 20 × 10−9 m strep–HRP). 
Enzymatic activity was then measured for each protein after 
the same incubation time used for the crosslinking reaction 
(4 °C for 2 h) and normalized to that of the enzyme before 
the crosslinking reaction (Figure 5C). For both strep–βGal 
and strep–ALP, these conditions did not affect much the 
activity of the enzyme, either alone (control 1) or in the pres-
ence of individual components such as psoralen-PEG3-biotin 
(control 2) or T4DNA (control 3). By contrast, strep–HRP 
was found to partially loose its activity during the incuba-
tion time (control 1), an effect that was slightly diminished 
in the presence of psoralen-PEG3-biotin (control 2) or 
T4DNA (control 3). Notably, when the incubation was per-
formed in the presence of bt-T4DNA (Figure 5C, IDPG), i.e., 
when intramolecular DNA crosslinking occurred, all strep–
enzymes had an activity similar to or higher than that of the 
unbound strep–enzyme. Knowing that, under these condi-
tions, a significant fraction of strep–enzymes were involved 
in crosslinking bt-T4DNA, these results show that the three 
tested enzymes remained functional upon their incorpora-
tion into the gels, with a catalytic activity comparable or even 
higher than that of the free strep–enzymes. The enhancement 
of the enzymatic activity observed for strep–HRP upon its 
loading into the IPDG can be either attributed to a protec-
tion by the gel microenvironment against protein degrada-
tion or explained by an enhancement of the catalytic activity 
of the bound enzymes due to confinement and/or proximity 
of DNA. These two effects are already known for enzymes 
conjugated to DNA in other configurations,[40,44–48] but have 
never been described for enzymes loaded in DNA microgels. 
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Figure 4. IPDG actuation through reversible DNA condensation. 
A) Fluorescence microscopy images, B) average long-axis length, 
and C) representative AFM images for three IPDGs formed at 
[strep] = 1 × 10−9 m, 10 × 10−9 m, or 100 × 10−9 m, in the absence or in 
presence of 5 × 10−6 m spermine (SPM) and/or 100 × 10−3 m NaCl. Scale 
bars are 2 µm (A) and 300 nm (C). Data in (B) are mean ± sd on over 
100 individual IPDGs.



(5 of 7) 1700706© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com

All these results show that IPDGs can acquire enzymatic 
activity upon crosslinking biotinylated DNA with strepta-
vidin–enzyme conjugates.

3. Conclusions

In summary, we have described a new way to create crosslinks 
inside individual DNA molecules, by exploiting the strong yet 
noncovalent streptavidin–biotin interaction. We showed that 
streptavidin allowed us not only to control the crosslinking 
density of IPDGs, but also to incorporate various protein 
guests by using commercially available streptavidin–protein 
conjugates. This method can be readily extended to other 
proteins or to bring other functions to the DNA gels by using, 
for instance, streptavidin conjugated to other entities such as 
nanoparticles or signaling molecules. Another way to func-
tionalize the IPDGs would consist in using biotinylated com-
pounds that could be incorporated in the already formed gels 
by interacting with the free binding sites of the streptavidin 
crosslinks. We have also demonstrated the interest of using a 
reversible DNA condensation strategy to further actuate the 

IPDGs. This was shown here with the simple spermine/NaCl 
system but this principle could be extended to other types 
of DNA compaction processes. For instance, IPDGs could 
be photocontrolled by using photoreversible DNA compac-
tion systems.[41,49–51] Overall, this work provides insights for 
the design of novel nano- to microscale multifunctional DNA 
materials, offering promising perspectives for the develop-
ment of hybrid DNA/protein-based sensors and reactors.

