
A rticle

S ilv er Is N o t E q u al to  S ilv er: S y n th e sis  an d  E v a lu a tio n  o f S ilv er  
N a n o p a rtic le s  w ith  L o w  B io lo g ica l A ctiv ity , an d  T h e ir  
In co rp o ra tio n  in to  C 1 2 A la n in e -B a se d  H y d ro g e l

Konrad K ubinski 1 , + , Kamila Górka 1,+, Monika Janeczko 1, Aleksandra Martyna 1, Mateusz Kwaśnik 1,
Maciej Masłyk 1 , Emil Zięba 1, Joanna Kowalczuk 2, Piotr Kuśtrow ski3 , Mariusz Borkow ski4, 
Anna Boguszewska-Czubara 5 , Agnieszka Klimeczek 6 and Oleg M. Demchuk

C ita tio n : Kubiński, K.; Górka, K.; 

Janeczko, M .; M artyna, A.; Kwaśmk, 

M .; M asłyk, M .; Zieba, E.; Kowalczuk, 

J.; KuStrowski, P.; Borkow ski, M .; 

et al. Silver Is N ot Equal to Silver: 

Synthesis and Evaluation of Silver 

N anoparticles w ith Low Biological 

Activity, and Their Incorporation into 

C i2Alanine-Based Hydrogel.

M olecules 2 0 2 3 ,2 8 , 1194.

https://doi.org/10.3390/

m olecules28031194

A cadem ic Editors: Francesca D 'Anna, 

Salvatore M arullo and Carla Rizzo

Received: 27 Decem ber 2022 

Revised: 19 January 2023 

Accepted: 20 January 2023 

Published: 25 January 2023

C o p y rig h t: ©  2023 by the authors. 

Licensee M D PI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license (https:// 

creativecom m ons.org/licenses/by/ 

4.0/).

1 Department of Molecular Biology, Faculty of Medicine, The John Paul II Catholic University of Lublin, 
Konstantynów 1h, 20-708 Lublin, Poland

2 Institute of Molecular Physics Polish Academy of Science, M. Smoluchowskiego 17, 60-179 Poznań, Poland
3 Faculty of Chemistry, Jagiellonian University, Gronostajowa 2, 30-387 Kraków, Poland
4 Jerzy Haber Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences, Niezapominajek 8, 

30-239 Kraków, Poland
5 Department of Medical Chemistry, Medical University of Lublin, Chodźki 4A, 20-093 Lublin, Poland
6 Faculty of Physics and Applied Computer Science, AGH University of Science and Technology, Al. 

Mickiewicza 30, 30-059 Kraków, Poland
7 Department of Chemistry, Faculty of Medicine, The John Paul II Catholic University of Lublin, Konstantynów 

1h, 20-708 Lublin, Poland
* Correspondence: oleh.demchuk@kul.lublin.pl
+ These authors contributed equally to this work.

Abstract: A  new  type o f silver nanop articles (A gN Ps) w as prepared and com prehensively  studied. 

Scanning electron m icroscopy (SEM ) and dynam ic light scattering (DLS) analyses indicated that 24 nm  

A gN Ps w ith  narrow  size d istribution w ere obtained  w hile Z -potential confirm s their good stability. 

The com posites of the obtained  A gN Ps w ith  n ontoxic-nature-inspired  hydrogel w ere form ed up on 

cooling of the aqueous solution A gN Ps and C ^ A la . The therm al gravim etric analysis (TGA) and the 

differential scanning calorim etry (DSC) do n ot show  significant shifts in the characteristic tem perature 

p eaks for pure and silver-enriched  gels, w hich  ind icates that A gN Ps do n o t strongly  in teract w ith  

C 1 2 A la fibers, w h ich  w as also confirm ed b y  SEM . Both A gN Ps alone and  in  the assem bly  w ith  the 

g elator C ^ A la  w ere alm ost b io logica lly  passive against b acteria , fun gu s, cancer, and nontu m or 

hum an cells, as w ell as zebra-fish em bryos. These studies proved that the new  inactive AgN Ps-doped 

hydrogels have potential for the application in therapy as drug delivery m edia.

Keywords: silver nan op articles; hydrogels; T G A ; D LS; XPS; D SC; SEM ; Z -potential; drug delivery; 

biological activity

1. Introduction

A  huge challenge in m odern m edicine is the search for alternative and effective 
solutions to overcom e the existing  lim itations in the diagnosis and treatm ent of various 
d iseases. This applies m ainly  to cancer d iseases, the treatm ent of w hich  is associated 
w ith  the problem  of resistance to chem otherapy and w ith  general toxicity  of drugs for 
healthy tissues of the patient [1,2]. Another very im portant problem are bacterial and fungal 
infections, w hich are becom ing more and more resistant to existing treatments. A promising 
idea is to use nanoparticles for this purpose as nanom edicines or delivery system s [3 ].

N anotechnology is a field of science that has recently  gained great interest in  the 
scientific com m unity due to the w ide spectrum  of applications in the food, electronics, and 
cosm etic industries, as w ell as m edicine. The m edical use of nanotechnology significantly 
supports the developm ent of innovative m ethods of prevention, treatm ent, diagnosis, and
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m onitoring of diseases [4,5 ]. In cancer treatm ent, nanoparticles allow  direct delivery of 
drugs to cancer cells, as w ell as im aging and early  tum or detection and m onitoring of 
treatm ent effectiveness [6 ,7 ] . N ow adays, the potential of application of a large library 
of nanoparticles, w hich, thanks to their nanom etric d im ensions, have unique chem ical, 
physical and biological properties, is being assessed. N anoparticles of m etals such as 
gold (AuN Ps), silver (A gN Ps), and copper, as w ell as silicon dioxide nanoparticles (SiO 2- 
N Ps), titanium  oxide (TiO 2-N Ps), and zinc oxide (ZnO -N Ps), are of great interest [8- 11]. 
A gN Ps have becom e very  popular, w hich  is due to the w ell-docum ented  antim icrobial 
properties o f silver ions [12]. For exam ple, there are som e estim ates that the production 
of silver nanoparticles in the w orld am ounts to about 500 tons per year [13,14]. Silver 
nanoparticles are w idely used, due to their antibacterial and antifungal properties, against 
a fairly w ide spectrum of microbial species [12,15- 17]. This is possible due to the suspicion 
that AgNPs may cause, for exam ple, damage to cell mem branes, disruption of the synthesis 
of some proteins or their degradation, or cause the formation of reactive oxygen species [18]. 
G ram -positive bacteria are m ore sensitive to silver than G ram -negative bacteria, w hich 
results from  the fact that the presence of m ore layers of peptidoglycan reduces sensitivity 
of these cells. In addition, studies have show n that the form ation of A gN Ps com binations 
w ith com m only used antibiotics increases their effect [3,19,20]. D ue to their antim icrobial 
properties, A gN Ps are popular agents used in production of cleaning and disinfecting 
agents for surfaces and textiles, gels, or antimicrobial paints, as well as food packaging and 
preservation m aterials. They can be found in m any daily used products, such as clothing, 
toothpastes, deodorants, and other antibacterial cosm etics, and even in  the interior of 
refrigerators and w ashing m achines [10,21] . H ow ever, toxic effects of A gN Ps on various 
organism s, including hum ans, and on the environm ent have been reported recently. The 
m echanism  of silver toxicity  is not w ell understood yet, and requires further research in 
this area [10,22- 27].

