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anoparticles (MNPs) find their application in various fields 
heir unique physicochemical properties. The large specific 
 area makes it possible to use MNPs (Au, Ag, Cu, Pt, etc.) 
sts.1–3 Nanoparticles of metals with high conductivity and 

 stability (Ag, Au, Cu and Pd) are used for inkjet printing.4,5 
with surface plasmon resonance absorption are used in 
ical applications as diagnostic tools.6,7 Moreover, nano
s of metals such as silver and copper have antibacterial, 
al, anti-inflammatory and antiproliferative activities.8 
r, the use of MNPs in vivo is limited mainly due to their 
oidal stability. The use of various biocompatible stabilizers, 
 proteins, hydrophilic polymers (polyvinylpyrrolidone, 
ylene glycol, polyethyleneimine),10–13 organic polyacids 
rylic acid),14 amphiphilic copolymers (Pluronic®),15,16 
cids,17 carbohydrates18 and surfactants,19 can significantly 
 the colloidal stability of MNPs. Another way to stabilize 
s to incorporate them into liposomes.20

per nanoparticles (CuNPs) are currently of great interest, 
pper, having all the properties listed above, is cheaper 

ble metals. However, CuNPs have one major drawback 
its their application, namely, rapid oxidation. Thus, in most 
uNPs are synthesized in an inert atmosphere21,22 in the 

e of stabilizers such as thiols, amines (including polyamines) 
orbic acid, which should prevent both aggregation and 
n of nanoparticles.22–25 An interesting way for the synthesis 
s in the internal cavity of liposomes was previously reported 
re.26 –28 This strategy of using liposomes as nanoreactors 
t possible not only to control the rate of formation and, 
he size and shape of MNPs, but also to stabilize the resulting 
rticles with phospholipids. Reported studies describe the 
on of gold, silver and platinum nanoparticles using 
ly mild reducing agents such as sodium citrate, glycerol 
orbic acid. In this article, we propose the synthesis of 
in the internal cavity of liposomes loaded with a CuSO4 
 using hydrazine as a reducing agent.
somes containing a 1 m CuSO4 solution in the internal 
were prepared by extrusion29 through a polycarbonate 
ne with 50 nm pores. At the experimental temperature, 
brane of the obtained liposomes was in the solid phase 

e Online Supplementary Materials). Several studies30 have 

reported the reduction of Cu2+ to Cu0 with hydrazine, including 
reduction in reversed micelles.31 Since it has been reported that 
the required excess of hydrazine is between 3 and 40 times, in the 
current study, we tested two systems with 4- and 40-fold excess.

The reduction of Cu2+ was monitored using UV-VIS spectro
scopy. Figure 1(a) represents the change in the absorption spectra 
of liposomes after adding a 4-fold excess of hydrazine to 
liposomes loaded with CuSO4. Immediately after the addition of 
hydrazine, two peaks appeared in the spectrum at 340 and 420 nm. 
The absorption peak at 340  nm (region  I) is attributed to the 
formation of colloidal CuO particles,32,33 and at 420 nm (region II) 
to Cu2O.32,34 The intensity of these two peaks increased within 
20 min and then did not change. The color of the sample was light 
yellow. The addition of a 40-fold excess of hydrazine to the 
liposomes loaded with CuSO4 [Figure 1(b)] resulted in an absorption 
peak at 580 nm (region III), which is a characteristic absorption 
peak for nanosized metallic copper.22,35 After 10 min, a small peak 
appeared at 420 nm (region II), indicating the formation of Cu2O 
nanoparticles. As the reaction proceeded, the intensity of the peak 
increased along with the increase in light scattering (an increase 
in the slope of the A vs. l curve in the region of 700–900 nm). 
The color of the sample changed from dirty yellow to red.

Comparing the time-dependent absorption spectra of the two 
systems upon reduction of Cu2+ with a 4- and 40-fold excess of 
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 nanoparticles 3.8 –10.9 nm in size were synthesized in 
hase membrane liposomes by a facile method of copper 
 reduction with hydrazine. A change in the excess of 
ine leads to the controlled formation of either Cu2O 
 nanoparticles.
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Figure  1  UV-VIS spectra during the formation of CuNPs in liposomes 
upon reduction with hydrazine, recorded (a) (1) before, (2) immediately and 
(3) 1, (4) 2, (5) 4, (6 ) 6, (7) 8, (8) 10, (9) 15, (10) 20 and (11) 30 min after 
adding a 4-fold excess of hydrazine and (b) (1) before, (2) immediately and 
(3) 2, (4 ) 5, (5 ) 10, (6 ) 15, (7 ) 20, (8) 30 and (9) 40 min after adding a 40-
fold excess of hydrazine. Liposome concentration 0.72 mg cm−3, T = 22 °C.
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hydrazine in liposomes, we noted two differences. First, there 
are different absorption peaks, which seem to be associated with 
the formation of different reaction products. The addition of a 
4-fold excess of hydrazine was accompanied by the formation of 
CuO and Cu2O nanoparticles, while the addition of a 40-fold 
excess of hydrazine led to the predominant formation of Cu0 
nanoparticles. The addition of hydrazine to the liposomal suspension 
could not lead to an immediate reaction, since hydrazine must 
first penetrate the lipid membrane to reduce Cu2+. The penetration 
of hydrazine into liposomes was additionally inhibited by the fact 
that the lipid membrane was in a solid phase state. Consequently, 
the reducing agent was dosed into the reaction and the portions 
were different in the two systems: at a 4-fold excess, the amount 
of hydrazine was only enough to reduce Cu2+ to Cu(i), and at a 
40-fold excess, its amount was sufficient for complete reduction. 
Thus, we assume that the reduction process is divided into two 
steps, reduction to Cu(i) and subsequent reduction to Cu0:

