
Layered zirconium phosphonate with inorganic–organic hybrid
structure: Preparation and its assembly with DNA

Li-Min Liu a,b, Guo-Yuan Lu b, Li-Ping Jiang b,n, Jun-Jie Zhu b

a School of Chemistry and Chemical Engineering, The Key Laboratory of Coordination Chemistry of Jiangxi Province,
Jinggangshan University, Ji’an 343009, PR China
b State Key Laboratory of Analytical Chemistry for Life Science, School of Chemistry and Chemical Engineering,
Nanjing University, Nanjing 210093, PR China

a r t i c l e i n f o

Article history:
Received 3 August 2013
Received in revised form
3 March 2014
Accepted 7 March 2014
Available online 26 March 2014

Keywords:
Aminoethoxy-functionalized zirconium
phosphonate
Layered compound
DNA
“DNA/zirconium phosphonate” composite
Intercalation

a b s t r a c t

An aminoethoxy-functionalized zirconium phosphonate (Zr(O3POCH2CH2NH2)2 �3H2O), abbreviated as
ZrRP (R¼OCH2CH2NH2), with layered structure has been synthesized. This layered compound possesses
the characteristic of inorganic–organic hybrid, due to the covalently linked aminoethoxy in the host
layer. The anion exchanged property of this zirconium phosphonate is suitable for the direct intercala-
tion of negatively charged DNA, which is different from these reported zirconium phosphates or
zirconium phosphonates. As a precursor, this prepared zirconium phosphonate was utilized to fabricate
a novel DNA/ZrRP binary hybrid via a delamination-reassembly procedure. The release behavior of DNA
from the DNA/ZrRP composite was investigated at different medium pH, because the combination
between zirconium phosphonate sheets and DNA was pH-dependent sensitively. Moreover, the helical
conformation of DNAwas almost retained after the intercalation and release process. These properties of
the DNA/ZrRP composite suggested the potential application of layered zirconium phosphonate as a non-
viral vector in gene delivery.

& 2014 Elsevier Inc. All rights reserved.

1. Introduction

Inorganic nanoparticles as non-viral vectors have recently
attracted considerable attentions in gene delivery system, attribut-
ing to its good biocompatibility and lower toxicity [1–3]. The
naked DNA is difficult to enter cells alone, so it requires the
assistance of a suitable vector. As a kind of non-viral vectors,
however, inorganic nanoparticles show only moderate transfec-
tion efficiencies because DNA absorbed only on the surface of a
particle is easily degraded by nucleases [1,4]. Fortunately, layered
inorganic compounds have the remarkable advantages than other
inorganic particles. First, the expandable interlayer space of
layered compounds is suitable for intercalating DNA via ion-
exchange reaction or delamination-reassembly procedure [5].
Second, the host layers of layered compounds can play the role
of a reservoir to protected encapsulated DNA from nucleases
degradation when they enter cells [6,7].

Among this family of inorganic layered solids, only layered
double hydroxides (LDHs), the so-called anion clay, have been
thoroughly investigated for DNA intercalating and gene delivery
[6–14]. LDHs consist of cationic brucite-like layer and exchangeable

interlayer anions, and the unique anion exchange capability of LDHs
meets the requirement of inorganic matrices for encapsulating
functional biomolecules with negative charge in aqueous medium.
Not only the nucleoside monophosphates and oligo-nucleotides,
but also the native herring testes DNA fragment was successfully
intercalated into the interlayer of LDHs by Choy et al. These
encapsulated DNA exhibited enhanced thermal stability and che-
mical resistance, and were stable enough to endure severe physical
and biological environments. Significantly, these DNA/LDH hybrids
could greatly enhance the transfer efficiency of DNA into mamma-
lian cells or organs, such as HeLa cells. In addition, the intercalated
DNA can be recovered easily without any adverse effects in a
natural acidic condition within the cells, which offers a way to
controlled storage/release nucleic acids in gene delivery.

Except layered double hydroxides, to our knowledge, no other
inorganic layered compound was reported for the direct inter-
calating DNA [5,11]. The negatively charged host structure of most
inorganic layered materials, including zirconium phosphate, mon-
tmorillonite and others, is unfavorable to binding to those func-
tional biomolecules with negative charge in aqueous medium. To
overcome this problem, Mann et al. modified the magnesium
phyllosilicate with covalently linked organic moieties to obtain the
aminopropyl-functionalized magnesium phyllosilicate (AMP). The
host layer of AMP possesses the positive charge to facilitate DNA
intercalated directly [7]. On the other hand, Kumar et al. utilized
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co-intercalation procedure to fabricate a “Hemoglobin/DNA/α-
zirconium phosphate” ternary hybrid. The co-intercalated hemo-
globin enhanced significantly the binding of negatively charged
DNA and layered zirconium phosphate [15].