A m ong the m ethods allow ing the synthesis of A gN Ps, the three m ain groups are 
distinguished [28]. The m ost com m on are chemical methods, due to their relative ease and 
efficiency, where various organic solvents are used [17]. Another group are physicochemical 
m ethods, in w hich  specialized equipm ent is often used, because the synthesis is carried 
out using ultrasounds or irradiation. The last group includes biological m ethods that are 
based on the use of p lant extracts, vitam ins, and am ino acids, or the use o f bacteria and 
fungi [5,18,29,30].

Here we report synthesis of AgNPs w hich by design are characterized as biologically 
inactive. That w as achieved by applying the low -tem perature synthesis in the presence of 
tannic acid follow ed by  exhaustive purification by  m ultiple centrifuging and ultrasound- 
assisted dissolving. The hydrogels were prepared from C12Ala w ith an addition of sodium 
citrate stabilizing additive, while AgNPs-doped hydrogel was prepared from AgNPs stock 
solution, solid C12Ala, and sodium  citrate solution.

Biological activity of sole silver nanoparticles as w ell as in the com bination with gelator 
w ere assessed against a panel of m icroorganism s including bacteria and fungi tum or and 
nontum or hum an cell lines, hum an red blood cells, and zebra-fish em bryos.

2. Results and Discussion
2.1. A gN Ps Synthesis

A gN Ps stabilized by  citric acid, w ith  controlled dim ensions and surface properties, 
w ere obtained using a m odified m ethod published in our previous w ork [31]. The quoted 
procedure consists of a reduction of ionic silver to m etallic nanoparticles in an aqueous 
system  w ith  citric acid. In this reaction, the reducing agent w as also used as a capping 
ligand generating a stabilizing, negative charge on the surface of the obtained AgNPs. The 
m ain factors affecting the kinetics of reduction, nucleation, and then the aggregation of 
grow ing seeds are concentration of reagents, reaction tim e, and also the tem perature [32] . 
E ach  of these has a strong im pact on m orphological and physicochem ical, as w ell as 
antibacterial, properties of the obtained nanom aterials. Typically, A gN Ps are prepared



in  boiling  aqueous solution by  reduction of soluble silver salts by  N aBH 4 or other m ild 
reductant. The low -tem perature syntheses are rare but they certainly m ay lead to A gN Ps 
of a different structute and surface properties. This option w as selected and the A gN Ps 
were obtained at a room temperature in sodium  citrate and tannic arid, physically purified, 
and dissolved in w ater to obtain a solution of 4.4 m g/m L concentration.

Physicochem ical characteristics of A gN Ps w ere determ ined u sing the D LS m ethod, 
SEM , a n °  ultraviolet-visible apoorpsion spectroscopy (UV-Vis). Furtherm ore, the tom p o
sition of the A gN Ps surface w as analyzed by  m eans of X-ray photoelectron spectroscopy 
(XPS). The hydrodynam ic d iam eter o f obtained A gN Ps, determ ined by D LS, w as equal 
to 24 it  5 nm  w ith  PD I (polydispersity  index) of 0.04. The particle size and the PD I indi
cated the absence of aggregates in the tested suspension. The zeta potential of obtained 
nanoparticlest calculated to be - 2 6  ±  6 mV, reveals hggh stability  o f the tested A gN Ps 
suspension (at pH = 0.67), w ith a high negative surface charge resulting from the presence 
of dissociated citric acih m olecules adsorbed on the surface of nanonarticles. The presence 
of a h igh surface charge effectively  inhibits the procets of aggregation ot nanoparticles, 
w hich is observed in DLS (hydrodynamic diameter) analysis. The measurem ent results are 
show n in Figure 1 .

Figure 1. (Left) Hydrodynamic diameter distribution and (Righp surface zitta potential of AgNPs 
(the different colors correspond to repeatrd measurements).

The A g N P s m o n o lay er for SE M  o b serv a tio n s w as o b ta in ed  b y  th e d iffu sio n 
ad so rp tio n  m eth od  [3 3 ] acco rd in g  to th e ran d om  seq u en tia l ad so rp tio n  (R SA ) th e 
ory [34 ,35 ] . The A gN Ps m onolayer adsorbed on the p olyethyleneim ine (PEI)-m odified  
ailicon  su rface  it  show n in  v ario u s m n g n ifica tio n s in  F ig u re 2 a- c .  T h e n o rm alized  
G auss d istribu tion  of d iom eters calcu lated  by  grap h ical analysis (Im ageJ softw are) of 
SE M  im ages rs sh ow n  in  F ig u re 2 p . T he av erag e d iam eter o f A gN P s d eterm in ed  by 
SE M  is 31 nm . T he d ifferen ce  in  v a lu es  o f h y d ro d y n am ic d iam eter m easu red  b y  the 
D LS ond SEM  m ethods is natu rally  explained by spe cificity  of the tec hniques used [36].

