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Abstract

Due to their photoluminescence, metal oxide nanostructures such as ZnO nanostruc-

tures are promising candidates in biomedical imaging, drug delivery and bio-sensing. To

apply them as label for bio-imaging, it is important to study their structural stability in

a bio-fluidic environment. We have explored the effect of water, the main constituent of

biological solutions, on ZnO nanostructures with scanning electron microscopy (SEM)

and photoluminescence (PL) studies which show ZnO nanorod degeneration in water.

In addition, we propose and investigate a robust and inexpensive method to encapsulate

these nanostructures (without structural degradation) using bio-compatible non-ionic

surfactant in non-aqueous medium, which was not reported earlier. This new finding

is an immediate interest to the broad audience of researchers working in biophysics,

sensing and actuation, drug delivery, food and cosmetics technology etc.

Keywords: ZnO nanorod, structural degradation, encapsulation, high resolution trans-

mission electron microscopy (HRTEM)
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1. Introduction

Nanostructured materials with variable physical and chemical properties have sought

attention in wide research fields such as, electronics [1, 2], optics [3, 4], and biology

[5, 6]. Achieving uniform in-situ dispersion of nanostructures without losing their mor-

phology is a challenge; hence, studying dispersion methods of nanostructures becomes

crucial. Commonly used dispersion methods involve usage of either surfactant based

[7] or non-surfactant based aqueous media[8, 9]. Non-aqueous medium based disper-

sion methods such as low throughput in-situ lift up technique (each nanostructure is

treated individually inside a focused ion beam [10]) are also explored for nanostructural

dispersion. Aqueous dispersions of metal oxide nanostructures with specific morpholo-

gies have potential applications in drug delivery [11], food and cosmetics technologies.

Therefore, choice of proper dispersing agents and solvents is crucial to avoid unwanted

chemical reactions and the resulting morphological disintegration. Since water is the

main constituent of any biological fluids, stability of nanostructures in water is the

first concern for biological usage. Therefore, studying the effect of water as a dispers-

ing medium of metal oxide nanostructures such as ZnO nanostructures is crucial and

a better understanding can have implications for biomedical imaging (quantum dots

based nanophotonic [12]), drug delivery and bio-sensing [13]. Previous studies report-

ing dispersion of ZnO nanostructures [14, 15, 16] in water [17, 18] did not identify any

morphological change due to the solvent at room temperature.

In this paper, we experimentally demonstrate morphological degradation of ZnO

nanorod in water and provide a possible solution which is not explored earlier to en-

capsulate these nanostructures. We prepared aqueous solutions of ZnO nanorods, one

with pure water (Lab water purification system, Sartorius AG, Göttingen) and the

other with a combination of non-ionic surfactant and water. The ZnO nanorod mor-
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phologies from both these solutions are compared with scanning electron microscope

(SEM) and photoluminescence (PL) imaging to realize the effect of solvents on them.

Further, we also prepared non-aqueous solution of ZnO nanorods with non-ionic surfac-

tant in methanol. Using high resolution transmission electron microscopy (HRTEM)

we show that high concentration of non-ionic surfactant in methanol forms an encapsu-

lation layer surrounding these nanorods and protects their morphologies. We envision

that the current study of extensive and systematic investigation of ZnO nanorods’ in-

teraction with water will provide new insights towards nanoparticle based imaging,

drug delivery in bio-systems and their encapsulation techniques.

2. Experimental

2.1. Material preparation

Vertically aligned ZnO nanorods with [001] growth direction were grown on Pt/Si (p-

type, (100)-oriented) substrate by low temperature sol-gel method [19]. These are

nearly 500 to 600 nm long and 50 to 70 nm wide. After separating them from the sub-

strate we prepared three different aqueous solutions and one non-aqueous solution. In

the first aqueous solution (S1) ZnO nanorods were dispersed in water, and in the sec-

ond solution (S2) ZnO nanorods were dispersed in a solution of 0.04% v/v of non-ionic

polysorbate surfactant (Polyoxyethylene (20) sorbitan monolaurate) Tween-20 (Sigma

Aldrich) and water. The final aqueous solution (S3) was prepared by dispersing the

ZnO nanorods in water with another non-ionic surfactant – (0.04% v/v) polyethy-

lene oxide derivative – 4-(1,1,3,3-tetramethylbutyl)-phenyl group (TritonX-100, Sigma