4. Experimental Section

Materials: Bacteriophage T4 DNA (166 kbp) was purchased 
from Wako Chemicals. Psoralen-PEG3-biotin was from G-Biosci-
ence. Streptavidin was obtained from Invitrogen. Streptavidin 
conjugated to enzymes: β-galactosidase (strep–βGal), alka-
line phosphatase (strep–ALP), and horseradish peroxidase 
(strep–HRP), corresponding substrates (DDAO–galactoside, 
DDAO–phosphate, and Amplex Red), and YOYO-1 iodide were from 
Life Technologies. All other chemicals were purchased from Sigma-
Aldrich. Deionized MQ water (Millipore, 18 MΩ cm) was used for 
all experiments.
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Figure 5. Functionalization of the IPDGs with enzymes. A) Streptavidin–enzyme (strep–enzyme) conjugates are used to crosslink bt-T4DNA, 
resulting in enzyme-loaded IPDGs. B) Average long-axis length (mean ± sd on over 50 individual objects) of the IPDGs as function of strep–enzyme 
concentration. C) Enzymatic activities (mean ± sd) of strep–βGal, strep–ALP, and strep–HRP, after the same incubation conditions used for the 
crosslinking reaction (4 °C for 2 h) for unconjugated enzymes (controls 1–3) and enzymes bound to the IPDG (4). All enzymatic activities were 
normalized by the activity of the strep–enzyme before the crosslinking reaction. 1: strep–enzyme alone; 2: strep–enzyme + psoralen-PEG3-biotin; 
3: strep–enzyme + T4DNA; 4: strep–enzyme + bt-T4DNA.
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Preparation of bt-T4DNA: Psoralen-PEG3-biotin was dissolved in 
DMSO to give 20 × 10−3 m stock solution. Reaction mixture (100 µL) 
was then prepared by mixing T4 DNA (20 µg mL−1, 50 µL) and 
psoralen-PEG3-biotin (20 × 10−3 m, 1 µL) in TE buffer (10 × 10−3 m 
Tris, 1 × 10−3 m EDTA, pH 7.4). The final concentration of T4 DNA 
was thus 10 µg mL−1 (15 × 10−6 m bp) and of psoralen-PEG3-biotin 
0.2 × 10−3 m. The reaction tube was then placed on ice and irradi-
ated with 365-nm UV for 30 min for all data except for Figure S2 
(Supporting Information), where shorter UV irradiation times 
were used to decrease the biotinylation rate. DNA was then puri-
fied by size exclusion chromatography using NAP-5 columns (GE 
Healthcare). The concentration of the resulting biotinylated DNA 
(bt-T4DNA) was estimated by absorption using BioPhotometer plus 
spectrophotometer (Eppendorf) to be about 1.4 × 10−6 m bp. After 
the purification, biotin incorporation was measured using HABA 
method.[34] According to the decrease of the absorption at 500 nm 
of HABA upon biotin binding to avidin, the concentration of biotin  
on bt-T4DNA was about 0.133 × 10−6 m, that is, 1 biotin per 
10.5 base pairs for 30 min UV irradiation.

Preparation of the IPDG: 12 µL of bt-T4DNA solution 
(1.4 × 10−6 m), streptavidin of a desired concentration, Tris/
HCl buffer, and MQ water were mixed to give 500 µL solu-
tion in 10 × 10−3 m Tris/HCl buffer (pH = 7.4). The concentration 
of bt-T4DNA in the final mixture was 33.6 × 10−9 m bp. The mix-
ture was incubated either at room temperature for 1 h with bare 
streptavidin (Figures 1, 2, 3, 4), or at 4 °C for 2 h in the case of 
streptavidin–enzyme conjugates (Figure 5). For control experi-
ments, the same procedure has been followed with either no DNA, 
non-biotinylated T4DNA (33.6 × 10−9 m) or psoralen-PEG3-biotin 
(3.2 × 10−9 m). For enzymatic activities measurements (Figure 5), 
IPDGs were prepared with 30 × 10−9 m strep–βGal, 20 × 10−9 m 
strep–ALP, and 20 × 10−9 m strep–HRP.