Thc electronic abserp tion  sp e ctrt of the obtained A gN Ps, as presented  in Figure 3, 
show  a char acteristic inte nse na rrow  band at Xmax = 400 nm  and an ad ditional band at 
Amax = 1000 nm . T he stock  so lu tio n  of A g N P s w ith  co n cen tra tio n  of 1.9 m g/ m L  w as 
u sed for p rep aration  of m ore d iluted  so lu tions (20, 40, and 60 pL of stock  so lu tion  per 
1 m L of w ater) for U V -V is sp ectroscop y .



Figure 2. SEM images of AgNPs nanoparticles monolayer on PEI-modified silica wafers with -various 
magnifications, and their normalized size distribution at N = 500 (D). (a) 1(30 KX; (b) 200 KX; (c) 400 KX; 
(d) AgNPs size distribution.

Figure 3. UV-Vis absorption spectroscopy of silver nanoparticles solutions.

AgNPs w ere isolated from the suspension and, after drying, exam ined for the surface 
com position using the X PS m ethod (Figure 4 ). Core level spectra of A g 3d, O  1s, and C 
Is  are show n in Figure 4. The collected results confirm  that the stabilizer rem ains on the 
surface of the nanoparticles. This is evidenced by the peaks ut Eb = 285.1 ±  0.1 eV  (C -C



species), 286.6 ±  0.2 eV (C -O H  species), and 288.7 ±  0.1 eV (carboxyl species) observed in 
the XPS C 1s spectra, as w ell as at Eb = 5311.5 ±  0.1 eV (0 = C -O  species) and 532.7 =1= 0.1 eV 
(C -O  species) in the XPS O 1s spectra [a7]. In the diecussed aseas, we also found tlie features 
that aonfirm the presence of weiter adsorbed on the surface (Eb = 535.4 eV), as well as trace 
amounte of K (doublet w ith K 2 p3/2 al: 293.1 eV and K 2p1/2 at 296.0 eV). "The surface also 
contains silver, but its chemical state may net tie uniform. Both samples show the Ag 3d5/2 

peak at 3618.3 ±  0 . .  eV and the A g 3d 3/2 peak at 374.3 db 0.1 eV. Such h igh b .nding energy 
value of these peaks may indicate the presence of m etallis silvea (oxide systems usualSy give 
peaks at Eb below  368 eV) [3r ,39 ]. O n the other hands in the O  1s region, the com oonent 
typical for the em itsion  of photoelectrons from  oxygen atom s bound So m etal atom s ,Eb 
= 530.2 eV) is observed. M ost likely, therefore, the surface of silver es partially  oxidized 
to form  film  of silver hydroeide or silver doped w ith  oxygen atoms [ed- 4 e ] . Notably, 
the presence of oxygen atom s bonded to silver w as not evidenced in the case o f highly 
biologically active silver nanoparticles prepared in regular hydrotherm al conditions [31].

Binding energy (eV) Binding energy (eV) Binding energy (eV)

(a) (b) (c)

Figure 4. XPS core level spectra of (a) Ag 3d, (b) O 1s, and (c) C 1s for the AgNPs.

2.2. Preparation o f  Hydrogels

Inspired by  our previous tesults in the preparation of a stable a nd nonioxic gold 
nanoparticle conteining hydrogels [1 1 3 suitable for m edical applications and drug delivery, 
we decided to use the same gelator C i2Ala w hich had been thoroughly studied and proved 
to be efficient and saie [11,43,44]. The blank hygrogel containing C 12Ala was prepared as a 
referente. As first, we measureU the solubility of Cs2Ala in water at 20 °C. The exyerim ents 
w ere based on a  direct m easurem ent o l a w eight loss of insoluble m aterial recoveced after 
ultrasonic-assisted dissolving of excess C 12A la in w ater ai 30 °C , and 4 days equilibration 
at 20 °C  w ithou t the u ltrasonic itradiation. The m easured solubility w as determ ined as 
1 t6  m g/L, The developmeng of siable hydrogels req u iret form ation of the net of fibets of 
gelator trono the perm eated solution. W t found that hydrogelc containing less than 5%  of1 

the gelator undergo relatively fast phase transform ation and precipitation of gelator. The 
stable gels w ere obtained alter rapid eooling of (prepared at 85 °C  in ultrasonic bath) 7%o 
solution of C%Ala in 0.5%s aqueous solution of sodium  citeete. The C o A la  is the m olecule 
w ith polar and nonpolar parts. In the presence of a solvent, the gelator m olecules conneet 
w ith  each other w ith  the polar parts through w eak hydaosun bonding; and elecfrosdatio 
interactions [44], form ing thin and long fibers of the gel m atrix. In the case of strongly 
hydrophilic m olecules d issolved by  polar solvents, the structures of the gel m atrix look 
very different. ZhangPing Li and cow orkers show ed SEM  im ages of the internal structure 
of a hydrogel m ade of polyethyleneim ine-m odified pectin, as seen in Figure 2 in [45].



The hydrogels doped w ith AgN Ps (C 12Ala-AgN Ps) were obtained sim ilarly from the 
solution of A gN Ps (4.4 m g/m L and 2.2 m g/m L), sodium  citrate (0.00125 M ), and solid 
C 12Ala. Form ed hydrogels w ere exam ined by applying several physicochem ical m ethods.

2.3. SEM  Analysis

The SEM  im ages or hydrogels stored for 5 m onths ^t 5 °C  presented in Figure 5 
correspond to the blanka hydrogel (Figure 5a); C 12Ala-AgNPs cxntaining 4 m g/L of AgNPs 
(Figure 5b); A gN Ps distributed xm ong the fibers of gel, and the m elted by  eiectron beam  
hydrogel containing A gN Ps (Figure 5c); and separated A gN Ps in com pletely  m elted gel 
(Figure 5d).

Figu re 5 . The SEM. images of hydrogels. (a) hydrogal without AgNPs; (b) hydrogel with AgNPs; 
(c) SEM im ages of AgNPs distributed amo ng the fibers of gel i n two magnificst(on s; (d) SEM im ages 
AgNPs in melted gel in two magnificstions.

