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Received: 26 September 2021 / Accepted: 8 January 2022 / Published online: 20 January 2022

� The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract This work is devoted to the study of

surface properties of cellulose before and after a

surface modification. Surface modification of poly-

meric materials was carried out in two steps: (1)

activation by UV irradiation at 254 or 365 nm,

followed by (2) chemical grafting with alanine,

leucine or curcumin. Two types of cellulose materials,

regenerated cellulose and cotton, were studied. The

structure of cellulose at different stages of modifica-

tion was examined by available physical and physico-

chemical techniques and antibacterial activity of

prepared composites was studied too. Antibacterial

assays were performed on selected substrates. The

results show that the changes in surface properties

depend on the wavelength of UV irradiation as well as

on the irradiation time. Smaller molecules of grafted

substances (alanine and leucine) are bound not only

onto the cellulose surface but also into the cellulose

pores in contrast with curcumin. Cellulose substrates

modified with alanine, leucine or curcumin show

antibacterial activity, especially for S. epidermidis,

also slightly against E. coli. The obtained results

indicated the strongest antibacterial effect for cellu-

lose grafted with curcumin, where CFU reduced by

almost 58% for E. coli and 55% for S. epidermidis in

comparison with pristine, alanine and leucine have

only smaller effect.

Keywords Antibacterial activity � Cellulose �
Chemical grafting � UV irradiation �Wettability � Zeta
potential

Introduction

In recent years, various methods of surface treatment

of different polymer materials have been studied, such

as chemical modification (Benkocká et al. 2015;

Kolská et al. 2014; Lupı́nková et al. 2014; Slepička

et al. 2011), plasma treatment (Borcia et al.

2011; Chen et al. 2006; Guruvenket et al. 2004;

Hegemann et al. 2003; Kolářová et al. 2013; Kolská
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et al. 2014; Kotál et al. 2007; Kraus et al. 2016;

Lupı́nková et al. 2014; Sarra-Bournet et al. 2006;

Slepička et al. 2011; Švorčı́k et al. 2006), exposure to

UV radiation (Alonso et al. 2009; Borcia et al. 2011;

Fischbach et al. 2001; Kolská et al. 2018; Shin et al.

2016) or combinations thereof. The aim of all

described methods is to change the surface properties

of the polymers. They exhibit specific advantages and/

or disadvantages. For example, chemical modification

by Piranha solutions is fast and easy to use, but it

requires work with hazardous corrosive chemicals.

Plasma activation, on the other hand, is possible only

with proper special equipment. In contrast, effects of

UV radiation appear to be less demanding on technical

equipment and environmental impact. In order to be

effective and cause chemical change, UV light must be

absorbed by the polymer substrate. Thematerial which

is fully transparent in the UV region will not exhibit a

photoinitiation reaction. The UV light absorbing

polymer parts may be either backbone monomer

repeating units which are able to absorb photochem-

ically significant wavelengths initiating photodegra-

dation. Also, there can be some chromophoric groups

located at or attached to the chain ends either present

naturally or randomly introduced into polymers

(Nechifor 2016). In addition, usage of UV radiation

of different wavelengths makes possible to vary depth

of the surface modification, reactivity of the modified

material and its absorption coefficient. As has been

confirmed previously (Silovska et al. 2020) surface

activation by UV radiation leads to breaking the

original bonds of the macromolecular chains and to the

formation of reactive sites on polymer surface and the

similar effects could be expected for the cellulose. The

UV irradiation can break the original bonds in

cellulose structure and create reactive sites on the

cellulose surface, which can be chemically grafted

with suitable chemical compounds. The exposure of

polymer surface to UV light can also lead to an

oxidation and creation of polar groups. In several

studies, UV radiation was used to introduce the

oxygen groups (–COOH, –OH, –COO–) to the poly-

mer surface (Lupı́nková et al. 2021; Neubertová et al.

2018; Shin et al. 2016; Wang and Brown 2004).

To improve the surface properties for variable

applications, polymeric materials are subsequently

grafted with different chemical compounds. Recently,

different bioactive substances have been used for

binding to pre-functionalized polymer surfaces.

Grafting of chemical compounds onto polymer surfaces

is one of the ways to create new materials with superior

properties and potential applications in biomedicine and

tissue engineering (Nelson andCox 2005; Novotna et al.

