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M ateria ls based on  titan ium (IV ) ox ide  and fou r dihydroxyanthraquinones w e re  synthesized using a  sim ple  

im pregnation  m ethod. The dyes (1 ,2 -, 1,4-, 1,5- and  1 ,8 -d ihydroxyanthraqu inone) d id  not alter the physical 

properties o f  bare  T iO 2 , but photosensitized it to v is ib le  light, up  to 600 nm. The m aterials exhibit good  pho- 

tocatalytic activity in  this spectral range. A dso rbed  1,5- and 1,8 -d ihydroxyanthraquinones revealed  exceptional 

stability com pared to prev iously  described sem iconductors m odified  w ith  organ ic com pounds. The spectroscopic  

characterization o f  the synthesized m aterials indicates that photosensitization occurs v ia  an  indirect electron  

transfer m echanism . To  exploit their prom ising properties, appropriate tests w e re  carried out tow ards the 

photodynam ic inactivation o f  m icroorganism s. It w as  found that upon  excitation w ith  green  light the tested 

photom aterials exh ibited  rem arkable  activity (3 -4  log  units) against G ram -negative and  G ram -positive bacteria, 

as w e ll as fungi. M oreover, the addition  o f  inert potassium  iod ide  to the photocatalytic system  led  to the com plete  

eradication  ( > 7  log  units) o f  studied m icroorganism s. E laborated  m aterials appeared  exceptionally  photoactive  

under v isib le  light, photostable, and cost-effective and therefore can be  considered prom ising photocatalysts for  

environm ental and b iom edical applications.

1. Introduction

Titanium  d iox ide is still one o f  the most in tensive ly studied heter- 

ogonous photocatalysts. Due to its n eg lig ib le  tox ic ity  and h igh therm al 

and photochem ical stability, T iO 2 is w id e ly  used fo r environm enta l and 

b iom ed ica l purposes, particularly fo r the air [1 ,2 ] and w ater treatm ent 

[3 -5 ] , self-cleaning surfaces [6 ,7 ], surface disin fection  [8 -1 0 ], w ater 

splitting [1 1 ] and CO2 reduction [1 2 ,1 3 ]. Nevertheless, a la rge bandgap 

o f  T iO 2 (Eg =  3.2 eV  fo r anatase and Eg =  3.0 eV  fo r ru tile ) determ ines its 

lim ited  (ca. 5 % ) ab ility  to harvest natural sunlight. Therefore, m any 

attempts have been m ade to  sensitize this photocatalyst to v is ib le  ligh t 

[1 4 ,1 5 ]. The m ost com m on m ethods o f  expanding the absorption o f  

T iO 2 into v is ib le  ligh t in vo lve  non-m etal doping (b y  n itrogen, fluorine, 

sulfur, carbon, and boron ) [1 6 ], noble and transition metals (o r  m etal 

ox ides) deposition, or synthesis o f  coupled sem iconductors [1 7 ]. Other 

approaches include the adsorption o f  organ ic or inorganic/organom e- 

ta llic dyes at the surface o f  the sem iconductor [1 8 ]. The preparation o f  

dye-m od ified  T iO 2-based m aterials is easy and e ffec tive  com pared to  the

aforem entioned m odifications. A lso, organ ic dyes are less expensive 

than m ost o f  the inorganic compounds used fo r this purpose. On the 

other hand, they are less effic ien t than other m odifiers and m ore sen

s itive to reactive oxygen  species (RO S ) photocata lytically  generated by  a 

sem iconductor [1 9 ] . Therefore, the emphasis rem ains on the quest for 

n ew  organ ic m odifiers that w ou ld  exh ib it not on ly h igh ph otoactiv ity  

but also reasonable photostability.

The right balance betw een  reactiv ity  and photostab ility  is particu

la rly  im portant fo r b iom ed ica l applications o f  such m aterials. One o f  the 

m ost successful m ed ica l approaches in  the discussed aspect is photo

dynam ic inactivation  o f  m icroorganism s (PD I), w h ich  uses a com bina

tion  o f  separately non-toxic m olecule/m ateria l and v is ib le  ligh t to 

generate ROS. Their appropriate concentration can lead to the 

destruction o f  targeted cells [2 0 -2 2 ]. The grow in g  acceptance o f  PD I is 

related to  the relentless rise in antib iotic resistance and the unprece

dented risk o f  nosocom ial infections. This approach can also appear a 

prom ising too l in applications beyond  m edicine, w ith  a special focus on 

environm enta l protection  including w ater disinfection, insect
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Fig. 1. Chemical structures o f dihydroxyanthraquinones used as TiO2 
photosensitizers.

eradication, plants protection, and the control o f  foodborne pathogens 

[2 3 ]. Furtherm ore, designing new  photoactive m aterials as self-cleaning 

surfaces present in paints, textiles (antifungal/antim icrobia l socks, 

g loves, gow ns), or m ed ica l devices is an attractive idea from  econom ic, 

social, and public health perspectives [2 4 ]. The most studied com 

pounds fo r PDI include phenothiazin ium  dyes (m ethylene blue, tolui- 

dine blue O ), naturally occurring compounds (ch lorophylls, psoralens, 

perylenequ inonoid  pigm ents), and fu lly  synthetic m acrocycles (p o r

phyrins, chlorins, bacteriochlorins, and phthalocyanines), as w e ll as 

their m etal com plexes [2 5 -3 1 ]. M olecu les w ith  anchoring groups, le . ,  

-O H , -S O 3H, -CO O H , can act as effic ien t sem iconductor surface m od i

fiers. Obtained in this w a y  hybrid  m aterials can in itiate tw o  photo

chem ical pathways. The first one (M echanism  I ) embraces photoinduced 

electron  transfer that leads to the generation  o f  superoxide ion  (O2-), 

hydrogen  peroxide (H 2O2), and hydroxyl rad ical (HO^), w hereas the 

second one (M echanism  II ) involves the energy transfer resulting in 

singlet oxygen  ( 1O2) form ation. A  re la tive ly  la rge d iffusion radius o f  1O2 

and the lack o f  endogenous scavengers to contro l its concentration in 

m icrob ial cells make Mechanism  II particularly relevant in PDI [3 2 ].

D ihydroxyanthraquinones ( Fig. 1) can also po ten tia lly  act as T iO 2 

photosensitizers. Four d ifferen t compounds be longing to this group: 

a lizarin  (1 ), quin izarin  (2 ), anthrarufin (3 ), and chrysazin (4 )  have 

previously been em p loyed  as pigm ents, but now adays they are investi

gated as antioxidants [2 0 ], antim icrobia l [33 ] and anticancer agents 

[3 4 ]. Since these compounds coordinate m etal ions easily, they are 

w id e ly  used fo r the quantification o f  calcium , aluminum, and other 

m etal ions [3 5 -3 7 ]. D ihydroxyanthraquinones also bind w e ll to  the 

titania surface. Hence, the com bination o f  T iO 2 and a lizarin  is often  

studied as a m odel system in quantum -chem ical calculations. The 

arrangem ent w ith  alizarin, w h ich  contains a catechol fragm ent in its 

structure, has been particularly extensively  investigated [3 8 -4 1 ].