As it was m easured, the average diameter of gel fibers in blank hydrogel was between 
d = 0 .15-0 .25  pm, w hile in hydrogel doped w ith  silver, it w as betw een d = 0 .6 -1 .8  m. 
This could  be rationalized  by  the assu m ption  that the n egatively  charged A gN Ps m ost 
strongly interact w ith thinner nanofibers and prom ote their recrystallization and fusion.



The m etal nan op articles also  m ake the hyd rogel less stable u nd er the electron  beam  
irradiation, and the gelator fibers are m elted during the m easurem ent.

We confirm ed a w eak interaction of AgNPs w ith fibers of the gelator in centrifuge ex
periment. The A gN Ps w ere separated from the gel; after 15 m in of rotation at 13,000 rpm, 
the m ajority  o f A gN Ps w ere collected  a t the bottom  of the centrifuge vessel (Figure 6 a), 
and they w ere dissolved back after storing for 24 h at am bient tem perature (Figure 6 c ).

(a) (b ) (c)

Figure 6 . C^Ala-AgNPs (a) before, (b) after rotation, and (c) after 24 h of storing;.

et.4. Thermal Resistance

As w as already dem onstrated, the presence of A gN Ps in  the liquid phase located 
betw een the nanofibers affected the properties of gel and its stability. M ore inform ation 
about this phenom enon w es gathered during therm al analysis.

2.4.1. The M elting and Crystallization Point of Gels

Tire three repetitions of the gel sam ples' heating and cooling process w ere performed 
in the tem perature range from 20 °C to 100 °C  by DSC method. Figure 7 shows the second 
repetition for both sam ples.

Figure 7. The second cycle (heating and cooling) of DSC measurements of Cj^ Ala and C^Ala-AgNPs 
gel samples.

The m eltin g  p o in t is clearly  v is ib le in  F ig u re 7 a t arou nd  65 °C  and  it flu ctu ates 
by  one deg ree b etw een  the pure sam ple C 12A la gel and the sam ple d oped  w ith  silver 
nanop articles, C 12A la-A gN P s. The crystallization  p oint of the sam ple does not depend 
on the nan op article  content and am ounts to 35 °C . The results of the DSC test indicate 
that the gel sam ples are stable in the tested tem perature range; they do not change their



chem ical ch aracteristics in the m u lticortical d issolution  and gelling  process. M oreover, 
the p resen ce o f s ilv er n an o p articles d oes not sig n ifican tly  a ffect the stab ility  o f the 
gel m atrix.

2.4.2. Temperature D ecom position of Gels

The total decom position of the gels was recorded at a  temperature of about 350 °C. In 
comparison, the total decomposition temperature of analogical gel enriched with gold nanopar
ticles (C i2Ala-AuNPs) w as about 300 °C  (see Figure 2 in [11]). Figure 8 shows thermograms
for C i2Ala gel and C 12Ala-AgNPs gel samples, obtained for a heating rate of 10 °C/min.

Figure 8. TGA curves of C 12Alei and C^Ala-AgNPs gel samples.

As can be seen in Figure 8, the very fast w eight loss (from 100% to ~10% of weight) was 
recorded for both  sam ples in  the tem perature range from  20 °C  to 1125 °C. This process is 
related to the rapid evaporation of the solvent from the gels. In tire temperature range from 
125 °C to 275 SC Sor both ssm ples, another process of a m ass loss occurs, related to the de
com position of the gelator C 1tAla. Moreover, as shown in the graph o l the TGA derivative 
(Figure 9 ), over the tem perature range of 3 30-350  °C, an additional peak is clearly visible. 
This peak is related to the degradation of the silver particles (AgNPs) and seggests that die 
silver nanoparticles are not chemically bound to the C ^ A la  getator molecules. In the case of 
strong bonding of nanoparticles to gelator fibers, the decomposition peak for nanoparticles 
would noi: be so pronounced; nanoparticles would decompose together w ith gelator fillers. 
The TG A  m easurem ents w ere perform ed w ith  heating rates of 1 °C/m in, 5 °C/m in, and 
10 °C /m in to calculate the kinetics of sam ples decom position by the O zaw a-F lynn-W all 
(OFW) theory [46]. The results (not shown in this work) were sinsilar to the sample enriched 
w ith gold nanrparticles AuN Ps. W ithin the limie o° 10% liquid phase losa, w e found thah 
C ^ A la-A g N P s can stay at a iem peratuee of C0 °C  lor abau t 65 m in, w hereas increasing 
the tem perature to 90 °C shortens this time to only a few minutes. For C ^A la-A uN Ps, the 
lim it of 10% of w eight at 10 °C w as reached after 70 main [11].



Figure 9. Temperature dependence of thief derivative of weight loss on the heating rates of C12 Ala
andC^Ala-AgNPsgels.

In general, the therm al analysis proves the stability of hydrogels at am bient tem pera
ture and the lack of strong interaction be tw een A gN Ps and C ^ A l agelator.

2.5. Biological A ctivity  
2.5.1. A ntim icrobial Properties

In the context of the biologic al activ ity  of silver, the antim icrobial properties of the 
m etal are the m ost com m on. N ew ly synthesized at low  tem perature A gN Ps w ere exam 
ined  by  the broth  m icrodilution m ethod against tw elve bacteria and one fungal strains. 
Surprisingly, the A gN Ps at the tested concentration of up to 1  m g/m L did not inhibit 
the grow th of any of the tested m icroorganism s, neither bacteria nos fungi (Table 1) . The 
rnsults are in opposition to these presented by  others, w here A gN Ps w ere obtained in the 
hydrotherm al synthesis. H w ang e t al. als o tested antibac ter ial activi ty of A gN Ps agai nnt 
hum an pathogenic bacteria, including tw o strains of E. c o l  anci P. S. auseus.
Nanoparticlea show ed antib acteria l activity w tth M IC (m inim al inhibitory concentration) 
values of 0 .5-2  pgy irti, [20]. In reeearch by Pucelik et til. on muatifunctional silver nanoparti
cles modified w ith 11-mercapto-N, N, N-trim ethylam m onium  chloride (TM A), and sodium 
citrate (TSC), M IC  values of 0.17 pg/m L and 0.05 pg/m L, respectively, for E. coli and S. 
aureus w ere obtained [31] . A gN Ps w ere also the subject of the research of Loo et al. [47] . 
In  their study, the M IC s of A gN Ps against y . coli, , S. , and S.
enteritidis w ere 7 .8, 3.9, 3.9, and 3.9 pg/m L, respectively. In  antim icrobi al tests pe rform ed 
by Liao et al., AgNPs were shown to have a strong bactericidal effect on drug-resistant and 
m ultidrug-resistant T  aeruginosa  w ith  art M IC range o i 1 .4-5 .6  pg/m L .48] . Antim icrobial
studies on the gelator C ^ A la  and its vaoiant containing A gN Ps show ed a lack of both  
antibacteri al and anti fung al propur ties (Table 1) .