2013). Bioactive compounds catalyze or elicit a certain

reaction in a given biological system and can be both of

natural or synthetic. For attachment of bioactive com-

pounds, it is necessary to modify the surface since most

polymers are inert in nature. It is important to optimize

the surface to incorporate the desired type as well as the

number of functional groups. The last phase is to attach

the bioactive substance covalently to the modified

substrate surface (Goddard and Hotchkiss 2007).

Cellulose is the most promising biopoly-

mer (Kolářová et al. 2013). Biodegradable polymers

as antimicrobials are great for prevention of the growth

of pathogenic bacteria (Rahmani et al 2016). The

application of UV radiation is the most common in

synthetic polymers used in biology and medicine, but

this type of modification seems to be also a promising

alternative method for natural polymers like cellulose

(Alonso et al. 2009; Fan et al. 2011). Surface chemistry

and morphology of polymers, also including cellulose,

have been changed by the photocatalytic process

carried out under various working gases (Bačáková

and Švorčı́k 2009; Vosmanská et al. 2016).

Natural products have always played important role

in drug discovery, even in infectious diseases (New-

man and Cragg 2016). The development of antimi-

crobial compounds, that can selectively act e.g.

as food preservatives, without increasing antimicro-

bial resistance should be of the utmost importance.

The discovery of compounds that can have both

antimicrobial and antioxidant activities with no toxic

effects on health is therefore highly awaited (Martelli

and Giacomini 2018). Recently, interest in plant-

derived antimicrobial agents has increased (Rossiter

et al. 2017; Silva et al. 2016). Overall, curcumin and

its analogues are known to be antimicrobial agents

against gram-positive and gram-negative bacteria and

are also used as preservatives (Czernicka et al. 2019;

Izui et al. 2016; Mun et al. 2013; Teow et al. 2016;

Vaughn et al. 2017). Methoxy- and hydroxyl groups

are directly involved in antimicrobial activity and the

antimicrobial mechanism of curcumin involves inter-

action with the protein filamenting temperature-sen-

sitive mutant Z (FtsZ) necessary as a cell-inducing

agent in bacteria (Kaur et al. 2010; Martelli and

Giacomini 2018). The other interesting substances
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with antibacterial properties are amino acids, which

are vital compounds and have many functions in the

body. Their antibacterial effect is usually preserved

even after grafting on substrates (Benkocká et al.

2015, 2019; Kolská et al. 2014). Activation and

subsequent grafting of polymers with amino com-

pounds has great potential to create new materials in

the field of biomedicine (Andrade 1985; Benkocká

et al. 2015, 2019; Chen et al. 2012; Kolská et al. 2014;

Kovac et al. 2008). For example, alanine or leucine

were previously tested for their antimicrobial effect

but not as individual agent but always in combination

with other agents. For example a low molecular

weight chitosan (LMWC) and nisin, recognized as

cationic antibacterial agents, inhibit bacterial growth

by interacting with the anionically charged cell wall.

In one study, alanine uptake significantly reduced the

anionic cell surface charge of Staphylococcus aureus,

resulting from the incorporation of D-alanine into the

cell wall (Chen et al. 2012). Also, enzyme D-amino

acid oxidase (DAAO) from the yeast Rhodotorula

gracilis in the presence of D-alanine excels in

antimicrobial activity. These two agents show antibac-

terial activity against both gram-positive and gram-

negative bacteria when tested on plates and reduced

their growth by half when tested on liquid cultures

(Marcone et al. 2019). Another example is modifica-

tion of polytetrafluoroethylene (PTFE) by UV excimer

lamp with wavelength 172 nm. Heitz et al. 2003

exposed samples to aqueous solutions of alanine,

Švorčı́k et al. 2004 samples firstly irradiated in

reactive ammonia atmosphere and then exposed to

aqueous solution of alanine, leucine or glycine..

Adhesion and proliferation of rat aortic smooth muscle

cells (SMC) and mouse fibroblasts (3T3 cells) were

studied. It resulted in a significant increase in the

number of adhering cells and in the size of their

spreading area and with subsequent amino acids

grafted, the effect enhanced.