It has been dem onstrated that fo r the synthesized titanium  d iox ide 

m od ified  w ith  a lizarin  and its derivatives, an e ffec tive  photoinduced 

charge transfer occurs betw een  organ ic electron  donors and d0 titanium  

centres [4 2 -4 5 ]. Recently, the photocata lytic activ ity  in the oxidation  o f  

organ ic sulphides via  T iO 2 m od ified  w ith , inter alia, a lizarin  (1 ), and 

quin izarin  (2 ) has been dem onstrated [4 6 ]. H ow ever, until n ow  there 

are no reports including the photocata lytic a ctiv ity  o f  the T iO 2 photo

sensitized b y  dihydroxyanthraquinones, nor studies regard ing their 

application in the photodynam ic inactivation  o f  m icroorganism s. 

Therefore, the m ain goa l o f  this w ork  is to v e r ify  the app licab ility  o f  1,2-, 

1,4-, 1,5- and 1,8-dihydroxyanthraquinones as photosensitizers o f  tita

nium d iox ide in the context o f  environm enta l and b iom ed ica l 

applications.

2. Experim ental

A ll chem icals m entioned in this w ork, i f  not stated otherw ise, w ere

purchased from  M erck and used w ithou t further purification.

2.1. Synthesis o f  photocatalysts

The surface m od ifica tion  o f  T iO 2 samples w ith  organ ic dyes: 1,2- 

(12 D H A ), 1,4- (14 D H A ), 1,5- (15D H A ), 1,8-dihydroxyanthraquinone 

(18 D H A ), and catechol (C A T ) w ere  perform ed using the im pregnation 

m ethod. The synthesis protoco l was as fo llow s: 200 m g o f  T iO 2 (H om - 

bikat UV100, anatase, 300 m 2/g, (Sachtleben Chemie) or P25, anatase: 

rutile 80:20, 50 m 2/g, (E von ik )) w ere  suspended in the acetone (o r  

m ethanol for C AT ) solution o f  the m od ifier (1 m m ol/dm 3). The sus

pension o f  TiO2 in the dye solution w as stirred fo r 30 s using a vo rtex  

m ixer (2500 rpm ), then sonicated for 5 m in at room  tem perature and left 

overn igh t in the dark. Then, the suspension was centrifuged (12 ,500 

rpm, 15 m in ) and washed 3 times w ith  acetone (o r  m ethanol in  the case 

o f  C AT ) and dried  at 50 °C. A ll synthesized photocatalysts w ere  then 

ground in an agate m ortar and stored in tigh tly-sealed vessels in the 

dark. The amounts o f  added dihydroxyanthraquinones w ere  slightly 

d ifferen t fo r each used deriva tive , depending on its adsorption proper

ties. A  deta iled  description o f  the procedure is g iven  in SI.

2.2. Characterization o f  materials

Scanning Electron M icroscope im ages w ere  co llected  using VEG A 3 

(Tescan) w ith  a LaB6 cathode. The measurements w ere  perform ed on the 

carbon tape. The samples and bacteria w ere  add itiona lly  sputtered w ith  

go ld . Used accelerating vo ltages w ere  in the range o f  5 to 30 kV, 

depending on the sample.

The size distribution p ro file  w as analysed b y  dynam ic ligh t scattering 

(DLS). The suspension o f  pow der m ateria l (0 .25 g/dm 3) in the bu ffer 

(p H  =  7 .6 ) was prepared 1 h prior to  the m easurem ent and kept in dark, 

then the Z-potential and partic le size distribution w ere  determ ined using 

Zetasizer NanoZS (M alvern ). During measurements, the ce ll w as ther

m ostated at 20 ° C.

Diffuse reflectance spectra (D RS ) w ere  recorded using a UV-3600 

U V -vis-N IR  spectrophotom eter (Shim adzu) equ ipped w ith  a 15 cm dia. 

in tegrating sphere in the range o f  250-800  nm. The samples in the form  

o f  pellets w ith  a sm ooth surface w ere  prepared by  m ix ing the g iven  

m ateria l w ith  BaSO4 in an agate m ortar (ra tio  o f  1:30). The obtained 

data w ere  converted  using the Kubelka-Munk (K M ) function.

In frared (IR ) spectra o f  photocatalysts in the so lid form  w ere  recor

ded using N ico le t iS20 FTIR  Spectrom eter (Therm o Scientific ) w ith  the 

A T R  m odule, in the range o f  400-4000  cm ~1.

Photolum inescence studies w ere  carried out using F luorolog-3 

(H oriba-Jobin Yvon) spectrofluorom eter equ ipped w ith  a 450 W  xenon 

lam p and a holder for so lid  samples. The em ission spectra o f  bare 

dihydroxyanthraquinones w ere  measured fo r their 0.5 pM aceton itrile 

solutions, w h ile  dye-m od ified  T iO 2 samples w ere  measured in the form  

o f  powders. The em ission o f  the studied m aterials w as recorded as a 

function o f  the excitation  energy w ith in  the ranges o f  400-470  nm and 

48 0 -7 50  nm for excitation  and em ission, respectively.

2.3. Photoactivity

Photocurrent measurements w ere  perform ed using a three-electrode 

setup w ith  KNO3 as an electro lyte  (0.1 m ol/dm 3), w h ich  w as purged 

w ith  A r for 10 m in be fore and during the experim ent. A g/A gC l and 

platinum  w ire  w ere  used as the reference and counter electrodes, 

respectively . A  setup com prising a 150 W  xenon lamp (XBO-150 Instytut 

Fotonow y), an electrochem ica l analyzer, and an autom atica lly  contro lled  

m onochrom ator (Instytut Fotonow y) w as used in a ll experim ents. The 

w ork ing  electrodes w ere  prepared by  even ly  spreading photocatalysts 

suspended in w ater over conducting support (ITO -coated  transparent 

fo il o f  60 Q/sq resistance, Sigm a-A ldrich) and dried  at 60 °C. The 

w ork ing  electrodes w ere  irrad iated from  the backside through the ITO  

layer to m in im ize the in fluence o f  the film  thickness on the recorded



w here K M o and K M (t )  denote the in itia l KM  va lu e and KM  at tim e t.