4 CuSO4 + 9 N2H4 + 2 H2O ® 2 Cu2Ō  + N2− + 4 (N2H5)2SO4,	 (1)

2 Cu2O + N2H4 ® 4 Cu + N2−+ 2 H2O.	 (2)

The second difference was the contribution of light scattering to 
the absorption spectra: at a 4-fold excess, it was negligibly small, 
while at a 40-fold excess, it was rather significant. This increase 
in light scattering could be attributed to the formation of large 
particles in the system. Since the reduction is accompanied by gas 
evolution and occurs in the internal cavity of the liposome, this 
can lead to rupture of the lipid membrane and fusion of liposomes. 
Therefore, using dynamic light scattering (DLS) and nanoparticle 
tracking analysis (NTA), we monitored the possible change in the 
size of liposomes for a system with a 40-fold excess of hydrazine. 
The mean diameter of the resulting liposomes was 58 nm with a 
PDI of 0.225 [Figure 2(a), curves 1 and 4]. The size distributions 
obtained by the DLS and NTA methods are in good agreement.

The size distribution of liposomes was controlled immediately 
at the moment and 30  min after the addition of hydrazine 
[Figure 2(a), curves 2 and 3]. The size of the liposomes increased 
significantly after 30 min. Moreover, the change in size distribution 
was already detectable by the NTA technique [Figure 2(a), curve 5] 
immediately after the addition of hydrazine. As previously 
suggested, the gas evolution during the reaction can cause the 
disruption and fusion of liposomes. To follow this process, we 
performed DLS measurements every 5 min after the addition of 
hydrazine [Figure 2(b)]. One can see that during the first 20 min 
after the addition of hydrazine, the mean diameter and size 
distribution of liposomes did not change, while after that the size 
of liposomes began to increase.

The process of disruption of liposomes during the reaction 
was also indirectly detected on transmission electron micrographs. 
Figures  3(a),(c) represent HAADF-STEM images of CuNPs 
obtained one day after the addition of hydrazine, and only some 
traces of disrupted liposomes could be found in the sample. In 
addition, the images showed a huge amount of dense nanoparticles, 
which, as shown in the STEM-EDX map [Figure  3(d )], were 
Cu0 nanoparticles.

We calculated the theoretical size of Cu0 nanoparticles synthe
sized in liposomes, assuming that the mean liposome diameter is 
60 nm [see Figure 2(a)] and the concentration of CuSO4 inside 
the liposomes is 1 mol dm−3. As a result of the calculation, the mean 
size of CuNPs was about 11.6 nm. Statistical analysis of HAADF-
STEM images was performed using ImageJ software. The resulting 
CuNP size distribution is shown in Figure 3(b). The size of the 
obtained nanoparticles varied from 3.8 to 10.9 nm, which is in good 
agreement with the calculated values.

A new method for the synthesis of CuNP inside the internal 
cavity of liposomes with a membrane in the solid phase state has 
been developed. The formation of Cu0 nanoparticles was confirmed by 
spectrophotometry (absorption peak at 580 nm) and STEM-EDX 
mapping. It has been shown that the reduction of copper salt inside 
the liposomes can be divided into two stages, including the preliminary 
formation of Cu2O nanoparticles followed by reduction to Cu0 
nanoparticles. The possibility of controlling the depth of copper 
reduction by adding various amounts of hydrazine was shown 
for the first time, which leads to the formation of either Cu2O or 
Cu0 nanoparticles.

This work was supported by the Russian Science Foundation 
(project no. 21-73-20144). NTA experiments were carried out on 
the equipment of the MSU Shared Research Equipment Center 
‘Technologies for obtaining new nanostructured materials and 
their complex study’, acquired by MSU in the framework of the 
Equipment Renovation Program (National project ‘Science’).
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Supplementary data associated with this article can be found 

in the online version at doi: 10.1016/j.mencom.2023.04.013.
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Figure  2  (a) Size distributions of liposomes loaded with CuSO4 in terms of 
(1) – (3) intensity-weighted distribution measured by DLS and (4 ) – (6 ) absolute 
number distribution measured by NTA (1),(4 ) before, (2),(5 ) immediately and 
(3),(6 ) 30 min after adding the hydrazine solution. (b) Change in intensity-
weighted liposome size distribution over time after addition of hydrazine. 
Liposome concentration 0.72 mg cm−3, [Cu2+] / [N2H4] = 1 : 40, T = 22 °C.
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Figure  3  (a),(c) HAADF-STEM images of CuNPs in liposomes one day 
after hydrazine addition. (b) Statistical analysis of HAADF-STEM images 
of CuNPs in liposomes. (d ) STEM-EDX mixed map of oxygen and copper 
corresponding to the image shown in (c). Liposome concentration 5 mg cm−3, 
[Cu2+] / [N2H4] = 1 : 40, T = 22 °C.
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