By modifying surface properties of polymers it is

possible to expand the areas of their biological

applications. The surface modification can be per-

formed either non-covalently by deposition or spray-

ing of coatings from solution or by covalent

attachment od polymer chains using e.g. polymer

brushes. Surface properties of PEEK were suitably

adapted using a simple strategy based on the covalent

surface bonding of polymer chains using free radicals

created on the surface of benzophenone groups by UV

irradiation for 3 h (Yousaf et al. 2014).

UV radiation was generated by a 230 W lamp

radiating at 315–400 nm wavelengths for 3 h. Not

only samples in form of foils were irradiated, but also

in the form of nanofibers. Polyamide (PA) fibers were

treated with UV-A radiation emitted from a tubular

low-pressure mercury steam actinic lamp had wave-

lengths between 300 and 460 nm (Kolská et al. 2018).

Changes of the surface properties were significant

especially after a short radiation time, a longer

irradiation time did not affect the surface properties

dramatically. UV radiation has led to changes in

surface chemistry, wettability, charge, polarity, rough-

ness and morphology of polymers, which may

contribute to improved subsequent adhesion to other

materials, chemicals or microorganisms. Effect of UV

treatment onto cellulose was tested sporadic in the

past, e.g. one study dealt with the exposure of VUV-

excimer lamp. The nitrogen atmosphere proved to be

the most suitable for cleaning the cellulose surface.

The surface was smooth, free of burrs and increased

water absorption in the cellulose. The ammonia

atmosphere caused the incorporation of large amounts

of nitrogen analyzed as amine and amide groups. It

had a positive effect on water absorption up to an

irradiation time of 20 min, after which the water

absorption decreased with increasing irradiation time.

Unfortunately, cellulose exposure to VUV is not

suitable for creating an antibacterial cellulose surface

(Vosmanská et al. 2016). To the best of our knowl-

edge, no study has yet been published on the cellulose

modified with compounds tested in this our work

(alanine, leucine or curcumin) for development of new

materials with antibacterial activity.

In this paper we studied the possibilities of surface

modification for cellulose and cotton to prepare new

material with antibacterial behavior for usage in

medicine. Surface modifications of these potential

biomaterials were carried out in two steps: (1)

activation by UV irradiation, followed by (2) chemical

grafting with alanine, leucine or curcumin. Important

surface properties of cellulose and cotton before and

after surface activation and chemical modification

were studied by the following methods: goniometry

for surface polarity and wettability; electrokinetic

analyses for surface charge and chemistry; scanning

electron microscopy (SEM) for surface morphology;

adsorption/desorption isotherms with Brunauer–
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Emmett–Teller equation (BET) for surface area

determination and Barrett–Joiner–Halend model

(BJH) for study of materials porosity; X-ray photo-

electron spectroscopy for surface chemistry determi-

nation. Antibacterial activity was tested on selected

substrates.

Experimental

Materials

Regenerated cellulose, thickness 90 lm was provided

by GoodFellow Ltd., UK. Cellulose in the form of

cotton, perforated, nonwoven, 60 g m-2 was provided

by Holzbecher (Czech Republic). DL-alanine (Al) and

DL-leucine (Leu) were purchased from Alfa Aesar

(Haverhill, USA) and curcumin (Cur) was purchased

from Helago (Czech Republic).

Activation by UV irradiation

Surfaces of celluloses under study were firstly acti-

vated by UV irradiation at room temperature using one

of two UV lamps with wavelength of 254 or 365 nm

and a power of 40 W. The samples were irradiated for

10, 30, 60 or 120 min. Due to less significant changes

in surface wettability and surface charge after 365 nm

UV irradiation, for most of study the samples irradi-

ated only by 254 nm UV irradiation have been used.

Chemical grafting

Substrates were immersed immediately after UV

activation in an aqueous solution of concentration of

2 wt% (1) alanine (Al) or (2) leucine (Leu) or (3)

methanol solution of curcumin (1 wt%, Cur). Sub-

strates were soaked for 30 min at room temperature

(RT). Subsequently, samples were removed and rinsed

with distilled water and dried for 30 min at RT in Petri

dishes.

Characterization methods

Goniometry

The surface wettability of the cellulose surfaces before

and after activation and chemical modification steps

was determined by measuring the static contact angle.