Table 1. Assessment of antibacterial and antifungal properties of AgNPs, and C^Ala, as well as 
C12Ala-AgNPs, gels. MIC values expressed in pg/mL are presented. Chloramphenicol (CPL) and 
Amphotericin B (AmpB) were used as control antibacterial and antifungal agents, respectively.

Microorganism AgNPs C12Ala C^Ala-
AgNPs CPL AmpB

S. aueeus ATEC 6538 15.6 n/a
S. aureus ATCC 25h23 31.2 n/a

Si. aureus ATCC BAA-2313 >1000 >6000 >6000 15.6 n/a
h. epideamidis PCM 2651 31.2 w/a
S. pnhumtniae PCM 2589 15.6 n/a



Table 1. Cont.

Microorganism AgNPs C12Ala A12NPa-12 AgNPs CPL AmpB

A. lwoffii PC M  2235 7.8 n/a
E. cloacae P C M  2569 15.6 n/a
E.faecalis PC M  2786 15.6 n/a

P. aeruginosa P C M  3035 15.6 n/a
E coli ATCC 25922 15.6 n/a

P. vulgaris PC M  1347 15.6 n/a
K. pneumoniae PC M  1 15.6 n/a

C. albicans ATCC 10231 n/a 3.12

In addition to antim icrobial properties, silver nanoparticles are know n for their an
ticancer activity. The synthesized A gN Ps have been tested for anticancer activity against 
norm al (C C D -11Lu) and cancer (H eLa, SW 480) hum an cell lines. A t the low est tested 
concentration of 0.5 pg/m L against H eLa, SW 480, and C C D  cells, cell v iability  w as very 
close, or equal, to 100%. However, at the highest concentration (220 pg/mL) for H eLa cell 
line, A gN Ps inhibit the proliferation only by  5.73%  after 24 h  of incubation and by 7.41% 
after 48 h. In the case of the SW 480 and CCD-11Lu lines, the inhibition of proliferation was 
higher and amounted to 23.54% and 20.5% after 48 h of incubation, respectively (Figure 10).

Figure 10. V iability  (%) o f h u m an  cell lines exp osed  to the increasing con centrations o f A gN Ps, 

assessed w ith the use of (3-[4,5-dim ethylthiazol-2-yl])-2,5 d iphenyl tetrazolium  brom ide (M TT) assay 

after 24 and 48 h  of incubation.

Sim ilarly to antim icrobial inactivity, the A gN Ps show  the m inor influence on hum an 
cancer cells only at the highest tested concentration, w hich does not correspond w ith  the 
results obtained by others, w here hydrotherm al A gN Ps synthesis w as applied. Pucelik 
et al. found that A gN Ps are highly  toxic to cancer cells [31] . The studies included A gN Ps 
of different sizes (DLS: 3.1-411 nm ) w ith  positive surface charge: A g@ TM A 1, A g@ TM A 2,



and negative surface charge: A g@ TSC 1, A g@ TSC 2 against hum an keratinocytes (Ha- 
C aT) and cancer cell line: C T26, 4T1. The test included the concentration of 0.1 and 
0.5 gg/m L and incubations for 2 and 24 h. In concentration of 0.50 gg/m L, A gN Ps show 
high  toxicity  in all tested cases. O ther studies on the cytotoxicity  of A gN Ps w ere carried 
ou t against breast cancer cell lines (M C F-7) and hum an lung fibroblast cell lines (W I38). 
The IC 50 o f cellular inhibition of silver nanoparticles w as observed a t 27.79 ±  2.3 and 
31.78 ±  2.2 gg/m L, respectively [49]. O n the other hand, studies on biosynthesized silver 
nanoparticles show ed reduced cell v iability  in colon cancer cells (H CT-116) at an IC 50 

concentration of 100 gg/m L [50] . N ext, the gelator alone, as w ell as in the com bination 
w ith  A gN Ps, w as tested against tw o cancer and one nontum or hum an cell lines. The 
presented h igh IC 50 values, starting from  1.86 m g/m L revealed low  anticancer activity 
of these substances (Table 2 ). In  spite of such results, firstly, nontum or C C D -11Lu cells 
show ed low er susceptibility  to gelators, and, secondly, addition of A gN Ps resulted in 
higher cytotoxicity, especially against tum or SW 480 cell line.

Table 2. IC50 (mg/mL) against tumor and nontumor cells at 24 h of incubation.

HeLa SW480 CCD-11Lu

AgNPs >0 .22 >0 .22 >0 .22
C12Ala 2.50 ±  0.25 3.08 ±  0.13 4.85 ±  1.28

C12Ala + AgNPs 2.33 ±  0.71 1.86 ±  0.32 4.35 ±  0.97

2.5.2. Hem olytic Properties

In order to confirm the low toxicity of metal nanoparticles against normal hum an cells, 
A gN Ps alone, as w ell as in  the com bination w ith  the gelator, w ere tested for hem olytic 
activity  using hum an erythrocytes (Figure 11). A t the concentration of 11 gg/m L, the 
nanoparticles do not cause hem olysis of the b lood cells. In turn, at the concentrations of 
22 and 110 gg/m L, 4.2%  and 8.2% of the blood cells w ere lysed, respectively. The highest 
percentage of hem olysis (11% ) w as obtained at the h ighest concentration (220 gg/m L). 
The results show that the AgN Ps, even at high concentration, have little hem olytic activity. 
Korolev et al. [51] and Zharkova and team [52] obtained similar results. They found that the 
hemolytic activity of unmodified AgNPs was minimal and did not exceed a few percent. In 
turn, Chen et al. [53] investigated the hem olytic activity against three diam eters of AgNPs. 
Studies showed that A gN Ps15 resulted in a m uch higher level hem olysis (60%) compared 
to A gN Ps50 and A gN Ps100, w hich caused less than 12% hem olysis even a t the highest 
tested concentration. The com bination of AgNPs w ith the gelator results in slightly higher 
hem olysis in com parison w ith an activity of sole C i2Ala, but taking into consideration that 
gels w ere tested at quite high concentrations, this effect w as rather irrelevant (Figure 11).