Aldrich). In the non-aqueous solution (S4), ZnO nanorods were dispersed using non-

ionic Tween-20 (0.4% v/v) in methanol. All these solutions were ultrasonicated for 15

min to achieve homogeneity of the solutions. Then, a portion of the S1 was dispersed

simultaneously on a Si (p-type (100), thoroughly cleaned in cleanroom by RCA and
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BHF to remove metallic, organic and oxide contaminates) substrate and a fused silica

coverslip by spin coating. In order to observe any change in these solutions with time,

we stored them at room temperature for 2 hr. Then, the S4 was transferred to a TEM

carbon mesh grid, and the S1, S2, S3 were dispersed on separate Si substrates and fused

silica coverslips by spin coating. The spin coated samples were kept in desiccation and

dried in room temperature (12 hrs) before SEM or PL measurements to remove traces

of solvent. Moreover, to have a control study on the ZnO nanorods in absence of sol-

vent we attached them to an AFM cantilever tip (OMCL-AC160TS, Olympus, Tokyo,

Japan). This was achieved by a contact mode scan of the AFM tip that removed the

ZnO nanorods from the Pt/Si substrate (on which they were grown).

2.2. Characterization methods

We used SEM, LEO 1530 Gemini (Carl Zeiss AG, Oberkochen, Germany) for structural

characterizations and a total internal reflection fluorescence (TIRF) imaging technique

with a 488 nm excitation (5-10 mW power output, NDS4116 CW laser, Nichia Corpo-

ration, Japan), 520/35 nm bandpass and 568 nm long-pass emission filters (Semrock

Inc., Rochester, New York) for photoluminescence measurements of ZnO nanostruc-

tures. Here, we used an atomic force microscopy (MFP3D AFM, Asylum Research,

USA) setup combined with a TIRF microscopy setup [20] [with an EMCCD camera

(Ixon3 860 and Luca, Andor Technology Ltd., Belfast, UK) and oil immersion 100×

objective lens (with 1.49 NA, CFI Apochromat TIRF, Nikon Corporation, Tokyo,

Japan)].

3. Results and discussion

Fig. 1 (a) shows schematic of the PL setup with ZnO nanorods attached to an AFM tip.

Here, an emission at 525 nm wavelength from the nanorods which were excited with a

488 nm wavelength laser, were detected by the detector (EMCCD camera) through the
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objective lens. Due to high surface to volume ratio, the nanorods adhered to the AFM

tip as shown in the SEM image in Fig. 1 (b). The magnified view of the same region

(Fig. 1 (c) under SEM) shows nanorod morphologies of ZnO with diameter nearly

50 nm. Bright-field optical microscopy image of the AFM tip in Fig. 1 (d), clearly

indicates position of the tip at the end of the cantilever. The corresponding PL image

from the tip head where ZnO nanorods were attached is shown in Fig. 1 (e). This

shows emission from the ZnO nanorods at 525 nm wavelength (no emission observed

using 568 nm long-pass filter) for an excitation of 488 nm as shown earlier by Ghosh

et al[12].

After the control study of ZnO nanorods, we investigated the morphology of S1 on

Si substrate under SEM (Fig. 2(a)). Here as aforementioned, the nanorods were spin

coated right after the ultrasonication process. We observe agglomerated dispersion of

ZnO nanorods in water which is unwanted for analyzing properties of single nanorods.

Later, we will also observe that such agglomeration ultimately leads to structural disin-

tegration. Fig. 2 (b) shows confocal bright-field optical microscopy image of S1 – spin

coated on fused silica coverslip. At 488 nm excitation, we observe PL not only with

520/35 bandpass filter but also with 568 nm long-pass filter. Fig. 2 (c) represents sum

of the two images captured with these two emission filters. Here, 0 and 1 in the scale

bar are with respect to the total sum of intensities. We speculate that the emission

beyond 568 nm (which does not occur in the control ZnO nanorods) is due to formation

of new surface defects in the ZnO nanocrystals implying a possible reactivity of ZnO

nanorods with water.