Contact angle measurement was performed on the

DSA30 (KRÜSS GmbH, Germany). Using a needle, 5

drops of 2 ll distilled water were placed on each

sample at different positions. In the ADVANCE

program, the contact angle was automatically evalu-

ated with the error of 5%.

Electrokinetic analysis

The zeta potential of planar samples was determined

by using a SurPASS instrument (Anton Paar, Austria)

(Kolská et al. 2018, 2014; Lupı́nková et al.

2016, 2014). Samples of 2 9 1 cm2 were attached to

two holders inside the adjustable gap cell with a slit

about 100 lm and measured 4 9 with the experimen-

tal error of 5%. The measurements were carried out at

atmospheric pressure, RT, in a 1 mmol L-1 KCl

electrolyte and constant pH of 6.9. The streaming

current method and Helmholtz-Smoluchowski equa-

tion were taken for zeta potential determination.

Scanning electron microscopy

The morphology of the samples was examined on a

scanning electron microscope VEGA (TESCAN,

Czech Republic). Individual substrates were placed

on standard metal targets using double-sided carbon

adhesive tape. The measurement was performed under

high vacuum and a secondary electron (SE) detector

was used. The conditions of measurements are always

indicated in the picture caption.

Surface size and porosity analysis

Specific surface area and total pore volume were

determined from adsorption and desorption isotherms

using a NOVA3200 (Quantachrome Instruments) and

the results evaluated in NovaWin software. The

samples were degassed at RT for 8 h and then their

adsorption and desorption isotherms were measured

with nitrogen (Linde, purity 99,999%) at liquid

nitrogen temperature. The 5-point Brunauer–

Emmet–Teller (BET) analysis was used to determine

the total specific surface area and the 40-point Barret–

Joyner–Halenda (BJH) model was used to determine

the pore volume. Each sample was measured 5 9 with

experimental error of 5%, pore size histograms were

determined by the density functional theory (DFT)

model.
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X-ray photoelectron spectroscopy

The concentration of atoms C(1s), O(1s) and N(1s) in

the surface layer of cellulose substrates were deter-

mined by XPS method using Omicron Nanotechnol-

ogy ESCAProbe P Spectrometer (Omicron

Nanotechnology GmbH, DE). The analyzed areas

were 2 9 3 mm2. Spectra were measured (1% assay

error), at 2 9 10–8 Pa with monochromatic radiation

source (1486.7 eV) in 0.05 eV steps. The elemental

composition was determined from the individual peak

areas, using CasaXPS software. The error of evaluated

element concentration values was below 3%.

Antibacterial tests

Antibacterial effect was studied on cellulose using the

drip test (Vosmanská et al. 2015). Escherichia coli

(E. coli) and Staphylococcus epidermidis (S. epider-

midis) colonies were observed, where E. coli belongs

to the gram-negative bacteria group and S. epidermidis

to the gram-positive one. To determine the antibacte-

rial activity of the prepared materials both bacterial

cultures were grown overnight in lysogeny broth (LB)

medium at 37 �C in an orbital shaker. Samples, 3

pieces 1 9 1 cm2 in size, were separately placed in

physiological saline under sterile conditions. Aliquots

of diluted cultures were seeded in saline with the final

concentration for E. Coli and for S. epidermidis of

1 9 104 CFU ml-1 (CFU is the number of colony

forming units). The inoculated solutions were incu-

bated for 3 h under static conditions at 24 �C. Both
bacterial strains—E. coli and S. epidermidis incubated

in pure physiological solutions were used as control

ones. LB agar plates were placed in plastic Petri dishes

and an aliquot of 25 ll of all samples was dropped.

Plates were incubated at 24 �C for E. coli and 37 �C
for S. epidermidis for 20 h. Finally, the cultures were

counted and the values statistically processed (Vos-

manská et al. 2015).

Results and discussion

Determination surface wettability

Static contact angle measurements were used to

determine the surface wettability of pristine and

modified celluloses. As it is clear from Fig. 1, the

wavelength of UV irradiation plays important role for

the surface properties of cellulose. Contact angle

values for pristine cellulose and that treated by UV

irradiation at 365 nm are presented in Fig. 1a. It is

clear that the surface wettability has increased only

slightly. So that UV treatment at 365 nm wavelength

has ‘‘little or no’’ effect on cellulose films regardless of

exposure time since this cellulose does not absorb this

light (Nechifor 2016).