2.4. Photodynamic activity

The ab ility  o f  m aterials to  photodynam ic inactivation  o f  pathogenic 

m icroorganism s w as tested on the fo llow in g  strains: E. co li (K 1 2 ) and 

S. aureus (8325-4 ) and C. albicans (ATCC  M YA-2876D ). E. co li and 

S. aureus w ere  cultured in LB Broth/Lennox (BioShop Lab Science Prod 

ucts)  and brain heart infusion broth (Sigm a-Aldrich ), respectively , w h ile  

C. albicans w ere  grow n  on Yeast extract Peptone Dextrose A ga r  (BioShop 

Lab Science Products). The bacteria w ere  le ft to  g row  at 37 °C, w h ile  the 

fungi w ere  incubated at 30 ° C. Then, preculture was established by 

inoculating bacteria l co lon ies from  a so lid  m edium  to a liqu id  one. The 

liqu id  precultures w ere  le ft to g row  fo r 24 h at 37 °C (o r  30 °C for 

C. albicans). A fter  this time, the optical density at 600 nm (O D 6 0 0 )  was 

measured, and new  liqu id  cultures w ere  set up. Cultures w ere  le ft to 

g row  fo r 16 -20  h until they reached a late log  phase.

A ll the tests w ere  carried out using tw o  m od ified  m aterials 

(15 D H A @ U V 1 00  and 18D H A @ U V 100 ), bare titanium  d iox ide (U V 100 ), 

and relevan t m odifiers (15D H A  and 18DHA). Solutions/suspensions o f  

studied m aterials w ith  concentrations ranging from  0 to 1 g/dm 3 w ere  

prepared in phosphate bu ffer saline (PBS). A fte r  16 -20  h o f  growth, 

bacteria l cultures w ere  centrifuged, the supernatant w as rem oved, and

the pe llet w as concentrated in a photosensitizer solution or solution 

contain ing the photosensitizer and 100 m m ol/dm 3 KI to an optical 

density corresponding to approx im ately 1 »107 CFU/cm3 fo r S. aureus 

and E. co li and 1 »1 0 6 CFU/cm3 fo r C. albicans. A fterwards, they w ere  left 

fo r 2 h under reduced ligh t conditions. Then, a liquots (1 cm 3) w ere 

transferred to a 12-w ell p late and irrad iated w ith  a green  ligh t (green- 

LED, A =  525 ±  20 nm ). The fo llow in g  controls w ere  used in the ex

periments: (1 ) negative  contro l -  bacteria  treated w ith  neither ligh t nor 

photosensitizer (C trl), (2 ) bacteria w ithou t photosensitizer, exposed to 

green  ligh t (data not shown), (3 ) bacteria w ith  photosensitizer, w ithout 

ligh t (dark contro l). A fter  the PDI procedure, the samples w ere  d ilu ted in 

PBS, g iv in g  a series o f  dilutions d ifferin g in concentration b y  orders o f  

m agnitude (10-, 100-times, etc.). Then, 15 pL w as placed on the plates 

w ith  the appropriate so lid  culture m edium. The plates w ere  a llow ed  to 

g row  at 37 °C (30  ° C fo r C. albicans)  fo r 24 h. The number o f  colony- 

form ing units (CFU ) w as counted. The number o f  bacteria that sur

v iv ed  under the g iven  experim ental conditions w as converted in to the 

vo lum e o f  the experim enta l sample. The obta ined results w ere  presented 

on  a logarithm ic scale. Fo llow ing the PD I treatment, the m icroorganism s 

suspension w as transferred to Eppendorf tubes and centrifuged, after 

w h ich  the supernatant w as rem oved, and the pe llet w as w ashed w ith  a 

PBS buffer. Then, the samples w ere  stained w ith  Hoechst 33342 (liv in g  

ce lls ) and propidium  iod ide (dead  cells), respectively. A fter  staining, the 

cells w ere  rinsed tw ice  w ith  the PBS, and 12 mm m icroscope slides w ere 

p laced on them  and im aged w ith  the Zeiss LSM 880  con focal m icroscope.

S. aureus cells w ere  incubated w ith  1.0 g/dm 3 UV100 and w ith  

m od ified  m aterials (15 D H A @ U V 1 00 , 18D H A@ U V 100 ). A fter  1 h, 50 

pm ol/dm 3 fluorescent probes (S inglet O xygen  Sensor Green (SOSG) for 

1O 2 and hydroxyphenyl fluorescein (H PF ) fo r HO^ detection ) w ere 

added. Once incubated, bacteria w ere  washed tw ice  w ith  PBS (pH  =  7.4, 

w ithou t Ca2+ and M g2+) and irrad iated w ith  green  ligh t (A max =  525 nm ) 

in  the dose range o f  0 -1 0  J/cm2 (0 -1 0  m in). Im m edia te ly  afterwards, 

bacteria  w ere  d iv ided  into tw o  identical samples, and SOSG/HPF flu o

rescence w as measured using a m icrop late reader (Tecan Infin ite  

M 2 0 0 Pro ). M oreover, fo r the highest ligh t dose bacteria w ere  exam ined 

using Guava Cytom eter (M illip o re ) equ ipped w ith  a 488 nm laser. Data 

w ere  analysed using InCyte so ftw are (M illip o re ).

2.5. Statistics

Results are presented as a m ean ±  standard error o f  the mean (SEM ) 

from  at least three independent experim ents sim ilar to our papers 

recently  published [1 9 ,2 8 ]. Statistical sign ificance in PDI tests and ROS 

experim ents was determ ined by  tw o-w ay  A N O V A  w ith  Bonferroni post 

hoc test using GraphPad Prism (vers ion  5.0.0 fo r W indow s, GraphPad 

Software, San D iego, Californ ia U SA) and the asterisks denote p-val- 

ues <  *0.05, **0 .01 , ***0 .0 01  com pared to the control.

3. Results and discussion

Dihydroxyanthraquinone deriva tives (D H A ) d iffe r in the arrange

m ent o f  the hydroxyl groups w hich  can po ten tia lly  in fluence dye 

orien tation  on the surface o f  TiO2. T w o  m ain types o f  m odifiers can be 

distinguished: i )  w ith  OH-groups at the same side o f  the m olecule 

(12D H A  and 18D H A) and ii )  at the opposite sides (14D H A  and 15DHA; 

Fig. 1). These structural d ifferences in fluence the adsorption properties 

o f  the tested m odifiers. Tab le S1 shows that the amounts o f  d ihydrox

yanthraquinones adsorbed on T iO 2 (U V100, 200 m g) are in the range o f  

20 to  30 pmol, w ith  exception  o f  12DHA, exh ib iting adsorption at the 

lev e l o f  50 pmol. To  assure reproducib le conditions, 25 pm ol o f  12DHA 

was used. Both 14DHA and 15DHA can b ind horizon ta lly  to  the sem i

conductor surface, sim ilarly  to terephthalic acid on the rutile surface 

[4 7 ], occupying a large area. The rem ain ing deriva tives (12D H A  and 

18D H A) bind perpendicu larly or ob liqu ely  to the ox ide surface, a llow in g 

a denser packing o f  these m olecules at the surface. Interestingly, cate

chol w h ich  also binds perpendicu larly to the surface [4 7 ], exhibits w orse

photocurrents. The ligh t intensity was measured by  tw o  detectors w h ich  

recorded the inciden t and transm itted ligh t to  correct Incident Photon to 

Current E ffic iency (IPC E *) values.