In the past decade, zirconium phosphates were widely reported
for the encapsulating of bioactive proteins or enzymes, since
zirconium phosphates are generally insoluble and stable toward
thermal treatments, and chemical reactants, such as strong acids
and bases, or redox agents [16–19]. Herein, aminoethoxy was
introduced into the host layer of zirconium phosphate in order
to synthesize an inorganic–organic hybrid with the positive
charge. This aminoethoxy-functionalized zirconium phosphonate
(Zr(O3POCH2CH2NH2)2 �3H2O), abbreviated as ZrRP (R¼OCH2

CH2NH2), was then utilized to fabricate the novel DNA/ZrRP
biocomposite by intercalating DNA directly into the interlayers of
zirconium phosphonate. It was the first example that DNA inter-
calated directly into layered zirconium phosphates or zirconium
phosphonates, although carboxymethyl-, carboxyethyl- and ben-
zene- functionalized zirconium phosphonates were reported for
the intercalation of proteins or enzymes [20–23]. The release
behavior of DNA from the DNA/ZrRP composite was investigated
at different medium pH, because the combination between zirco-
nium phosphonate sheets and DNA was pH-dependent sensitively.
Moreover, the helical conformation of DNA was almost retained
after the intercalation and release process. These properties of the
DNA/ZrRP composite suggest the potential application of layered
zirconium phosphonate as a non-viral vector in gene delivery
system.

2. Experimental section

2.1. Materials

Salmon sperm DNA (D1626, approximately 2000 bp) and DNase I
were purchased from the Sigma Chemical Co. 2-Aminoethyl dihy-
drogen phosphate (H2NCH2CH2OPO3H2) was purchased from the
Acros Chemical Co. All other reagents were of analytical grade.
Aqueous solutions were prepared with deionized water (18 MΩ)
purified by a MilliQ system.

2.2. Synthesis and delamination of zirconium phosphonate

Zirconium phosphonate was prepared according to the refer-
ence [21,24] with a minor modification. Thus, 2-aminoethyl
dihydrogen phosphate (0.3726 g) in 12.5 mL water was added
dropwise to 12.5 mL of ZrOCl2 solution containing 0.4029 g ZrOCl2
8H2O with stirring. Then, the mixture was reflux at 110 1C for 14
days under nitrogen protection. The obtained white solid via
centrifuging was washed thrice with deionized water (20 mL�3)
and acetone (20 mL�3), respectively. The obtained zirconium
phosphonate solid was then lyophilized.

The delamination of zirconium phosphonate was finished by
sonicating 6.3 mL aqueous suspension containing ZrRP (35.8 mg)
and tetrabutylammoniumhydroxide (0.8288 g) for 1 h. The final
concentration of exfoliated zirconium phosphonate was approxi-
mately 5.0 mg mL�1.

2.3. Preparation of DNA/ZrRP composite

DNA stock solution (2.0 mg mL�1) was prepared by 0.1% HAC–
NaAC buffer solution (pH 5.0). Exfoliated zirconium phosphonate
suspension (5.0 mg mL�1) was prepared above.

150 μL of DNA stock solution and 90 μL of exfoliated zirconium
phosphonate suspension (5.0 mg mL�1) were added into 0.76 mL of
0.1% HAC–NaAC buffer solution (pH 5.0) with shaking in sequence,

then pH of the mixture was adjusted into 5.0 by adding 0.2 M HCl
dropwise. After 12 h of equilibration at 25 1C, the sample was
separated by centrifuging. The precipitate was washed twice by
0.1% HAC–NaAC buffer solution (1.0 mL�2, pH 5.0) and then
lyophilized to give the DNA/ZrRP composite. The intercalated DNA
amount in the DNA/ZrRP composite was calculated by detecting the
retained DNA in the separated supernate according to the UV
absorbance at 260 nm, and the supernate was diluted into fourfold
volume by 0.1% HAC–NaAC buffer solution (pH 5.0) before detecting
the UV absorbance.

2.4. DNA release from DNA/ZrRP composite

The lyophilized DNA/ZrRP composite as pellets was transferred
carefully into a quartz cuvette, and 3.0 mL buffer solution of
different pH was added along the cuvette wall. The DNA release
from the composite (25 1C) was monitored thereafter by recording
the UV absorbance of the supernate at 260 nm. The buffer
solutions used in this experiment were 67 mM phosphate with
pH 7.0 and 8.0, respectively.