Figure 11. Hemolytic activity of AgNPs and gelators measured by percent of lysed erythrocytes 
compared to controt (Triton X-1 00). (a) AgNPs; (b) C^Ala; (c) C^Ala-AgNPs.

2.5.3. Ecotoxic Properties

In the final stage, silver nanoparticles and gelators w ere tested for ecotoxic properties 
using the in vivo Danio rerio m odel (Figure 12).



F E T  (Danio re rio)

Figure 12. Determination of the fish embryo toxicity (FET), expressed as EC 50 values, and 
the effect of the tested compounds on the morphology of zebra-fish embryos. (a) AgNPs, 
(b) C12Ala, (c) C12Ala-AgNPs.

C 12Ala-AgNPs w as not toxic at all, while compounds AgNPs and C 12Ala were toxic at 
the dose of 5 mg/mL. No m alform ations were observed. The toxicity of AgNPs and C ^ A la 
w ere exerted in coagulation of fertilized eggs in concentrations of 5 m g/m L and higher.

3. Materials and Methods
3.1. General CPL

A m pB, TSC, silver nitrate, tannic acid, and PEI (branched, analytical standard) w ere 
purchased from  Sigm a-A ldrich  C hem icals, St. Louis, M O , U SA . D istilled  w ater w as ob
tained w ith M illipore system  (p = 18.2 M Ü ) and used in all experim ents and for w ashing 
glass parts of the laboratory equipm ent. Silicon w afers used in the experim ents w ere pur
chased from Siegert Wafer GmbH (Aachen, Germany). XPS m easurements were performed 
in  a Prevac photoelectron spectrom eter consisting of an analysis U H V  cham ber w ith  a 
hem ispherical analyzer (VG SCIENTA R3000 (Pleasanton, CA, USA)). A monochromatized 
alum inum  source A l K a  (hv = 1486.6 eV) w as used for acquiring survey- and cor-level 
spectra. The scale of b inding energy value w as calibrated by referring to a position of 
A u 4f (Eb = 84.0 eV). C urve-fitting analysis of all spectra w as perform ed in the C asa XPS 
softw are u sing the m ixed G auss and Lorentz function (GL = 30) after subtraction of the



Shirley-type background. The reference strains of m icroorganisms from Polish Collection of 
M icroorganisms (PCM ) of Hirszfeld Institute of Im m unology and Experimental Therapy of 
Polish Academ y of Sciences (Wrocław, Poland), and from American Type Culture Collection 
(ATCC) (M anassas, VA, U SA ) w ere included. The representative G ram -positive bacteria 
w ere Staphylococcus aureus  ATCC 6538, Staphylococcus aureus  ATCC 25923, Staphylococcus  
aureus ATCC BA A -2313 (M RSA ), Staphylococcus epiderm idis  PCM  2651, and Streptococcus  
pneum oniae  PC M  2589, w hile the G ram -negative bacteria w ere A cinetobacter lwoffii PCM  
2235, Escherichia coli ATCC 25922, Proteus vulgaris PCM  1347, Klebsiella pneum oniae PCM  1, 
Pseudom onas aeruginosa PCM  3035, Enterobacter cloacae PCM  2569, and Enterococcus faecalis  
PC M  2786. M oreover, the fungi belonging to yeasts, Candida albicans  ATCC 10231, w ere 
used. The CCD-11Lu (normal lung fibroblasts), HeLa (cervix adenocarcinoma), and SW 480 
cell line (colorectal adenocarcinom a) w ere obtained from ATCC. DSC m easurem ents were 
made using a DSC 4000 ( -5 0 -4 0 0  °C)/PERKIN  ELM ER differential calorimeter. TGA m ea
surements were made on a TGA 8000 ( -2 0 -1 2 0 0  °C)/PERKIN  ELMER. The hydrodynamic 
size distribution and surface zeta potential of the m anufactured solutions w ere assessed 
directly through the DLS technique via the diffusion coefficient m easurem ents conducted 
u sing Z etaSizer N ano ZS Instrum ent (M alvern Panalytical, M alvern, U K ) from  M alvern. 
The m easurem ents w ere conducted using appropriate quartz cuvettes, dedicated to such 
measurements. The analysis of the statistical distribution of the nanoparticles' sizes was car
ried out through computing SEM images. To evaluate the NPs size distribution, an analysis 
softw are for graphical im ages w as im plem ented: Im ageJ (https://im agej.n ih .gov/, ac
cessed on 26 December 2022). The statistical analysis was conducted for a probe of N  = 500. 
U V-Vis spectroscopy was im plemented to examine the solutions of manufactured nanopar
ticles in the w avelength range of 3 00-1100 nm , using a UV-2600 spectrom eter (Shim adzu, 
K yoto, Japan). The m easurem ents w ere conducted u sing appropriate quartz cuvettes, 
dedicated  to such m easurem ents. The w eight concentration of silver (Ag) nanoparticles 
w as m easured by a densitom eter D M A  5000M  from A nton Paar. The SEM  m easurem ents 
w ere recorded on a ZEISS U ltra Plus m icroscope.

3.2. A gN Ps Preparation

Silver nanoparticles w ith controlled dim ensions and surface properties were obtained 
by  a m odified m ethod published in our previous w ork [31]. A  total of 20 m L of 25 m M  
solution of TSC  w as m ixed w ith  2 m L 5 m M  solution of tannic acid and diluted w ith  
78 m L of water. The obtained solution w as stirred for 15 m in at room  tem perature (RT), 
then 3 m L of 25 m M  solution of A gN O 3 w as added dropw ise. The change in the color of 
the solution, from  bright yellow  through intensive yellow  to slightly red, w ithin  several 
minutes indicated the formation of AgNPs coated w ith the citric ligands. After the reaction, 
the final solution w as purified by recentrifugation at 2500 rcf, w hich led to the separation 
of NPs larger than 40 nm  from  the supernatant. The purification process w as carried out 
by recentrifugation at 18,000 rcf and then the solution w as w ashed several tim es, resulting 
in a precipitate of A gN Ps w ith water. The size and zeta potential of the final A gN Ps w ere 
estim ated by DLS and SEM. The concentration of the obtained suspension was determined 
by density m easurem ent, w hich w as 4.4 mg/L.