The suspension o f  the tested photocatalyst (1 g/dm 3) w as sonicated 

fo r the 30 s, and then the same vo lum e o f  4-ch lorophenol (4-C P ) aqueous 

solution (2.5-10—4 m ol/dm 3) was added. The suspension was transferred 

to a quartz cuvette (5  cm dia., 1 cm  optical path ) and irrad iated w ith  a 

150 W  xenon lamp (XBO-150 Instytut Fotonow y) equ ipped w ith  a N IR  

filter (0.1 m ol/dm 3 CuSO4 solution in w ater ) and 420 nm cu t-o ff filter 

(Edmund Industrial Optics). The samples w ere  co llected  and filtered  

through CME syringe filters w ith  a 0.22 pm pore size. Then absorbance 

o f  the supernatant at A =  245 nm (corresponding to 4-CP absorption) 

was measured using a single beam  spectrophotom eter (Hewlett Packard  

H P8453 ). The photocata lytic degradation  e ffic iency  o f  4-CP was esti

m ated accord ing to the equation:

(1)

w here C0 and C (t ) denote the in itia l concentration and concentration at 

tim e t.

The suspension o f  the tested photocatalyst (1 g/dm 3) w as sonicated 

fo r the 30 s, then it w as m ixed  w ith  the same vo lum e o f  terephthalic acid 

(T A ) aqueous solution (6-10~4 m ol/dm 3, 0.02 m ol/dm 3 NaOH, the pH  o f  

T A  solution w as adjusted to ~ 7 .6  by  adding hydroch loric acid ). The 

irrad iation  procedure w as the same as in the case o f  tests w ith  4-CP 

degradation. The concentration o f  photogenerated TA O H  w as calcu

lated from  em ission spectra measurements (%ex =  315 nm, Aem =  426 nm; 

PerkinElm er LS 55 Fluorescence Spectrom eter).

The photostab ility  o f  synthesized photocatalysts was tested under 

the same irrad iation  conditions as in the case o f  ph otoactiv ity  m ea

surements. Synthetized m aterials w ere  ground w ith  BaSO4 in an agate 

m ortar (mass ratio 1:30 or 1:50) and placed in a m etal cuvette to form  a 

pellet w ith  a sm ooth surface. First, the DRS spectrum o f  the non

irrad iated sample w as recorded as a reference. Then the sample was 

placed in a holder and irradiated. Recorded d ifferen tia l spectra revea led  

a decrease in the absorption bands o f  the tested samples w ith  m axim a at 

425 nm for C AT@ U V 100 , 495 nm for 12D H A@ U V100 , 465 nm for 

15D H A@ U V100 , and 481 nm for 18D H A@ U V100. Photostab ility  o f  the 

m aterials was estim ated em p loy ing the equation:

(2 )Photostability

Degradation E fficiency



Fig. 2. SEM  im ages o f  pristine U V 1 0 0  (a )  and U V 1 0 0  im pregnated w ith  15 D H A  (1 5 D H A @ U V 1 0 0 ; b )  and 18 D H A  (1 8 D H A @ U V 1 0 0 ; c).

F ig . 3 . The electronic absorption  spectra o f  0.25 m M  acetone solution o f  12D H A, 14D H A , 15D H A , and 18 D H A  (a ); and  norm alized  K ubelka-M unk function o f  bare  

U V 100  and  D H A @ U V 1 0 0  (b ).

adsorption properties than the m entioned anthraquinone derivatives 

(20  pm ol) despite its low er size. A  high density o f  d ihydroxyan

thraquinones packing can be rationa lized  either by  a n-n stacking or 

keto-enol tautomerism  [4 2 ,4 8 ].

The synthesized photocatalysts have intense colours (ye llow ish , or

ange, red, and pink, Fig. S1). Throughout the document, these m aterials 

are abbreviated as D H A @ T iO 2, w here the appropriate D H A m odifier 

and T iO 2 support are specified . The synthetic procedures did not a ffect 

the TiO2 consistency -  the m aterials show ed the same fr iab ility  as the 

unm odified  U V100 and P25. SEM im ages also confirm  the lack o f  

changes in the m orpho logy o f  the m ateria l (Fig. 2 and S2). Synthetized 

m aterials show  identica l TiO2 aggregates size b e fo re  and after im preg

nation. Aggregates w ere  not sticking together fo r any tested dyes.

Dynamic ligh t scattering measurements revea led  a m onom odal dis

tribution o f  the hydrodynam ic size fo r each sam ple ( Fig. S3). The size 

distribution fo r bare UV100 reached the m aximum  o f  about 0.96 pm, 

and fo r unm odified  P25 the m aximum  w as equal to 1.47 pm. A fter 

deposition o f  the dihydroxyanthraquinones, the size o f  the aggregates 

sligh tly  increased fo r both  series (up to  1.46 pm fo r D H A @ U V 100  and 

1.88 pm fo r D H A @ P2 5 ). This can be attributed to the hydrophobic 

character o f  the applied  dyes. The DLS measurements correspond w ith  

SEM analysis. A dd itiona lly , recorded Z-potential values (Tab le S2) are 

sim ilar w ith in  an error fo r a ll D H A @ U V 100  m aterials (from  —17.5 to 

—15.0 m V ), as w e ll as fo r a ll D H A @ P2 5  m aterials (from  — 23.7 to —18.8 

m V).

3.1. Spectroscopic properties

U V -v is  diffuse reflectance spectra (presented as norm alized Kubelka-

Munk functions) o f  D H A @ U V 100  m aterials w ere  recorded in the solid- 

state, w h ile  spectra o f  dyes a lone w ere  recorded in the transmission 

m ode in acetone solution ( Fig. 3). A ll spectra revea l redshifts o f  the main 

bands o f  the dyes. The absorption m aximum  for pure 12DHA is loca lized  

at 450 nm, w h ile  a fter b inding to the T iO 2 surface it shifts to 495 nm. 