More interesting results obtained at 254 nm wave-

length are shown in Fig. 1b. In this case the irradiation

has much stronger effect not only on the contact angle,

but also on next modification steps. In comparison

with irradiation at 365 nm wavelength, the contact

angle after 254 nm UV irradiation increases more

markedly with the exposure time. Therefore, the

irradiation at 254 nm wavelength (UV-C) was chosen

for activation of the polymer surfaces under study for

other testing. As has been mentioned in Introduction

UV irradiation of polymers leads to breaking the

original bonds of the macromolecular chains and to the

creation of reactive sites and oxygen groups (–COOH,

–OH, –COO–) which (1) can be important for

subsequent grafting of other chemical compounds

and (2) lead to the creation of polar groups on the

surface which change the surface chemistry, charge,

polarity and wettability. This affect is visible on

Fig. 1.

It is clear, that the changes in surface wettability

depend on the exposure time. The longer exposure

time, the more significant increase of contact angle

and corresponding decrease of surface wettability. For

this reason, only the samples activated by UV

irradiation at 254 nm wavelength for 10, 30, 60 and

120 min exposure times were subsequently grafted

selected chemical compounds and used for other

study.

The UV irradiation affects not only surface chem-

istry but also surface morphology and roughness,

which may play important role in surface wettability.

This will be documented on SEM figures presented

below.

Grafting of all tested compounds resulted in other

wettability changes, the degree of which depends on:

(1) exposure time and (2) tested grafted compound

(see Fig. 1b). Alanine (Al) grafting leads to small

decrease of contact angle and wettability increase.

More significant changes in surface wettability are

observed after leucine (Leu) or curcumin (Cur)
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grafting. While Leu grafting leads to decrease of the

contact angle and surface wettability increase, the

curcumin (Cur) grafting results in dramatical, increase

of contact angle and of surface wettability decrease.

The different compound behavior of Al, Leu and Cur

molecules is caused by their different chemistry. Small

alanine and leucine molecules with polar groups affect

significantly the polarity–hydrophility of grafted sur-

faces. On the other hand, curcumin with its large

molecule and hydrocarbons skeleton, gives rise to

hydrophobic character of grafted surface.

It is evident that the wettability of modified

cellulose depends on the UV light wavelength,

irradiation time and grafted compound chemical

structure. Cotton a nonwoven fabric was not subjected

to contact angle measurement because of its extreme

wettability.

It is also clear from Fig. 1b, that grafting of all three

tested compounds onto surface irradiated for 60 and

120 min gives similar values of contact angle and

surface wettability. Due to this, in next experiments

only samples irradiated for 10, 30 and 60 min were

used.

Determination of zeta potential

The zeta potential values of both cellulosic materials

were determined before and after each modification

step. All materials were exposed to UV irradiation at

the 254 nm wavelength for 10, 30 and 60 min.

Substrates were subsequently grafted with solutions

of alanine or leucine or curcumin. Obtained zeta

potential values for studied samples are shown in

Fig. 2 (for cellulose) and 3 (for cotton). The resulting

potential values provide evidence that different sur-

face chemistry affects the surface charge and the zeta

potential value as well. After UV irradiation, new

reactive spots penetrate the surface, and change the

Fig. 1 Contact angle values of the regenerated cellulose

polymer a irradiated with UV light at 365 nm—unmodified

(pristine), irradiated for 10, 30, 60 and 120 min; b irradiated

with UV light at 254 nm—unmodified (pristine); irradiated for

10, 30, 60 and 120 min; after UV activation and subsequent

grafting with alanine (Al), leucie (Leu) or curcumin (Cur)

Fig. 2 Electrokinetic potential values for regenerated cellu-

lose—unmodified (Pristine); after irradiation with a UV lamp at

254 nm for 10, 30 and 60 min; activated and grafted with

alanine (Al), leucine (Leu) or curcumin (Cur)
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polarity and chemical composition of tested material.

These effects have already been discussed earlier

(Kolská et al. 2018; Neubertová et al. 2018; Shin et al.

2016; Vosmanská et al. 2016;Wang and Brown 2004).