D eterm ination of Concentration of A gN Ps

The w eight concentration of silver (Ag) nanoparticles in the solution after purification 
w as evaluated by m easuring the density  of the native suspension ps and the effluent pe 
obtained follow ing centrifugation. The m ass concentration is then determ ined using the 
form ula [54]:

w =  p p (ps — p e)
ps { p p -  p e)

where: pp =  10.49 g/cm 3 is the specific density of silver nanoparticles [55].
A ccording to the discussed procedure, the concentration of A gN Ps w as found to be 

4.4 mg/L.

https://imagej.nih.gov/


3.3. Silicon Substrate Treatment fo r  NPs M icroscopy Observations

The procedure is based on thoroughly w ashing the silicon substrate (1 cm  x 1 cm ) 
in  m ethanol and then in ultrapure w ater under sonication treatm ent. In the next step, 
u ltraclean and dried u nder argon flush substrates w ere oxidized by  piranha solution (3 
parts of concentrated sulfuric acid and 1 part of 30% hydrogen peroxide solution; 15 min). 
The PEI polyelectrolyte m onolayer w as applied onto the surface of the silicon substrate by 
the layer-by-layer LBL technique. In  the case of the negative charge of N Ps, one PEI layer 
was formed on the surface, as a result of im m ersing substrates in a PEI solution (1 m g/m L; 
30 m in). The deposition of the N Ps w as carried ou t by im m ersing the substrates in  the 
nanoparticles' dispersion during 2 0  min. After this process, the substrates were thoroughly 
w ashed w ith  w ater and dried w ith  argon. Freshly prepared solutions of polyelectrolytes, 
w hich w ere previously sonicated, w ere used.

3.4. Preparation o f  the H ydrogels, Typical Procedure

The dry glass vial equipped w ith  the stirrer m agnet w as charged w ith  7.3 m L of 
solution A gN Ps (4.4 m g/m L), 560 m g of solid C ^ A la  w as added, and after 2 m in of 
stirring, 0.12 mL of a 1.25 M solution TSC was added. The vial w as closed and the reaction 
m ixture w as heated at 85 -9 0  °C  in  ultrasonic bath  for 10 m in to achieve the hom ogenous 
mixture. Next, the vial was cooled down to 0 -5  °C in an ice bath w ithout stirring. After the 
cooling was com pleted, the stable at ambient (and lower) temperature light yellow  gel was 
form ed, as presented in Figure 5B .

3.5. Differential Scanning Calorim etry (DSC)

D SC  m easurem ent w as used to analyze phase transitions related to tem perature 
change in sam ples and determ ine the phase and structural changes taking place in the 
sam ple during heating along w ith  their kinetics, exotherm ic and endotherm ic chem ical 
reactions, changes in  the heat capacity  of the sam ple, and, in  som e cases, as w ell as the 
tem perature stability of the sam ples.

3.6. Thermal Gravimetric Analysis (TGA)

TG A  w as used to record changes in  the m ass of a sam ple during its therm al decom 
position to m ake conclusions regarding the am ount of therm al transform ation and the 
tem perature at w hich this transform ation takes place.

3.7. Determ ination o f  M inim um  Inhibitory Concentrations (M ICs)

The substances w ere investigated in vitro for antim icrobial activities. In these stud
ies, the broth m icrodilution w as used. The M IC  of the substances w as evaluated  by  the 
m icrodilution broth  m ethod in 96-w ell polystyrene plates. The tests w ere perform ed in 
accordance w ith  the guidelines of the European C om m ittee on  A ntim icrobial Suscepti
bility  Testing (EU CA ST) [56] and C linical and Laboratory Standards Institute (CLSI) [57]. 
A ll the used m icrobial cultures w ere first subcultured on  nutrient agar (for bacteria) or 
Sabouraud agar (for Candida) (BioM axim a S.A ., Lublin, Poland). Twofold dilutions of the 
tested com pounds in  selective M u eller-H in ton  broth  (BioM axim a S.A ., Lublin , Poland) 
for bacteria and R P M I1640 (Sigm a-A ldrich C hem icals, St. Louis, M O , U SA ) w ith  M O PS 
(3-(N -M orpholino)propanesulfonic acid) (Sigm a-A ldrich C hem icals, St. Louis, M O, USA ) 
for fungi w ere perform ed. The final concentrations of A gN Ps ranged from  1000 gg/m L 
to 0.35 gg/m L, C 12A la ranged from  6000 gg/m L to 11.7 gg/m L, and C ^ A la  + A gN Ps 
ranged from 6000 gg/mL to 11.7 gg/mL. Bacterial and fungal suspensions w ere prepared 
in  sterile N aC l w ith  an optical density  of 0.5 M cFarland standard. N ext, the m icrobial 
suspension w as introduced into each w ell of the m icroplate containing broth and various 
concentrations of the tested substances. After 24 h incubation, the M IC value was assessed 
visually  as the m inim al concentration of the sam ples that show ed com plete m icrobial 
growth inhibition. Each concentration range for all microbial species was tested in triplicate. 
A ppropriate D M SO , sterile, and grow th controls w ere perform ed. The m edia w ith  and



w ithout tested substances/DM SO were used as controls. Standard antibiotics, antibacterial 
C PL, and antifungal A m pB w ere used as reference substances.

3.8. Cell Culture

The CCD -11Lu (norm al lung fibroblasts), H eLa (cervix adenocarcinom a), and SW 480 
cell line (colorectal adenocarcinom a) cells w ere cultured in D M EM  (D ulbecco's M odified 
Eagle M edium , h igh glucose)+ G lutaM A X supplem ented w ith  penicillin  (100 U /m L), 
streptom ycin (100 U /m L), and 10% heat-inactivated fetal bovine serum  (FBS). Cells w ere 
m aintained in a hum idified atm osphere at 37  °C  and 5%  C O 2 and passaged tw ice before 
perform ing an experim ent.