Both m axim a o f  14DHA, 490 and 520 nm, are m oved  to 505 and 550 nm 

upon binding to UV100. M oreover, the bands broaden, w h ich  makes the 

determ ination o f  the second m aximum  m ore d ifficu lt. Sim ilar changes 

are observed fo r 15D H A and 18DHA (Fig. S4, Tab le S3). M uch m ore 

pronounced changes are observed fo r catechol, fo r w h ich  a new  

m axim um  at ~ 4 2 5  nm for C A T @ U V 10 0  and C A T @ P 25 , appears 

( Fig. S4). The a lteration o f  D H A absorption bands can result from  

changes in their electron ic structure or/and the elim ination  o f  tauto

m eric form s as w as shown in previous reports [4 2 ,4 3 ].

D ihydroxyanthraquinones except 14DHA are characterized b y  rela

t iv e ly  lo w  fluorescence quantum yields (Fig. S5) [4 3 ,4 9 ]. A  detectab le 

em ission o f  D H A @ U V 100  m aterials w as recorded on ly for 

15D H A@ U V 100  and 18D H A@ U V100 . This m ay point to an e ffic ien t 

photo induced electron  transfer (in  the case o f  12DHA and 14D H A) as an 

a lternative deactivation  path.

T w o  distinct types o f  interactions betw een  the dye and the sem i

conductor can be distinguished. The first one (typ e  I, indirect)  involves 

the electron  transfer from  the photoexcited  dye to the conduction band 

(CB ) o f  the sem iconductor. In the second mechanism  (typ e  II, direct), 

electron  in jection occurs from  the d y e ’ s ground state to the sem i

conductor’ s conduction band [4 1 ,4 7 ]. This type o f  mechanism  is asso

ciated w ith  the appearance o f  a new  band and can be observed in the 

T iO 2-catechol systems. Recorded changes in the electron ic absorption 

spectra o f  D H A @ T iO 2 con firm  the indirect mechanism, as previously



Fig. 4. IPCE* as the function o f  w ave length  and  potential fo r photoelectrodes covered w ith  (a )  bare T iO 2 (U V 1 0 0 ), (b )  1 2 D H A @ U V 1 0 0 , (c ) 1 4 D H A @ U V 1 0 0 , (d )  

15 D H A @ U V 1 0 0 , and (e )  1 8 D H A @ U V 1 0 0 . IPC E* as the function o f  w ave length  fo r a ll m aterials (a t  600 m V; f). The red and b lu e  areas correspond to the anodic and  

cathodic photocurrents, respectively.

reported fo r a lizarin  (12 D H A ) [4 1 ] .

IR  spectra w ere  recorded to determ ine the nature o f  the interaction 

betw een  the dyes and T iO 2 (chem i- or physisorption ) ( Fig. S6). Th ere

fore, a com parison o f  D H A spectra w ith  d ifferen tia l (D H A @ T iO 2 -  T iO 2) 

spectra was perform ed. Such analysis fo r C A T @ T iO 2 ( Fig. S5a, Table S4, 

S5) reveals the disappearance o f  the signals from  the -O H  group (3607, 

3656, and 1160 cm ~1). It confirm s catechol com plexation  to T iO 2 

through hydroxyl groups. This observation  fu lly  coincides w ith  the re

sults o f  calculations fo r the catechol b inding to the T iO 2 surface [4 7 ].

In the case o f  dihydroxyanthraquinones, most o f  the recorded signals 

can be attributed to ring oscillations. H ow ever, C-OH and C- O groups, 

w h ich  can partic ipate in binding to TiO2, can also be identified .

Sim ilar to  catechol, a lizarin  (12 D H A ) o ffers also tw o  neighboring

hydroxyl groups. In the case o f  12D H A@ U V100 , the analysis o f  IR 

spectra reveals the disappearance o f  signals attributed to  — O H  groups 

( Fig. S5b, Tab le S5, S6). The loss o f  O— H stretching signal at 3357 cm ~1 

and bending vibrations at 1180 cm ~1 is like those for catechol and 

confirm s the form ation  o f  the 12DHA-TiO2 com plex. It is w orth  noting, 

that also the signal o f  stretching vibrations o f  the C- O group at 1660 

cm ~1 disappears. Some reports suggest b inding through -O H  groups, 

h ow ever, in vo lvem en t o f  the C- O group cannot be excluded, because 

such binding is also observed fo r other d ihydroxyanthraquinones [4 2 ].

The situation is s ligh tly  d ifferen t fo r 14D H A ( Fig. S5c, Table S8, S9). 

The structure o f  this m olecu le contains — O H  and C- O groups on both 

sides. Since the signals characteristic fo r O— H in-plane bending and 

C- O stretching are still present in the d ifferen tia l spectrum, it is



3.2. Photoelectrochemistry

A ll D H A @ T iO 2 m aterials absorb v is ib le  ligh t up to ca. 600 nm. 

H ow ever, based on ly  on  absorption properties, photosensitization 

cannot be undoubted ly confirm ed. Therefore, photocurrents w ere  

measured fo r these m aterials as a function o f  ligh t w avelen gth  and 

applied  potentia l (Fig. 4 ).

A n od ic  and cathodic photocurrents above 400 nm have been 

observed fo r all m od ified  m aterials, w h ile  titanium  d iox ide and dyes 

(separately ) do not show  any photoresponse in this range. The photo

electrochem ica l a ctiv ity  o f  these m aterials fu lly  coincides w ith  the ab

sorption range. A  sim ilar e ffec t is also ach ieved w hen  P25 is used instead 

o f  UV100 ( Fig. S7). Th is observation  confirm s T iO 2 photosensitization 

by dihydroxyanthraquinone derivatives. Despite a sim ilar absorption o f  

v is ib le  ligh t b y  the tested materials, their IPCE* values d iffe r sign ifi

cantly. The photoelectrocata lytic a ctiv ity  o f  the D H A @ T iO 2 fo llow s the 

order: 12D H A@ U V 100 >  14D H A @ U V 100  >  18D H A @ U V 100  >  

15D H A@ P25 >  15D H A@ U V100. M oreover, the adsorption o f  dihy- 

droxyanthraquinones in each case sign ificantly  increases IPCE* values 

b e low  400 nm. It is notew orthy, that 12D H A @ U V 100  and C A T@ U V 100  

have sim ilarly  h igh values o f  IPCE*. Both m odifiers have hydroxyl 

groups in the 1,2 positions, w h ich  favours the e ffic ien t electron  transfer 

from  the dye to T iO 2. Significant d ifferences in IPCE* values o f  

D H A @ T iO 2 recorded under UV and v is ib le  ligh t irrad iation  are in 

striking contrast to  C A T @ T iO 2, w h ich  shows sim ilar IPCE* values in 

both spectral ranges, supporting the hypothesis on d ifferen t mechanisms 

o f  titania photosensitization by  catechol (typ e  II ) and dihydroxyan- 

thraquinone dyes (typ e  I ) [4 1 ,4 2 ,5 0 ].