The UV irradiation causes a shift of zeta potential to

more negative values. After UV irradiation, the polar

groups, mostly with a negative charge (mainly OH–

and COO–) (Neubertová et al. 2018), are formed on

the polymer surface, which are attractive for subse-

quent grafting of other chemicals, e.g. tested com-

pounds in our case. The compounds grafting is

expected to affect the surface charge and chemistry

significantly. As we can see from Figs. 2 and 3 the

amount of grafted chemicals under study (and changes

in surface chemistry and charge) strongly depends on

previous exposure time. It can be explained by the fact

the polymer surface is destroyed differently after

variable exposure time and when the pores are higher

the more compounds are bonded not only to the

surface but into the pores (which will be discussed

below) and therefore does not affect the surface

chemistry so significantly as in the case when com-

pounds are grafted on the surface. After alanine and

leucine grafting, the zeta potential is shifted to the

much negative values and thus the surface gains more

negative charge due to the presence of functional

groups on the surface and especially due to a decrease

of surface roughness, which will be discussed below

(Kolská et al. 2014; Neubertová et al. 2018). Cur-

cumin-grafted substrates also show zeta potential

negative shift, that is caused by the negatively charged

CH3O– and OH– functional groups as has also been

described by (Martelli and Giacomini 2018). The

effect is especially pronounced at cotton (see Fig. 3).

The changes in zeta potential after grafting of

individual tested compounds are dependent on UV

exposure time. The longer UV exposure time, the

more significant changes in surface charge and

chemistry are observed.

Determination of surface morphology

Surface roughness and morphology was investigated

on both types of celluloses. Samples were measured

before and after 30 min irradiation by the wavelength

254 nm and subsequently grafted with alanine, leucine

or curcumin. Surface area and morphology of both

unmodified celluloses are shown in Fig. 4, the same

but for cellulose irradiated by UV and grafted with

tested compounds are shown in Fig. 5 and for cotton in

Fig. 6. It is clear that the surface morphology both of

celluloses differ significantly. The large pores visible

at cotton (Fig. 4, right) make contact angle measure-

ment and the wettability determination on this surface

impossible. Comparison of the morphologies at

regenerated cellulose in Figs. 4 (left) and 6 shows

slight morphology changes after each modification

step. Especially after longer irradiation time, the fibers

are damaged, merged and connected (Fig. 5c). Some-

times the fibers are more densified (Fig. 5, e, f). The

fibers are contracted and the pores become clogged, as

can also be evidenced by the subsequent analysis of

the porosity of the material.

Determination of surface area and porosity

Regenerated cellulose, unmodified (pristine), irradi-

ated with UV light at 254 nm wavelength for 10, 30

and 60 min and subsequently grafted with alanine,

leucine or curcumin were tested for specific surface

area and porosity. Values for surface area (determined

by BET method) and pore volume (by BJH model) are

given in Table 1.

The example of pore size histograms for cellulose

before and after irradiation and subsequent grafting

with alanine are shown in Fig. 7. From Table 1, it can

be concluded that the surface area and the pore volume

vary considerably after treatment by UV irradiation.

The bonds and the fibers are broken by irradiation and

Fig. 3 Electrokinetic potential values for cotton—unmodified

(Pristine); after irradiation with a UV lamp at 254 nm for 10, 30

and 60 min; activated and grafted with alanine (Al), leucine

(Leu) or curcumin (Cur)
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the surface is enlarged. Also, the porosity of the

cellulose increases significantly. On the other hand,

after binding of alanine and especially of leucine, the

surface area becomes smaller and the pore volume are

decreasing significantly. This is because smaller

molecules bind not only onto the surface, but also

into the pores, thus clogging them. While curcumin

with larger molecule, does not fit into the pores and

remains grafted predominantly on the surface and lead

to increase the surface are and porosity. Such grafting

of smaller substances into pores has been studied

before for various amino- compounds grafted on

carbon nanoparticles (CNPs) or PE surface grafted

with CNPs on other materials (Žáková et al. 2017). In

that previous work we studied CNPs, their grafting by

variable amino- compounds (totally different from

compounds used in this manuscript) and subsequent

grafting of modified CNPs onto polymer substrate.

The tested amino- compounds also varied in their

structure and geometry. Determination of surface area

and porosity had shown that the smaller molecules are

able to clog the pores (Slepičková Kasálková et al.

2019; Žáková et al. 2017).