3.9. Antiproliferative A ssay

For antiproliferative assay, cells of each line were seeded in 96-well m icroplates (Wuxi 
N est Biotechnology, W uxi, Jiangsu, C hina) at a density  of 2 .5 x  104 cells/m L in 100 gL 
DMEM  + GlutaM AX supplem ented w ith 10% heat-inactivated FBS in two sets for different 
periods of tested com pound exposure. A fter 24 h  of cell attachm ent, plates w ere w ashed 
w ith 100 gL/well of Dulbecco's phosphate-buffered saline (DPBS) and the cells were treated 
w ith  increasing concentrations (0 .0005-0 .22  m g/m L final concentration) of A gN Ps and 
0.056-100 m g/m L final concentration of C ^ A la  and C ^A la-A gN Ps prepared in fresh FBS- 
free m edium  for 24 and 48 h. All stock solutions w ere diluted to the desired concentration 
w ith  the culture m edium  only. Each concentration w as tested in  triplicate. C ytotoxicity  
of com pounds w as assessed using (3-[4,5-dim ethylthiazol-2-yl])-2,5 diphenyl tetrazolium  
brom ide (M TT) assay as described below. Follow ing 24 and 48 h  of com pound exposure, 
control medium or test exposures m edium  were removed, the cells were rinsed w ith DPBS, 
100 gL of fresh m edium  (w ithout FBS or antibiotics) containing 0.5 m g/m L of M TT w as 
added to each w ell, and the plates were incubated for 3 h at 37 °C in a 5% CO 2 humidified 
incubator. A fter the incubation period, the m edium  w as discarded, the cells w ere w ashed 
w ith  100 gL of D PBS, and 100 gL of D M SO  w as added to each w ell to extract the dye. 
The plate w as shaken for 10 m in and the absorbance w as m easured at 570 nm . Viability 
w as calculated as the ratio o f the m ean of O D  obtained for each condition to the control 
condition. Calculations of IC 50 values and statistical analysis were performed in GraphPad 
Prism  9 software.

3.10. H em olytic A ctivity

The hemolytic activity of the AgNPs and gelators was determined on hum an red blood 
cells. H um an erythrocytes w ere harvested by  centrifugation for 10 m in at 2000 rpm  and 
4 °C. Then, the pellets were washed in PBS buffer (10 mM phosphate, pH 7.5; 150 mM NaCl). 
This step was perform ed three times. The resulting suspension w as serially diluted 10-fold 
in  PBS. A  further 1:10 d ilution of PBS w as prepared from  this suspension. Then, 450 gL 
of the final diluted erythrocytes w ere added to m icrocentrifuge tubes, w hich  contained 
test com pounds in an am ount of 50 gL each. The final concentrations w as 11-220  gg/m L 
(A gN Ps), and 0 .1 -1 0  m g/m L (C ^ A la  and C ^ A la  + A gN Ps). Test concentrations w ere 
prepared by dissolving in PBS, and 1% Triton w as used as a positive control, causing total 
hem olysis. The tubes w ere incubated at 37 °C  for 1 h and then centrifuged for 10 m in 
at 2000 rpm  and 4 °C. A  total of 150 gL of each tube w as transferred to a flat-bottom ed 
m icrotiter plate. The absorbance w as m easured at 450 nm. The hem olysis percentage w as 
calculated by the following equation: %  hemolysis =  (A450 of test compound treated sample 
— A 450 of buffer treated sam ple/ A450 of 1% Triton X-100 treated sam ple — A450 of buffer 
treated sam ple) x  100%. The experim ents w ere perform ed in duplicate.

3.11. Ecotoxicity

To determ ine the toxicity  of A gN Ps, C 12A la, and C 12A la-A gN Ps, the FET test w as 
performed on zebra-fish (Danio rerio) according to OECD Test Guideline 236. Briefly, newly 
fertilized zebra-fish eggs w ere exposed to solutions of com pounds for a period of 96 h  at



concentrations ranging from  1 to 10 m g/m L. The system  applied in  the experim ent w as 
static, as the changes of solution concentrations did not exceed the range of 2 0 %  of nominal 
concentration values.

The E3 solution (5 m m ol/L N aC l, 0 .17 m m ol/L KC l, 0.33 m m ol/L C aC l2 , and 
0.33 m m ol/L M gSO 4, containing no m ethylene blue, w ith  a pH  value of about 7.2) w as 
used as em bryo culture m edium  as w ell as to prepare the solutions. The experim ent w as 
performed in 24-well plates, w ith five em bryos per well, ten per group, in three repetitions. 
Each plate w as covered and kept in an incubator set at 28 ±  0.5 °C  u nder a light/dark 
period of 12/12 h. At the end of the exposure period (96 hours post fertilization (hpf)), acute 
toxicity  w as determ ined based on a positive outcom e in  any of the four visual indicators 
of lethality, including the coagulation of fertilized eggs, lack  of som ite form ation, lack  of 
detachm ent of the tailbud from  the yolk sac, and lack of heartbeat. The value of EC 50 

w as calculated.

4. Conclusions

The m ain goal of this w ork w as to prepare and investigate the properties of a new  
C 12Ala-based hydrogel enriched w ith AgNPs in term s of its suitability for pharm aceutical 
purposes. O n the basis of physical and biological tests, it was found that silver nanoparticles 
do not disturb the stability of the gel m atrix, and both m atrixes, pure and silver-enriched 
are stable in the temperature range of 20 ° C to 100 ° C. No interactions were found between 
gelator m olecules and silver nanoparticles, which diffuse freely in the pores filled w ith the 
liquid phase of hydrogel.

In com parison with the biological activity of AgNPs published elsewhere, our nanopar
ticles show high level of biological neutrality when tested against microorganism s, hum an 
cells as w ell as zebra-fish embryos. Com bination of AgNPs with the gelator C 12Ala studied 
in parallel also showed trace biological activity towards the used models. Such biologically 
neutral assem bly m ay be taken into consideration as prom ising agent for applications 
w here side effects are unw anted, e.g., in drug delivery.
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