Fig. 6. Progress o f the photocatalytic hydroxylation o f terephthalic acid to 
hydroxyterephthalic acid; Xirr >  420 nm.

3.3. Photoactivity

The ph otoactiv ity  o f  D H A @ T iO 2 m aterials was tested under vis ib le 

ligh t irrad iation  (X >  420 nm ) in tw o  test reactions: i )  degradation  o f  4- 

ch lorophenol and ii )  hydroxyla tion  o f  terephthalic acid  to hydroxyter- 

ephthalic acid. The non-biodegradable 4-ch lorophenol is a popular 

m odel pollutant that can be ox id ized  by hydroxyl radicals, but not by 

superoxide anion radicals or singlet oxygen  [5 1 ,5 2 ]. W hereas, the hy

droxyla tion  o f  terephthalic acid  is a selective reaction used fo r HO^ 

radicals detection  [5 3 ]. Fig. 5 shows the results o f  the 4-CP photo

degradation  in the presence o f  a ll synthesized m aterials and bare UV100 

as a reference.

Th ree o f  these m aterials appeared particularly active: 

12D H A@ U V100 , 15D H A@ U V100 , and C AT@ U V 100. In addition, 

12D H A@ U V 100  show ed the fastest 4-CP degradation rate. Longer tests 

w ith  this m ateria l w ere  not possible due to its instability. On the other 

hand, 14D H A @ U V 100  show ed a lo w  activ ity, com parable to  that o f  

unm odified  UV100. The activ ity  o f  all m aterials was also tested in the 

dark (Fig. S8) to exclude the therm al degradation o f  4-CP and to esti

m ate the adsorption o f  the substrate at the photocatalyst surface. A fter 

150 m in, the changes in 4-CP concentration w ere  neglig ib le, poin ting at 

insign ificant degradation  and adsorption o f  ch lorophenol in the dark.

T o  ach ieve a m ore com p lete picture o f  the m ateria ls’ ph otoactiv ity  

(A >  420 nm ), the hydroxyla tion  o f  terephthalic acid w as fo llow ed  

( Fig. 6 ). This reaction is m ore suitable fo r long-lasting experim ents. The 

D H A @ U V 100  m aterials show  higher ph otoactiv ity  com pared to un

m od ified  titanium  dioxide. Th ey  w ere  also m ore active than 

C A T @ U V 10 0 , although the considerable advantage o f  some materials 

becam e m ore pronounced after longer irrad iation  times. M aterials

Fig. 7. Photobleaching curves obtained for UV100 impregnated with CAT, 
12DHA, 15DHA, and 18DHA expressed as a ratio o f the Kubelka-Munk function 
before (KMo) and during irradiation (KM ) at A >  420 nm.

Fig. 5. Photodegradation o f 4-CP in the presence o f various photocatalysts; Xirr 
>  420 nm.

d ifficu lt to  unam biguously confirm  its bonding to the TiO2 surface. Such 

observation can be expla ined b y  a vertica l orien tation  o f  14DHA at the 

T iO 2. The O— H stretching signal at 3030 cm ~1 is decreased, w h ich  can 

be considered as a con firm ation  o f  a vertica l 14D H A binding to T iO 2, as 

reported previously [4 5 ].

In the case o f  anthrarufin (15D H A ), the situation is sim ilar to 14DHA. 

Signals characteristic fo r O— H in-plane bending are still present in the 

d ifferen tia l spectrum ( Fig. S5d, Tab le S10, S11). The C— O stretching 

signal is w eaker, w h ich  im plies the in vo lvem en t o f  this group in binding 

to T iO 2. The O— H stretching signal at 3072 cm ~1 decreases upon 

adsorption o f  the dye. Since the O— H in-plane bending and C— O 

stretching signals are w eaker than in the case o f  1 4 D H A @ T iO 2, like ly , 

15DHA binds vertica lly  at the surface o f  titania.

Regarding the IR  analysis o f  18DHA, the situation is sim ilar to  that o f  

12DHA, since a ll O— H groups are loca lized  at the same side o f  the 

m olecule. The disappearance o f  signals associated w ith  -O H  and C— O 

groups suggests, that 18D H A binds to the T iO 2 surface through all 

functional groups (Fig. S6e, Tab le S12, S13).



Fig. 8. The survival fractions o f PDI-treated bacteria and fungi: E. coli (a, b), S. aureus (c, d), and C. albicans (e, f) after 2 h o f incubation with DHA@UV100 (a, c, e) 
and selected anthraquinones alone (b, d, f) and green light irradiation (525 ±  20 nm). Data are expressed as mean ±  SEM. The asterisks denote p-values <  *0.05, 
**0.01, ***0.001 compared to the control.

sensitized w ith  CAT and 12DHA practica lly  lost their activ ity  a lready 

a fter 1 and 2 h, respectively. This instability m ay be attributed to the 

presence o f  -O H  groups in positions 1 and 2. The m ost active  among 

studied m aterials turned out to  be 18D H A@ U V100 , although it also 

shows reduced ph otoactiv ity  over time. The second m ost e ffe c tive  m a

terial (1 5 D H A @ U V 1 0 0 ) rem ained active  even  a fter 6 h o f  irradiation. It 

should be em phasized that no corre lation  w as observed betw een  the 

amount o f  the m od ifier at the T iO 2 surface and the activ ity  o f  the pho

tocatalyst. Thus, the observed activities can on ly  be attributed to the 

nature o f  the dye-TiO2 interaction. It is notew orthy that on ly  

1 2 D H A @ T iO 2 and 1 4 D H A @ T iO 2 w ere  reported be fore  as photo

catalysts, w h ich  in our study appeared to be the most unstable and the 

least active  materials, respectively.

3.4. Photostability

A  deta iled  photostab ility  analysis w as done by  irrad iating D H A @ - 

T iO 2 so lid  pe llet samples w ith  v is ib le  ligh t fo r 10 h ( Fig. 7 ). The 

C A T @ U V 10 0  was used as reference m ateria l, w hereas 12D H A@ U V 100 

and 18D H A@ U V 100  w ere  chosen due to their high activ ity , w h ile  

15D H A@ U V 100 w as selected because o f  the highest photostability

am ong a ll the synthesized samples.

Photostab ility  measurements showed that photobleach ing o f  dihy- 

droxyanthraquinone deriva tives occurs sign ificantly  slow er than fo r the 

C A T @ U V 10 0  system. 12D H A @ U V 100  is rem arkably less photostable 

than the other tested D H A @ U V 100  materials. Therefore, despite being 

in itia lly  the m ost active  m ateria l, it is also the most rap id ly  deactivated. 