Figure 7 shows the pore size histograms and

comparison for samples unmodified, irradiated with

UV 254 nm and irradiated with UV 254 nm ? sub-

sequently grafted with alanine. One can see how the

pore size and distribution vary after the individual

activation and subsequent grafting steps. The pore

volume increases after UV irradiation due to the

cellulose fiber damage. This is visible also at SEM

image in Fig. 5. Subsequent grafting of alanine results

in clogging larger pores (as was discussed above) and

reducing the frequency of these pores in the histogram.

This is good confirmation of the fact that small

molecules bind not only to the surface but also to

larger pores in agreement with the results presented

earlier for other compounds of small molecules

(Slepičková Kasálková et al. 2019; Žáková et al.

2017).

Analysis of element surface composition

The elemental surface composition was studied for

cellulose samples (1) unmodified; (2) irradiated for

30 min (by 254 nm) and (3) subsequently grafted with

alanine, leucine or curcumin. XPSmeasurements were

made at 0 or 81� incident angles. Individual represen-
tation of elements for individual measurements is

presented in Table 2.

Table 2 shows that cellulose consists only of

carbon and oxygen, in good agreement with other

authors (Vosmanská et al. 2016).When exposed to UV

irradiation, the oxygen concentration decreases, so the

surface becomes more hydrophobic (with regard to the

cleavage of the original bonds and other steps which

are described above), as confirmed also by results the

contact angle measurement. This is also in agreement

with previous study of other authors where cellulose

was treated by VUV-excimer lamp (Vosmanská et al.

2016). After grafting of alanine and leucine, with

molecules containing amino- groups, a small amount

of nitrogen (N (1s)) is detected on the modified

cellulose surface. Unexpected low nitrogen amount

Fig. 4 SEM image of pristine regenerated cellulose (left) and cotton (right) at 9500 magnification
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can be explained by: (1) the fact that the leucine and

alanine molecules are very ‘‘small’’ and contain only

one –NH2 group, so that the nitrogen concentration on

the large cellulose molecules is low and that (2) during

the small alanine and leucine molecules are preferably

bound into the cellulose pores which was confirmed by

BET and BJH measurements discussed above. Cur-

cumin is also largely composed of carbon and oxygen.

Observed changes in the amount of carbon and oxygen

after curcumin grafting (in comparison with only UV

Fig. 5 SEM image of regenerated cellulose at a magnification of 9500 after 254 nm UV irradiation a 10 min, b 30 min, c 60 min and

after grafting of d alanine, e leucine or f curcumin
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treated cellulose) demonstrates the successful binding

of curcumin to the cellulose surface. This behavior

was also confirmed by the determination of porosity.

Antibacterial tests

The modified cellulose with significantly changed

surface chemistry, wettability and morphology was

used for antibacterial testing according to the

Fig. 6 SEM image of cotton at a magnification of 9500 after 254 nmUV irradiation a 10 min, b 30 min, c 60 min and after grafting of

d alanine, e leucine or f curcumin
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procedure presented earlier (Vosmanská et al. 2014).

The samples were subjected to irradiation at 254 nm

wavelength for 10, 30 and 60 min, and subsequently

grafted from alanine, leucine or curcumin solutions.

Mean values of colony forming units (CFU), together

with CFU for control samples, are presented in Fig. 8

Table 1 Surface area (BET) and pore volume (BJH) of

regenerated cellulose—unmodified (Pristine), irradiated with

UV 254 nm for 10, 30 and 60 min and grafted with alanine

(Al), leucine (Leu) or curcumin (Cur)

Sample Surface area (m2 g-1) Pore volume (cm3 g-1)

Pristine 73.6 ± 2.8 0.072 ± 0.002

UV10 146.2 ± 16.6 0.126 ± 0.002

UV30 120.9 ± 9.2 0.114 ± 0.011

UV60 153.1 ± 2.6 0.140 ± 0.001

UV30/Al 103.4 ± 11.0 0.085 ± 0.002

UV30/Leu 83.1 ± 3.3 0.076 ± 0.001

UV30/Cur 153.0 ± 4.7 0.123 ± 0.001

Fig. 7 Histograms for unmodified cellulose (green columns); irradiated by 254 nmUV one for 30 min (red columns) and subsequently

grafted with alanine (blue columns)