2.5. Characterization and measurements

The lyophilized ZrRP solids and DNA/ZrRP composite were used
for X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR) and Scanning electron microscopy (SEM) studies. Powder
X-ray diffraction patterns were collected on a Philips X’pert X-ray
diffractometer. SEM images were obtained by a field-emission
scanning electron microscopy (FESEM, HITACHI S4800). Infrared
spectroscopy measurements were recorded on a Bruker fourier
transform spectrophotometer (Vector 22). CHN analysis was col-
lected on an elementary analyser (Elementar Vario MICRO).

The re-suspension of lyophilized DNA/ZrRP composite in 0.1%
HAC–NaAC buffer solution (pH 5.0) was used for Circular dichro-
ism (CD) and Ultraviolet–vis. spectroscopy (UV–vis) studies. CD
spectra were recorded on a Jasco 810 spectropolarimeter. UV–vis
absorption spectra were measured with a Perkin Elmer Lambda 35
spectrophotometer, equipped with a Bath/Circulation thermauto-
stat (Lauda E003).

Zeta-potential was recorded by a Malvern zeta sizer (Nano-Z),
and the sample of zirconium phosphonate was prepared as follow.
0.2 M HCl was added dropwise into the suspension of exfoliated
zirconium phosphonate (1.0 mL, 5.0 mg mL�1) in order to adjust the
medium pH, then the sediment of zirconium phosphonate sheets
was washed five times by deionized water (1.0 mL�5). The washed
sediment of zirconium phosphonate sheets was resuspended thor-
oughly in deionized water (1.0 mL) again. Then the supernate
(160 μL) of resuspension of zirconium phosphonate nanosheets
was diluted by 0.2 M NaAC–HCl buffer (3.84 mL) with different pH.

3. Results and discussion

3.1. Characterization of zirconium phosphonate

Compared with α-zirconium phosphate (α-ZrP), the zirconium
phosphonate is simply derived from the inorganic one by the
covalent linking of aminoethoxy to the inorganic framework. As
shown in curve b of Fig. 1, The FTIR spectra of the aminoethoxy-
functionalized zirconium phosphonate has the characteristic absor-
bance from 1100 cm�1 to 900 cm�1 similar to α-ZrP (curve a),
attributing to the stretching vibration of P–O in both them. Whereas
the broad band from 3600 cm�1 to 3000 cm�1 and the inten-
sive absobance at 1385 cm�1 indicated the structural difference
between zirconium phosphonate and α-ZrP. The absorbance of
N–H vibrations of aminoethoxy in zirconium phosphonate located
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at 3400–3500 cm�1, and the O–H vibrations in zirconium phos-
phate displayed at 3500–3600 cm�1, respectively. Additionally, the
intensive absobance of 1380 cm�1 should be attributed to the
coupling of C–N and C–H in zirconium phosphonate.

In the synthesis procedure of the aminoethoxy-functionalized
zirconium phosphonate, the reaction is exactly analogous to the
formation of α-ZrP itself. Typically phosphoric acid was replaced
by 2-aminoethyl dihydrogen phosphate. However, the layered
characteristic of the produced zirconium phosphonate was mark-
edly weakened because of the covalent linking of aminoethoxy to
the inorganic structure, although the extended reflux was applied
to enhance the crystallization [25]. The XRD result of zirconium
phosphonate was shown in curve b of Fig. 2, a lower angle
diffraction peak of d0 0 2 was observed at 2θ of 6.2381, correspond-
ing to the interlayer distance of 1.42 nm. Compared to 0.76 nm of
α-ZrP (curve a), the remarkable increase of interlayer distance
could be attributed to the linked aminoethoxy in the host layer.
Moreover, the amorphous hump from 20 to 301 was caused by
the overlapping of diffraction peak d1 1 0 and d1 1 2 because of
the weakened crystallization of the aminoethoxy-functionalized
zirconium phosphonate, which differ from the intensive and
well-defined diffraction peaks at 19.741 (d1 1 0) and 24.881 (d1 1 2)
of α-ZrP. The SEM image of zirconium phosphonate in Fig. S1
indicated the average thickness of sample was larger than 100 nm,
suggesting the particles were stacked by a lot of nanosheets.