Enzymatic Activity Measurements:
β-Galactosidase (βGal): The enzymatic activity assay of 

strep–βGal was carried out using a fluorogenic DDAO galac-
toside (DDAOG) substrate, which undergoes hydrolysis of its 
β-galactoside bond by β-galactosidase, leading to a far-red shift 
of its fluorescence emission. For the enzymatic activity experi-
ment, 1.67 µL of the sample (IPDG or control solutions) was first 
diluted to 98.5 µL in 10 × 10−3 m Tris/HCl buffer (pH 7.4) to give 
0.5 × 10−9 m final concentration of the enzyme. Then 1.5 µL of 
DDAOG substrate (5 × 10−3 m) was rapidly added to give the final 
concentration 75 × 10−6 m, and immediately after mixing, the fluo-
rescence emission intensity at 645 nm (40 nm bandpass) was 
monitored upon excitation at 590 nm (20 nm bandpass) as a func-
tion of time.

Alkaline Phosphatase (ALP): The enzymatic activity assay of strep–
ALP was carried out using fluorogenic DDAO-phosphate (DDAOP) 
substrate, which undergoes hydrolysis of its phosphate bond by ALP, 
leading to a far-red shift of its fluorescence. For the enzymatic activity 
experiment, the sample (IPDG or control solutions) was first diluted 
6.7 times in 10 × 10−3 m Tris/HCl buffer (pH 8.5) to give 3 × 10−9 m 
final concentration of the enzyme. Then 0.5 µL of DDAOP substrate  
(2 × 10−3 m) was rapidly added to give the final concentration 
10 × 10−6 m, and immediately after mixing, the fluorescence emis-
sion intensity at 645 nm (40 nm bandpass) was monitored upon  
excitation at 590 nm (20 nm bandpass) as a function of time.

Horseradish Peroxidase (HRP): The enzymatic activity assay of 
strep–HRP was performed by measuring the initial oxidation rate 

of Amplex Red with H2O2. For the enzymatic activity experiment, 
the sample (IPDG or control solutions) was first diluted 200 times 
in 10 × 10−3 m Tris/HCl buffer (pH 7.4) to give 0.1 × 10−9 m final 
concentration of the enzyme. Amplex Red substrate and H2O2 were 
then added in reaction solutions to give the final concentrations 
5 × 10−6 m and 1 × 10−3 m, respectively. The experiment was mon-
itored by measuring the fluorescence change at 590 nm (25 nm 
bandpass) upon excitation of 530 nm (35 nm bandpass) as func-
tion of time.

Enzymatic Activity Assay: All enzymatic reactions were moni-
tored at 30 °C using a microplate reader (Synergy HT from BioTek 
with Gene5 interface). The enzymatic activities have been meas-
ured as initial slopes of fluorescence intensity versus time.

Fluorescence Microscopy: Each sample (33.6 × 10−9 m DNA bp) 
was first mixed with YOYO-1 iodide (10 × 10−9 m) in 10 × 10−3 m Tris/
HCl buffer (pH = 7.4). 10 µL drop was then deposited on a cover 
slip (Menzel–Gläser), and fluorescence microscopy observations 
were carried out with an AxioObserver D1 inverted microscope 
(Zeiss), equipped with a 100× oil immersion objective lens. Images 
were acquired with EMCCD camera (Photonmax 512B, Princeton 
Scientific) and Metavue image acquisition software (Molecular 
Devices).

Atomic Force Microscopy (AFM): AFM images were obtained 
in air at room temperature. A freshly cleaved mica surface (potas-
sium aluminosilicate (Muscovite Mica) from Goodfellow) was first 
treated with 1 × 10−3 m spermine solution for 1 h, rinsed with an 
excess of MQ water. Right after removing water with filter paper 
(Whatman), a 20 µL drop of sample solution was placed on the 
mica slide. After 12 h of incubation in wet atmosphere, the mica 
plate was rinsed with an excess of MQ water and blown with com-
pressed air. For the spermine-containing sample, bare mica was 
used for the IPDG adsorption. AFM measurements were performed 
using a 5100 Atomic Force Microscope (Agilent Technologies-
Molecular Imaging) operated in a dynamic tip deflection mode 
(acoustic alternating current mode). All AFM experiments were 
performed using silicon probes (Applied NanoStructures-FORT) in 
the tapping mode with a spring constant of 3 N m−1 at 69 kHz. All 
AFM images are displayed with a height scale between −1.1 and 
+0.7 nm.
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