Table 2 Elements atomic concentration (in at%) in regener-

ated cellulose unmodified (Pristine), UV irradiated at 254 nm

wavelength and grafted with alanine (Al), leucine (Leu) or

curcumin (Cur) determined by XPS

Sample Elements atomic concentration (in at%)

C (1s) O (1s) N (1s)

Pristine 67.9 32.1 –

UV30 76.2 23.8 –

UV30/Al 70.5 28.9 0.6

UV30/Leu 68.1 31.0 0.9

UV30/Cur 72.2 27.8 –
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for E. coli (a) and S. epidermidis (b). It can be seen

from Fig. 8a that the cellulose sample irradiated for

only 10 min and grafted with curcumin shows the

greatest antibacterial effect for E. coli colonies. Even a

short irradiation time has a great influence on the

polarity and chemistry of the sample, but longer

irradiation times did not result in such a large change.

This effect probably combines three important factors:

(1) curcumin has the stronger antimicrobial effect in

comparison with alanine a leucine; (2) alanine or

leucine immobilized on the surface can reduce their

original antimicrobial activity (Taniguchi et al. 2016)

in comparison with bigger molecules which is immo-

bilized on the surface (Benkocká et al. 2019) and (3)

10 min UV irradiation leads to only small changes in

the surface properties (wettability, chemistry and

charge) and in turn to only small amount of grafted

curcumin on the activated surface. Some earlier

studies discussed the possibility that even small

amount of grafted compounds preserves their antimi-

crobial activity after grafting on some substrates

(Benkocká et al. 2019; Knapova et al. 2020). No

significant effect on E. coli colony was observed on

other samples, which is consistent with the known fact

that E. coli colonies are highly resistant to many agents

(Vosmanská et al. 2016, 2015). Figure 8b clearly

shows that the effect on S. epidermidis colonies for

selected treatment combination is more significant in

comparison with E. coli. The most effective antibac-

terial effect on S. epidermidis colonies has a curcumin-

bound cellulose sample especially after only 10 min

UV irradiation. Also, curcumin-grafted samples with

exposure time 30 min and 60 min have visible effect

in comparison with other tested samples. Samples

grafted with alanine and leucine also have mild but

still visible antibacterial activity. These results are

better in comparison with those from Control samples

for both of tested colonies.

Conclusion

Two types of cellulose (regenerated one and cotton)

were studied in this work. Firstly, they were activated

by UV irradiation at two different wavelengths (365

and 254 nm) for 4 different times (10, 30, 60 and

120 min). The UV activated samples were then

chemically grafted with alanine, leucine or curcumin.

All of these steps led to the changes in surface

properties, surface wettability, surface charge and

chemistry, surface area, porosity morphology and

subsequently to the antibacterial activity. The most

important results are the following: (1) UV activation

of cellulose surface depends on: (1) tested wavelength,

the 254 nm UV treatment had most significant impact

on the surface properties in comparison with 365 nm;

(2) the exposure time of UV irradiation, the most

significant changes were obtained after 10 min, longer

time did not any strong effect; (2) subsequent grafting

of tested chemical compounds depends on chemicals,

Fig. 8 Number of E. coli (a) and S. epidermidis (b) colonies on unmodified (pristine) cellulose and after each modification step

(254 nm UV irradiation for 10, 30 and 60 min and grafting with alanine, leucine or curcumin)
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the most significant changes were obtained after

curcumin grafting; (3) the most promised antibacterial

activity against both of colonies (E. coli and S.

epidermidis) were obtained for cellulose activated by

UV irradiation at 254 nm wavelength for 10 min and

subsequently grafted with curcumin. From other

interesting results can be concluded that curcumin,

due to its bigger molecule, bound mostly on the

polymer surface while the smaller molecules (alanine

and leucine) penetrated the cellulose pores and tended

to clog them. This fact strongly affects the antibacte-

rial activity of modified cellulose, leucine or alanine

grafted on the cellulose had slight visible effect on the

antibacterial activity against both of colonies.
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Antimicrobial effect of polymers grafted with cin-

namaldehyde. Mater Lett 277:128274

Kolářová K, Vosmanská V, Rimpelová S, Švorčı́k V (2013)

Effect of plasma treatment on cellulose fiber. Cellulose

20(2):953–961
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