15D H A@ U V 100  turns out to be the m ost photostable powder. 

18D H A@ U V 100  is s ligh tly  less stable, how ever, it is much m ore active 

than 15D H A@ U V 100  and has an in itia l activ ity  com parable to 

12D H A@ U V100 . Degradation products o f  dyes can also act as T iO 2 

sensitizers, as discussed elsew here fo r ca techol-T iO 2 systems [4 7 ,5 4 ]. A  

re la tiv e ly  h igh visib le-ligh t-induced activ ity, as w e ll as reasonable sta

b ility , com pared to  catechol-based systems, opens the possib ility  o f  

applying these m aterials as self-cleaning and antibacterial agents.

3.5. Photodynamic inactivation o f  microorganisms

Due to the increasing antib iotic resistance, it seems particularly 

im portant to search for n ew  strategies to  com bat bacteria and fungi, 

especia lly  those resistant to antib iotics [2 5 ,5 5 -5 7 ]. A  key feature 

enabling the m ateria l to be used in PD I is the e ffic ien t generation  o f  ROS



Fig. 9. ROS detection in vitro: (upper) light-dose dependent generation o f hydroxyl radicals a) and singlet oxygen b) in S. aureus determined by HPF and SOSG 
fluorescent probes after incubation with materials and irradiation with green light (525 ±  20 nm). Data are expressed as mean ±  SEM. The asterisks denote p- 
values <  *0.05, **0.01, ***0.001 compared to control; (lower) flow  cytometry analysis o f ROS generation in S. aureus stained with HPF c) and SOSG d), respectively.

that can ox id ize  proteins and lipids leading to pathogen destruction. 

Some o f  the photocatalysts, especia lly  photosensitized TiO2, w ere  

proven  to be e ffe c tive  in PD I [19 ,2 6 ,3 1 ,5 8 -6 0 ]. In the present study, the 

ab ility  o f  D H A @ U V 100  to  inactivate E. co li (G ram -negative bacteria ), 

S. aureus (G ram -positive bacteria ), and C. albicans (yeast specie that 

causes resistant in fections m ain ly in patients w ith  lo w  im m unity) was 

in flicted  for the first time. T o  com pare the photodynam ic e fficacy  o f  the 

tested materials, they w ere  exposed to v is ib le  ligh t (X ^  525 ±  20 nm ) at 

d ifferen t tim e intervals (0 -1 0  m in ) corresponding to  ligh t doses from  

0 to 10 J/cm2. It is w orth  noting that the spectroscopic properties o f  the 

m aterials studied a llow ed  the use o f  green  light, rather than blue light, 

m ore com m on ly used in sim ilar systems. This is crucial fo r the potentia l 

application o f  these m aterials either as self-cleaning coatings/paints or 

fo r the treatm ent o f  bacteria  in the form  o f  b io film  because photons o f  

low er energy are less harm ful and can penetrate tissue or b io film  

sign ificantly  deeper. The results o f  the conducted experim ents w ere  

presented in a logarithm ic scale ( lo g 10) as a standard error o f  the mean 

from  three independent experim ents (±S tan d ard  Error Mean; Fig. 8 ).

The fo llow in g  control groups w ere  em ployed: i )  untreated m icroor

ganisms (C trl), i i )  m icroorganism s treated on ly  w ith  ligh t (data not 

shown, as no e ffec t was observed ), and i i i )  m icroorganism s incubated 

w ith  m aterials (D ark ). Exposure o f  bacteria l suspensions to light, in the 

absence o f  any photocatalyst, does not adversely  a ffect their growth. 

M oreover, a slight increase in their survival fraction  w as observed, 

w h ich  suggests a possible light-induced proliferation . There w ere  also no 

sign ificant differences in grow th  rates com pared to  untreated controls. A  

small reduction o f  co lon ies w as observed a fter exposure o f  incubation 

w ith  15DHA and 18DHA to light, ind icating lo w  ph oto tox icity  o f  the 

studied dihydroxyanthraquinones. H ow ever, it must be po in ted out that 

such activ ity  is observed on ly  fo r the highest concentration o f  DHAs, 

w h ich  a lready exceed the amount present in the D H A @ T iO 2 materials. 

Various degrees o f  reduction in m icrob ial survival w ere  observed in the 

PD I-treated groups. These differences are m odest but, G ram -negative 

bacteria w ere  less susceptible to PD I than G ram -positive bacteria. The 

most active m ateria l (1 8 D H A @ U V 1 0 0 ) reduces co lon ies o f  S. aureus by

3 logs, and the addition  o f  non-toxic KI leads to a com plete eradication 

( > 6  lo g 10) o f  these bacteria  strains. For Gram -negative bacteria, a 

re la tiv e ly  lo w  but still satisfactory antim icrobia l a ctiv ity  (reduction  in 

su rvival fraction up to  99,9 %  o f  treated bacteria ) w as demonstrated.

This e ffec t results from  the differences in the ce ll w a ll structure o f  

ind ividua l types o f  bacteria and is consistent w ith  the results o f  PDI 

studies obta ined by  others [6 1 ] . The tested m aterials also dem onstrated 

som e activ ity  against fungal cells ( C. albicans), w h ich  are genera lly  even 

m ore resistant to PD I than G ram -negative bacteria. The perform ed ex

perim ents a llow ed  us to determ ine the experim enta l conditions neces

sary to ach ieve deactivation  exceeding 99.9 %  (3 log  units) for 

18D H A@ U V100 . H ow ever, a com p lete bacteric ida l e ffec t was observed 

a fter the addition  o f  1 m M  KI to  the exam ined m aterials w ith  concen

trations o f  0.1 and 1 g/L, w h ile  the fungicidal e ffect am ounted 2 -4  log  

units. Th is is due to the synergistic e ffect o f  both ROS and iod ine rad i

cals. H am blin ’ s papers described that the potentiation o f  PD I by  the 

addition  o f  iod ide w ou ld  also be an electron  transfer process from  I “  to 

the excited  state o f  the photocatalyst, g iv in g  iod ine radicals (F, I2~ ) that 

carried out the antim icrobia l k illing. In the case o f  TiO2/UVA/KI, the 

m echanism  o f  potentiation  w as shown to include additional two- 

electron  oxidation  o f  I “  to g ive  hypo iod ite as w e ll as one-electron 

ox idation  to  g ive  iod ine [6 2 ,6 3 ].