So to avoid agglomeration of the ZnO nanorods, we dispersed them using non-

ionic surfactants in water and studied their PL and morphological behavior. At first,

we investigated ZnO nanorods from S2. Fig. 3 (a) and (b) show bright-field and
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PL images of these ZnO nanorods on fused silica coverslip, respectively. From both

these images we observe spherical micelle like spheres video in supporting information

showing periodic dragging movement of a complete spherical micelle formed from S2

as the micelle is attached with the AFM tip with emission above 525 nm wavelength

(observed emission with 568 nm long-pass filter) for a 488 nm excitation. Here, the

signal to noise ratio is not as high as that of Fig 2 (c). The broad emission above 525

nm is due to high occurrence of different kinds of ZnO associated defects. Previously,

it is estimated that PL emission at 2.18 2.11 eV (568 - 585 nm) is due to formation of

oxygen vacancy and zinc interstitial defects [21, 22]. While investigating morphology

under SEM (Fig. 3 (c)) on Si substrate, we observe that the ZnO nanorod morphology

has transformed from nanorod to nanoparticle and spherical aggregates. Fig. 3 (d)

shows a magnified view of these nanoparticles aggregates. In both the SEM images

we observe dark contrast surrounding the ZnO aggregates. Several measurements con-

taining non-ionic surfactant in the sample show similar dark contrast around the oxide

particles. This is not observed for samples dispersed using water only. When surfactant

concentration in water is greater than the critical micelle formation concentration then

hydrophobic ends of the surfactant are aligned towards the nanoparticles, leaving the

hydrophilic heads in contact with the water. This forms micelle. Here, the micelles are

formed around these ZnO nanoparticles due to high non-ionic surfactant concentration

[23]. During PL measurement, ZnO nanoparticle aggregates within the surrounding

Tween-20 layers appear as spheres and PL from these aggregates is captured in the

EMCCD camera. Precisely, the same behavior is observed for S3.

Subsequently, we studied S1 which was spin coated on Si substrate after storing the

ultrasonicated solution at room temperature for 2 hr to provide similar time duration

of S2 or S3. Under the SEM, we do not find any nanorod geometry rather we ob-
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serve traces of deformed shaped aggregates (Fig. 3 (e)) dispersed irregularly on the Si

substrate. While measuring PL of these aggregates, we could not find localized PL sig-

nal from these aggregates instead an overall photoluminescent background. The SEM

and PL both suggest absence of crystalline ZnO nanostructures inside these aggregates

inferring dissolution of ZnO nanostructures in water.

Now, from these observations it is evident that after ultrasonication the ZnO

nanorod morphology is maintained in S1 but with increasing duration, neither S1 nor

S2 or S3 maintain the nanorod morphology. In our previous work, while dispersing

ZnO nanorods using non-ionic surfactant Tween-20 (0.001% v/v (i.e., volume concen-

tration)) and methanol [19] as a solvent at room temperature, we did not observe any

morphological change with increased duration (more than 2 hr). But here, instead of

methanol if water is used as the solvent, we notice morphological change after 2 hr

irrespective of non-ionic surfactant present. This is also observed for ZnO nanorods

in water alone. Initially, the water used during these experiments had resistivity 18

MΩ.cm which is valid only when water is not in contact with atmospheric CO2. As

CO2 dissolves in water the resistivity reduces [24] and hence, the pH of the solution also

reduces. We also observed similar trend in the pH of water. Here, the dissolved CO2

dissociates to H+ and HCO−
3 . The H+ reacts with ZnO and forms water soluble Zn2+

(deoxidation) which deforms the ZnO nanorod morphology. The chemical reactions

are given as follows:

2CO2 + 2H2O −→ 2H+ + 2HCO3− (1)

ZnO(s) + 2H+ −→ Zn2+ + H2O (2)

Dissolving behavior of ZnO nanostructure in water with approximately pH 5 is also

observed by Zhou et al[25]. Whereas, at room temperature solubility of CO2 in solvent

like methanol is lower than compare to ultra pure water. This prevents CO2 absorption
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in methanol [26, 27]. So, ZnO nanostructures do not undergo significant morphological

change as observed in the earlier study [19].