The result of thermogravimetric analyses on heating zirconium
phosphonate samples in nitrogen was shown in Fig. S2. The water
of hydration in zirconium phosphonate lost rapidly before 100 1C,
and then the weight of sample decreased slightly until 245 1C,
after which the decomposition of organic moiety in zirconium
phosphonate apparently began. The percent of the lost water in
samples was approximately 12%, so, the chemical formula of
zirconium phosphonate was calculated to be Zr
(O3POCH2CH2NH2)2 �3H2O. This result accord well with the CHN
analysis, which is C (10.96%), H (4.15%) and N (6.42%) respectively.

The delamination of zirconium phosphonate was achieved by
dispersing ultrasonically solids in aqueous solution containing
tetrabutylammoniumhydroxide. In order to confirm the single-
sheet structure of zirconium phosphonate, AFM image was obtained
in its exfoliated mode. As shown in Fig. 3, the result indicated the
presence of nanoplatelets with uniform thickness. Cross-section
analysis of AFM image revealed the thickness of zirconium phos-
phonate nanoplatelets was about 2.5 nm, which greater than the
single exfoliated nanosheets with a thickness of about 1.42 nm, but
smaller than the thickness (about 2.82 nm) of two nanosheets with
stacking. This increased thickness may be due to the absorption of
the tetrabutylammoniumhydroxide absorbed onto the zirconium
phosphonate nanosheet.

After covalently linked aminoethoxy to the inorganic framework,
the host sheet should possess positive charge by the protonation of
–NH2 in an acidic medium, as revealed in the zeta-potential result
(Fig. S3). This positively charged property of the layered host is
benefited to intercalate negative charged directly.

3.2. Characterization of the DNA/ZrRP composite

When DNA and exfoliated zirconium phosphonate were mixed at
pH 5.0, a white precipitate produced immediately. The re-assembly
of DNA and zirconium phosphonate sheets was confirmed by FTIR
experiment. In curve d of Fig. 1, the FTIR spectra of the lyophilized
DNA/ZrRP hybrid displayed all the characteristic absorbance of DNA
and zirconium phosphonate. The characteristic bands at 1645 cm�1

was ascribed to the C¼O stretch of bases in DNA. The strong
absorbance at 1380 cm�1 was attributed to the coupling of C–N
and C–C in zirconium phosphonate. The extensive absorbance of
1060 cm�1 was attributed to the stretching vibration of P–O in both
DNA and zirconium phosphonate. Additionally, the broad band from
3600 cm�1 to 3000 cm�1 should be ascribed to the vibrations of
N–H and O–H in zirconium phosphonate and DNA. The electrostatic
interaction and hydrogen bonding between zirconium phosphonate
and DNA may be the origin for the minor deviation from the bands
of free ones.Fig. 1. FTIR spectra of α-ZrP (a), ZrRP (b), DNA (c) and DNA/ZrRP (d).

Fig. 2. Powder XRD diffraction pattern of pristine α-ZrP (a) and ZrRP (b) at the 2θ range of 5–901 (A); α-ZrP (a), ZrRP (b) and DNA/ZrRP at 2θ range of 0.6–101 (B).
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XRD patterns in lower angle of the re-assembled samples of
DNA/ZrRP composite are shown in curve c of Fig. 2B. The interlayer
distance of pristine zirconium phosphonate is 1.42 nm, corre-
sponding to a diffraction peak at 2θ of 6.2381 (curve b). After the
exfoliated zirconium phosphonate was incubated with DNA,
a lower angle diffraction peak of the re-assembled precipitates
was observed at 2θ of 2.3051, with the interlayer distance of
3.83 nm. The increment (2.41 nm) of interlayer distance compared
to pristine zirconium phosphonate was slightly than the thickness
(�2 nm) of a monolayer DNA [11,14], suggesting the DNA was
intercalated plainly into the interlayer galleries.

The conformation of intercalated DNA was monitored by
circular dichroism (CD) spectroscopy. In Fig. 4A, the free salmon
sperm DNA exhibits a negative band at 246 nm and a positive
band at 277 nm respectively, confirming the B-type conformation
in a free state. As to DNA/ZrRP hybrid, the intensity of negative
band was lower than that of free DNA, indicating the helix
conformation of DNA was perturbed slightly [26]. Compared to
free DNA, the red shift of positive band should be correlated to the
disturbance of the base stacking in DNA when intercalating. The
reason may be due to the electrostatic interaction between DNA

and zirconium phosphonate, and the weakened hydration of DNA
in the DNA/ZrRP composite [27–29].

