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Optical Characterization 

UV-Vis absorption spectra of developed materials (Figure S1) showed that the 

spectrum baseline position of liposomes, Ag/AgClNPs and Ag/AgClNPs/liposomes in-

creased in height after addition of chitosan indicating an increase in size of these sam-

ples.    

In the UV-Vis absorption spectrum of silver/silver chloride NPs (see sample P3), 

three main absorption peaks were identified: at 207 and 257 nm corresponding to the 

biomolecules (polyphenols, flavonoids, proteins, etc.) of the plant extract, and another 

one at 422 nm which is the SPR band characteristic for Ag/AgClNPs formation. After 

addition of chitosan to these nanoparticles, only two absorbances were observed: one at 

250 nm (due to the presence of chitosan whose amino and hydroxyl groups interacted 

with the functional groups of biocompounds derived from vegetal matrix) and another 

one at 431 nm; this second peak is the SPR band which red shifted as a consequence of 

the interaction between Ag/AgClNPs and chitosan.  

The spectral fingerprints of chlorophyll a and of silver nanoparticles were identified 

in the complex biohybrids P5 and P6. The height of the “main red” peak of Chla (at ~669 

nm) decreased in the order: P1 > P2 > P5 > P6. 

The fluorescence emission spectra of Chla-containing samples were investigated 

under 430 nm excitation wavelength. Figure S2 revealed the spectral signature of Chla on 

emission spectra of Chla-based samples: a strong and sharp emission peak located at 677 

and 678 nm in Chla-labelled biomimetic membranes without chitosan and with chi-

tosan, respectively. The fluorescence intensity dropped after chitosan addition. Fluores-
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cence intensities decreased in the order: P1 > P2 > P5 > P6, this variation being in the same 

way as the height of the “main red” peak in UV-Vis absorption spectra of Chla incorpo-

rated into biomimetic membranes. 

Fluorescently-labelled liposomes undergone considerably emission quenching after 

addition of phyto-Ag/AgClNPs (λexcitation = 430 nm), due to an energy-transfer or an elec-

tron-transfer process when the Chla porphyrinic ring located at the lipid bi-

layer/aqueous medium interface directly attach to the nanosilver surface [1]. Similar 

events were observed in our previous studies regarding biocomposites based on 

bio-AgNPs [2-4]. 

 

 
Figure S1. UV-Vis absorption spectra of developed materials. 

 

 
Figure S2. Fluorescence emission spectra of chlorophyll-labelled materials (λexcitation = 430 nm). 
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The formation of biohybrids were further confirmed by FTIR analysis (see Figure 

S3). 

All tested mixtures contained phosphate buffer saline (PBS), which consists of 

Na2HPO4, KH2PO4, and NaCl. The vibration band for Na2HPO4 appears at ~1053 cm−1, 

and conspicuous bands at 1240, 1160 and 1090 cm−1 [5], whereas for KH2PO4 we expect 

the vibration bands appear within the whole wavenumber region, i.e. from 700 to 1300 

cm−1, wherein the characteristic bands appear at 855 and 1074 cm−1, and between 1275 and 

1278 cm−1. 

FTIR spectrum of Chlorophyll a - labelled lecithin liposomes (sample P1, black line 

in Figure S3a, in the main text) demonstrates the contributions of all major lipid moieties, 

as expected for lipid molecular structure [4, 6]. The low wavenumber region of the spec-

trum (below 1800 cm−1) is essentially related to the polar head groups of the lipids [6]. The 

peak from C=O corresponds to stretching bonds in ester groups at 1739 cm−1 [7, 8]. The 

vibration mode from C=C occurs at 1653 cm−1. The hydrocarbon chains do contribute near 

1464 cm−1 (δ(CH2)) and near 1375 cm−1 (δ(CH3)), while the phosphate contributions ap-

pear near 1240 cm−1 (νas(PO2− )) and 1080 cm−1 (νs(PO2− )). It could be also observed the 

peaks at 1170 cm−1 and 976 cm−1, which correspond to vibration modes of νas(C-O) and 

(νas(N+(CH3)3), respectively [4]. The peak at 860 cm−1 is associated with distortive vibra-

tions of the NH2 group of primary and secondary amines. Broad bands occurring in the 

frequency range of 660 – 910 cm-1, were observed for all substances under study. The 

most prominent contribution of the lipid hydrocarbon chains appear in the second 

spectral region between 3050 and 2800 cm−1. The symmetrical and asymmetrical CH 

stretching band in the CH2 groups of the alkyl chains of the lipids were observed around 

2855 and 2922 cm−1, respectively [6, 9]. The broad band at 3300 cm−1 corresponds to the 

stretching vibrations of N-H and O-H groups and intermolecular hydrogen bonds.  