As aforementioned, the defects and thereby total structural disintegrity in ZnO

nanorods occur due to the common solvents of S1 and S2 or S3 i.e., water. Therefore,

proper encapsulation of these nanostructures is essential to use them effectively for bio-

fluidic applications without changing their shape and crystallinity. One possible way

of protecting the ZnO nanostructures (and microstructures) in hydrated environment

is shown in Fig. 4. The HRTEM images of these nanorods from S4 show a protective

encapsulation of Tween-20 around the ZnO nanorods (Fig. 4 (a), (b) and (c)). A

magnified HRTEM image of the Tween-20 encapsulated ZnO nanorod in Fig. 4 (d)

indicates presence of [001] growth direction of ZnO. This assures structural retainabil-

ity of ZnO nanorod inside the encapsulated layer. A schematic of surfactant based

protective shell layer surrounding ZnO nanorod as observed under HRTEM is depicted

in Fig. 4(e). Here, methanol as a solvent for ZnO nanostructures has low dissociation

property and it increases micelle formation capability of Tween-20 [23] resulting in pro-

tective encapsulation surrounding the ZnO nanostructure morphology. Moreover, OH

group of Tween-20 is physio-adsorbed on ZnO surfaces [28]. This prevents significant

morphological change of ZnO. Finally, the Tween-20 encapsulated nanostructures can

be mixed in bio-fluids after evaporation of methanol. The approach used here is same

as using non-ionic surfactants to encapsulate drugs and further its delivery [29]. Once

the ZnO nanorods are encapulated, the water will not dissolve the shell of surfactant.

Its an established fact since the surfactant has strong van der Waals interaction with

solids, which is frequently used in dispersing nanoparticles to avoid agglomeration in a

solvent.

4. Conclusions
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To summarize, we show change in ZnO nanorod morphology in water with time. Ana-

lyzing the SEM and PL data we understand that atmospheric CO2 dissolves in water

and forms water soluble Zn2+ from ZnO. This deteriorates the crystallinity and deforms

the ZnO nanorod morphology. To retain structure and morphology in water/bio-fluids,

we also propose and demonstrate an encapsulation technique. We used methanol based

bio-compatible non-ionic surfactant like, Tween-20 which is highly used in molecular

biology and cell imaging as they do not affect proteins. In addition, this provides an in-

expensive and effective way of attaching biomolecules with the Tween-20 encapsulated

ZnO nanostructures. This proposed method of deoxidation inhibiting encapsulation

can be extended to similar lipid bilayer encapsulation. Further, this process is also

applicable for other metal oxides as well as metal nanostructures.
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Figure 1: Shows (a) Schematic of ZnO nanorods attached to an AFM tip along with PL
excitation and emission detection setup, (b) SEM image of AFM tip with ZnO nanorods,
(c) magnified view of the same (scale bar 200 nm), (d) bright-field optical microscopy image
showing AFM tip position with the ZnO nanorods (scale bar is 14.5 µm) and (e) the corre-
sponding PL image of these ZnO nanorods attached to the AFM tip with emission at 525 nm
for an excitation of 488 nm (scale bar is 8.2 µm). The vertical scale bar in the left represents
maximum photon emission at 1 and minimum photon emission at 0.
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Figure 2: Shows (a) SEM image of ZnO nanorod structures dispersed (S1, immediately after
15 min of ultrasonication) on Si substrate (scale bar is 600 nm), (b) bright-field optical
microscopic image of these ZnO nanostructures dispersed using water (scale bar is 56.7 µm),
and (c) the PL image of the same region with emission at 525 nm and greater than 568 nm
for an excitation of 488 nm (scale bar is 56.7 µm). The vertical scale bar in the right indicates
maximum photon emission at 1 and minimum photon emission at 0.
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Figure 3: Shows (a) Bright-field optical microscopy image of (S2, 2 hr stored in Tween-20
+ water) ZnO nanorods dispersed using Tween-20 and water (scale bar 11 µm). Here, the
triangular dark shape visible in the background is the AFM cantilever with tip. (b) The
PL image of these ZnO nanorods with emission greater than 525 nm for an excitation of
488 nm (scale bar 11 µm). The vertical scale bar in the right indicates maximum photon
emission at 1 and minimum photon emission at 0. (c) SEM image of these ZnO nanorods
on Si substrate (scale bar 1 µm), (d) enlarged view of the same (scale bar 400 nm) and (e)
SEM image of ZnO nanostructure (S1, 2 hr stored in water) displaying change of morphology
while dispersed using water only (scale bar is 500 nm).
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Figure 4: (a), (b) and (c) HRTEM images of ZnO rod (S4, 2 hr stored in Tween-20 +
methanol) like morphologies indicating surrounded encapsulation layer of Tween-20 on a
TEM carbon mesh grid. (d) Magnified HRTEM image of a part of the ZnO nanorod indicting
[001] growth direction of the nanorod. (e) Schematic illustrates the non-ionic surfactant shell
or encapsulation around the ZnO nanorod.
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