To evaluate the intercalation effect on DNA, the denature
behavior of intercalated DNA along with temperature change has
been investigated by measuring UV absorbance at 260 nm. As
shown in Fig. 4B, the absorbance enhancement of free salmon
sperm DNA occurred initially at 60 1C, indicating the cooperative
denaturalization of the double helix. For DNA/ZrRP composite, the
denature behavior observed until the solution temperature risen
into 65 1C. The increase in denature temperature clearly indicated a
marked enhancement in thermal stability of the intercalated DNA.
The multipoint electrostatic interactions between the pendant
aminoethoxy groups covalently linked to the inorganic framework
and the entrapped DNA molecules with counter-charge were
responsible for the change in temperature-dependent behavior.

The sensitivity of DNA/ZrRP composite to DNase was investi-
gated by agarose gel electrophoresis experiments. Fig. 5 displayed
the comparison between free DNA and DNA/ZrRP composite. With-
out the presence of DNase I, the samples of free DNA migrated
clearly toward the positive electrode, whereas the DNA/ZrRP
composites were almost retained in the holding well. These results

Fig. 3. AFM images of exfoliated ZrRP and the cross-section anlysis of AFM image.
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indicated that the extent of binding/condensation of zirconium
phosphonate sheets along the helical backbone of the DNA mole-
cules was sufficient to induce charge neutralization or reversal in
the hybrid structure. After incubated the samples of free DNA and
DNA/ZrRP composite with DNase I respectively, the samples of free
DNA were cleaved by DNase I to minor fragments, whereas DNase I
had almost no influence on the integrality of DNA/ZrRP composites.
These results indicated intercalation of DNA into the interlayer
galleries of zirconium phosphonate could enhance remarkably the
resistance of DNA to the degradation by nucleases.

3.3. DNA release from the DNA/ZrRP composite

The DNA release behavior from the DNA/ZrRP composite was also
investigated in buffer solutions with different pH. In the reassembly
process, the retained DNA concentration (C1) in the supernate
separated from the composite formation mixture was calculated
according to a linear equation (A260 nm¼15.31C �0.0792, n¼5,
R¼0.998) of the standard solutions of native DNA in the concentra-
tion range 0.02–0.06 mgmL�1. And then, the DAN loading in the
ZrRP–DNA hybrid was calculated according to the formula as follow.

Mloaded ¼ 0:3 mg�C1 � 4� 1 mL

In the release process, the released DNA concentration (C2) was
monitored by measuring the UV absorbance of the supernate at
260 nm, and the percent was was calculated according to the
formula as follow.

DNAreleasedð%Þ ¼ C2 � 3 mL=Mloaded

As illustrated in Fig. 6 and Fig. S4, the DNA release from DNA/
ZrRP composite is pH-dependent intensively. A burst release
behavior in the initial 1.0 h was observed, then the DNA release
rate decreases gradually and the release equilibrium was observed
after 7 h at pH 7.0, 10 h at pH 8.0, respectively. The DNA release
maxima increase with the buffer pH value, the released amount
attains to 33% and 50% of the total intercalated DNA at pH 7.0 and
8.0, respectively.

As shown in Fig. 7, the CD spectrum of the released DNA from
the DNA/ZrRP composites is almost identical to that of free one,
indicating that the controlled intercalation/release processes do
not induce obviously irreversible change to DNA, which makes the
DNA/ZrRP composites to be a suitable candidate as DNA vector.

4. Conclusions

In this paper, a layered zirconium phosphonate with positive
charge has been synthesized in order to fabricate the novel DNA/
ZrRP hybrid. After the covalently linking of aminoethoxy in the

Fig. 4. (A) CD spectra of free DNA solution (a) and DNA/ZrRP composite suspension in 0.1% HAC–NaAC buffer; (B) UV absorbance at 260 nm of free DNA solution (a) and DNA/
ZrRP composite suspension in 0.1% HAC–NaAC buffer (pH 5.0) at different temperature.

Fig. 5. Gel electrophoresis profiles of free DNA solution (Lane 1), free DNA
solutionþDNase I (Lane 2), DNA/ZrRP composite (Lane 3), DNA/ZrRP composi-
teþDNase I (Lane 4).

Fig. 6. The relationship of release percentage of salmon sperm DNA from DNA/ZrRP
composite at different pH.
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host layer, the zirconium phosphonate possess the anion exchanged
ability to facilitate the direct intercalation of negatively charged
DNA in the acidic medium. This prepared DNA/ZrRP composite via a
delamination-assembly procedure displayed not only the enhanced
thermal stability and improved resistance to degradation by nucle-
ase, but also the pH-dependent storage/release behaviors. More-
over, the helical conformation of DNA was almost retained after the
intercalation and release process. These properties of the DNA/ZrRP
composite suggest the potential application of layered zirconium
phosphonate as a non-viral gene vector.
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