FTIR spectra of Ag/AgClNPs (P3, blue line in Figure S3a, in the main text) exhibited 

prominent peaks of organic molecules. The band at 1636 cm−1 denotes the presence of the 

alkene C=C stretching vibrations in the plant extract [10, 11]. The peak at 1360 cm−1 rep-

resenting the C–O stretching vibration in flavonoids [12]. The broad band around 3295 

cm−1 is responsible for the O-H stretching of alcohol group present in plant extract [13]. 

After addition of chitosan, the medium bands attributed to antisymmetric stretching 

of C–O group of polysaccharides and/or chlorophyll [14] shifted from 1070 cm−1 (in sam-

ple P3) to 1076 cm−1 (in sample P4).  

 

The complex system of Ag/AgClNPs–Liposomes (P5, Figure S3a-b) collected all the 

bands that we observed only for liposomes, or only for silver nanoparticles.  

The broad bands at 3295 cm−1 in all the samples indicate the presence of hydroxy 

group, H-bonded –OH stretch [8].  

As observed, after addition of chitosan to samples P1, P3 and P5, an increase in in-

tensity of IR bands should be noted in all cases. 

In Figure S3b, some events occurred after CTS addition to the sample P5, as 

follows:  

 The band corresponding to the vibrations of –OH, –CH in the ring [8] lo-

cated at 1357 cm−1 (sharp band with a shoulder at 1374 cm−1) in P5 shifted to 

1370 cm−1 (with a shoulder at 1394 cm−1) when chitosan was added. The −OH 

groups arise from phenols of plant extracts.  

 Other bands (1610–1550 & 1425–1300 cm−1) associated with the carboxylate 

and hydroxyl compounds (phenols or alcohols) [8] overlapped and tend to 

be less pronounced, and slightly shifted in P6. 

 Some bands attributed to carbonyl compound group frequencies at 

~1770-1790 cm−1 [8] overlapped in P6. 

These findings indicate the involvement of hydroxyl and carbonyl groups (be-

longing to polyphenols and proteins, respectively) in generation of biohybrids P5 and 
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P6. 

 

(a) (b) 
 

Figure S3. (a) FTIR spectra of initial components and its biohybrid nanocomplexes in PBS buffer at temperature of 40°C: P1 

– Liposomes, P2 – Liposomes–CTS, P3 – Ag/AgClNPs, P4 – Ag/AgClNPs–CTS, P5 – Ag/AgClNPs–CTS–Liposomes, P6 – 

Ag/AgClNPs–Liposomes–CTS. (b) Comparative presentation of FTIR spectra of P5 and P6, in the wavenumber region of 

1300-1800 cm−1.  

Particle size estimated by DLS Measurements 

 

 
Figure S4. Mean particle size (Zav, nm) and polydispersity index (PdI) of the samples, estimated by DLS measurements. 

SAXS Comments- Guinier-Porod Model 

Despite the low concentration used, experiments became successful due to high 

contrast between silver/ silver chloride and solvent, as intensity I(Q) ~ ( ρ
�

− ρ�,�). The 

estimated values of scattering length density (SLD) for given SAXS setup are as follows: 

ρAg,e = 77.9·10-6Å-2, ρAgCl,e = 42.5·10-6Å-2, ρs,e = 9.47·10-6Å-2. In addition, the SAXS results are 

less sensitive to the other components of the investigated systems due to the much lower 

contrast. The estimated SLD values for chitosan (ρCTS,e) can be taken in range 

(1.362.73)·10-6Å-2 for density of ((C6H11NO4)n) in range of 0.15–0.3 g/cm3. Also, we can 

neglect the contribution of the scattering on the liposomes, as it is quite poor in our sys-

tems due to extremely low concentration (Clip = 0.33 mg/mL).  

As scattering curves are mostly featureless, a generalized Guinier-Porod model was 

used to extract the information about the shape and size of the Ag/AgCl NPs. For i-th 

level, this empirical model has the form [15]: 
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I(Q)  = �
G� Q���exp  �−

��
�

�
��

����
�      Q ≤ Q�

∗

             D�Q
���                 Q ≥  Q�

∗
 , (1) 

where Gi is the exponential (Guinier) prefactor, s� is a dimension variable, R��
 is a Ra-

dius of gyration, m� is a Porod exponent.  

The prefactor  D� and the quantity Q�
∗ are obtained from the continuity conditions 

of the Guinier and Porod terms as well as of their derivatives. They can be written ex-

plicitly as:  

Q�
∗ =  

�

���

�(m� − s�)(3 − s�)/2 , (2) 

and, respectively: 

 D� =  G� ���  �−
��

�
�
��

����
� (Q�

∗)����� , (3) 

The first term in Eq. 1 is the generalized Guinier law, which is determining method 

for calculating the sizes of scattering objects of any shape in the Q-region satisfying the 

condition: (QR� < 1). For 3D globular objects (such as spheres), s = 0 and one recovers the 

standard Guinier formula. For 2D symmetry (such as for rods) s = 1, and for 1D sym-

metry (such as for lamellae or platelets) s = 2 [16, 17]. The fractal dimension, Dm, and 

equilibrium structure qualities were evaluated from a relatively larger Q region using 

the Porod low – the second term in Eq. 1.   

AFM Discussions 

The sonication time effect on liposome formation was observed. It is well known 

that sonication is an effective method for producing single-layer liposomes, called 

unilamellar vesicles (ULVs). Thus, very small ULVs with almost spherical shape and an 

average size of 43.8±6.3 nm, as well as ULVs in the range between 65 and 150 nm (Figure 

S5.a), are formed by ultrasonic treatment of the initial solution (P1 system – multilamellar 

vesicles (MLVs) in PBS) about 30 minutes or more. At the same time, liposomes sur-

rounded by chitosan have sizes ranging from 50 to 300 nm (Figure S5.d). Increasing the 

size of observed objects is caused by successful surface chitosan modification of the pure 

liposomes [18-20].  

Biohybrids II and III are a combination of the two or three components mentioned 

above. For clear microscopic visualization of all entities, the liposomes and Ag/AgClNPs 

should have dimensions that differ by an order. For this purpose, the sonication time was 

reduced to 20 min. In this case, small ULVs are not observed, and soybean lecithin lipo-

somes have a size of at least 100 nm (Figure S5.b), while the sizes of hybrid silver/silver 

chloride nanoparticles remain the same.    

Our results for pure liposomes and liposomes with chitosan shell showed spheri-

cal-like particles with a smooth surface in case of the P1 system (Figure S5.c) and with a 

rough surface in case of the P2 system (Figure S5.e), suggesting that sample preparation 

and AFM scanning did not disrupt the observed objects. 
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a) 

 
b)                                                                    c) 

 
d)                                                                       e) 

Figure S5. AFM images for the P1 system (chlorophyll a–labelled soybean lecithin liposomes): a) for liposomes sonicated 

for 30 minutes (from left to right: 1 μm x 1 μm scanned image, cropped image of the selected area and ULVs size dis-

tribution for this area) and b) for liposomes sonicated for 20 minutes, c) 3D image and height profile of single liposome. 

d) – AFM image for the P2 system (chlorophyll a–labelled soybean lecithin liposomes with chitosan) treated with ul-

trasound for 30 minutes; e) 3D zoomed detail (460 nm x 460 nm and z axis from 0 to 24.6 nm scales) and height profile of 

only one liposome.  
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Another important question on the formation of biohybrids II and III, namely, 

whether Ag/AgCl nanoparticles can penetrate inside liposomes under the action of ul-

trasound, has not yet been discussed. Attempt to resolve this issue was done for 

Ag/AgClNPs–Lip–CTS biohybrid complex. It is well known that long scanning times 

when performing AFM analysis causes liposome collapse and the formation of a concave 

structure with a compressed central part. For example, Egg PC liposomes with “concave 

shape” characterized by a depressed central part and a higher outline were observed by 

AFM after 2 h of scanning [21]. The oblate liposomes in our study were stable for a long 

time and only 2 days after their adsorption to mica substrate, drying and keeping at room 

temperature, we observed the spontaneous liposome collapse and formation of the con-

cave structure as shown for biohybrid III (Figure S6). Hybrid Ag/AgClNPs in this case, on 

the contrary, remain stable with non-deformed spherical shape and have a lower ten-

dency to aggregation, as was previously found for freshly prepared biohybrid III (see 

Figure 6b, in the main text).  

 

 
Figure S6. AFM topology of Ag/AgClNPs–Lip–CTS biohybrid scanned 2 days after their preparation with detailed 

information: size distribution of the Ag/AgClNPs; magnified images and height profiles for partially and fully col-

lapsed liposomes, and for Ag/AgClNPs.  
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The average size of Ag/AgCl nanoparticles coated with chitosan, determined from 

the particle size distribution over the entire scanning area (Figure S6), excluding the 

contribution from liposomes, is 58.6±22.5 nm. This value is very close to 56.9 nm for 

Ag/AgClNPs coated with chitosan (P4 – biohybrid I, see Figure 5, right, in the main text). 

Additionally, the height of hybrid nanoparticles is almost constant value, as follows from 

the height profile for a random direction in the region where only Ag/AgClNPs are ob-

served (Figure S6), image with blue frame) and the previous height analysis for the P3 

and P4 systems. Two magnified images with green and orange frames (Figure S6) show 

partially and completely collapsed liposomes, respectively. The two middle peaks in the 

height profile for liposome with concave structure can be attributed to Ag/AgClNPs, and 

these particles could be located both inside and on the surface of fresh liposomes. How-

ever, the number of these particles is very limited (2 – 5 per liposome) and we concluded 

that hybrid Ag/AgClNPs are predominantly localized at the surface of liposomes in bi-

ohybrid III.  
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