The ab ility  o f  the 15D H A@ U V 100 and 18D H A@ U V 100  m aterials, as 

w e ll as bare UV100 to generate ROS v ia  Typ e  I and Typ e II photo

chem ica l mechanisms, w ere  evaluated. The photogenerated ROS w ere 

detected using HPF (the probe selective fo r hydroxyl rad icals) and SOSG 

(the probe specific fo r singlet oxygen ) in S. aureus cells, w h ich  w ere 

found to be most susceptible to PDI. For this purpose, S. aureus bacteria 

w ere  incubated w ith  HPF or SOSG probes (50  pM ) and each m ateria l (1 

g/L ) fo r 2 h. Fo llow ing  incubation, fluorescence was measured, and 

bacteria  w ere  analyzed using flo w  cytom etry  ( Fig. 9). The obta ined re

sults c learly  show  that the exposure to green  ligh t drastically increased 

the fluorescence signal and con firm ed both types o f  ROS generation  -  

hydroxyl radicals and singlet oxygen . As expected, the m ost pronounced 

HPF signal w as recorded fo r the 18D H A @ U V 100  m aterial. The singlet



Fig. 10. Laser scanning confocal and scanning electron microscopy images o f S. aureus: control (top panels), PDI-treated (18DHA@UV100, middle panels), and 0.1 
and 1.0 o f 18DHA@UV100 PDI +  KI-treated (bottom panels). Cells labelled with GFP and stained with Hoechst 33342 and propidium iodide.

oxygen  form ation  w as also m ore ev iden t fo r 18D H A@ U V 100 than for 

15D H A@ U V100. The observed e ffec t m ay be derived  from  the nature o f  

m odifiers, because natural anthraquinones can generate ROS according 

to both  Typ e I and Typ e II photochem ical mechanisms [6 4 ] . The T yp e  I 

photoactive m aterials appear prom ising fo r their use in  oxygen -lim ited  

conditions and m ay therefore be much m ore e ffec tive  fo r in fections 

caused by  anaerobic bacteria l flora. W hereas Typ e II agents are desired

in  PD I due to the intrinsic bacteria  resistance to oxygen-cen tered rad i

cals [6 5 ,6 6 ]. Thus, it can be concluded that investigated hybrid  m ate

rials act v ia  both  mechanisms, w h ich  makes them  prom ising agents for 

antim icrobia l applications.

18D H A@ U V 100  is m ost e ffe c tive  against a ll tested m icroorganism s 

since it generates the h ighest amount o f  ROS, especia lly  s inglet oxygen , 

considered to be a key determ inant o f  the final PDI perform ance. It is
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Fig. 11. Laser scanning confocal and scanning electron microscopy images o f E. coli: control (top panels), PDI-treated (18DHA@UV100, middle panels), and 0.1 and 
1.0 o f 18DHA@UV100 PDI +  KI-treated (bottom panels). Cells stained with Hoechst 33342 and propidium iodide.

w orth  noting that bacteria l cells do not have defence mechanisms 

against s inglet oxygen , w hereas the concentration o f  oxygen-cantered 

radicals can be easily  con tro lled  by  bacteria l antioxidant enzym es (e. 

g., superoxide dismutase and catalase). The re la tive ly  lo w  photodynam ic 

e fficacy against Gram -negative bacteria has been reported fo r other 

photosensitizers. Th is phenom enon is related to  the d ifference in 

porosity  and ce ll w a ll structure in Gram -positive, Gram -negative bac

teria and fungi [2 4 ] . The thicker and porous ce ll w a ll o f  Gram -positive

bacteria  (e.g., S. aureus) contains a peptidog lycan  layer that is located 

d irectly  outside the cytoplasm ic membrane. It is responsible fo r the r i

g id ity  o f  the ce ll w a ll but is not considered to be the lim itin g  perm e

ab ility  barrier fo r small m olecules, therefore photogenerated ROS 

generated in situ in the cellu lar environm ent can read ily  penetrate the 

cytoplasm . In contrast, Gram -negative bacteria have an additional 

lipopolysaccharide-contain ing outer m em brane w hich  low ers the 

perm eab ility  to  lipoph ilic  compounds [2 8 -3 0 ,6 7 ]. The m oderate effect



Fig. 12. Laser scanning confocal and scanning electron microscopy images o f C. albicans: control (top panels), PDI-treated (DHA@UV100, middle panels), and 
DHA@UV100 PDI +  KI-treated (bottom panels) for 15DHA@UV100 and 18DHA@UV100, left and right panels, respectively. Cells stained with Hoechst 3342 and 
propidium iodide.

o f  PD I on C. albicans m ay be rationa lized  by  a thick ß-glucan layer 

form ing fungal ce ll walls, w h ich  reduces the diffusion o f  PS into the 

cytoplasm . In addition, these cells show  som e sim ilarities to typ ica l 

eukaryotic cells and m ay require longer incubation times w ith  the m a

terial necessary to  obtain  their op tim al activity. Therefore, in the present 

w ork, w e  use the strategy o f  enhancing PDI w ith  inert inorganic salts, 

w h ich  has been previously described in our studies [19 ,26,28] and was 

m ore ex tensively  discussed in H am blin ’ s reports [6 8 ,6 9 ]. The results 

con firm  that potassium iod ide sign ificantly  potentiates PD I perform ance 

fo r a ll investigated materials. The addition  o f  100 m M  KI to  the system 

results in a com p lete eradication  (> 7  lo g 10) o f  E. co li and S. aureus and 

increases the e ffic iency  o f  C. albicans photo inactivation  in a regim en 

requ iring the use o f  a lo w  concentration o f  m ateria l (0.1 g/L fo r bacteria, 

1 g/L fo r fu ngi) and irrad iation  w ith  a w avelen gth  o f  Xmax =  525 nm at a 

dose o f  10 J/cm2 (10  m in).

PD I-induced dam age to bacteria l and fungal cells w as assessed by 

con focal fluorescence scanning m icroscopy. A dd itiona lly , SEM im aging

was perform ed to visualize the m orpho log ica l changes caused by 

photo induced ROS in the presence o f  18D H A @ U V 100  m aterial. In a 

paralle l study, con focal im aging w as perform ed to  con firm  PDI-induced 

dam age to m icrob ial cells and to  distinguish the mechanisms o f  cellu lar 

disruption through the generation  o f  reactive oxygen  and iod ine species. 

Stained liv e  bacteria  exh ib it b lue fluorescence (H oechst 33342 ) w h ile  

dam aged (d ead ) cells display red fluorescence (prop id iu m  iod ide). For 

S. aureus, w e  used GFP-labelled bacteria  to  further visualize liv in g  cells. 

The basic PD I protoco l can induce m oderate photodam age in E. coli 

(b lue fluorescence co loca lizes w ith  red signal), w h ich  is most prom inent 

in  ce ll w a ll structures. In contrast, PD I w ith  the addition  o f  KI provokes 

the destruction o f  the ce ll structures. Recorded im ages are presented in 

Fig. 10 fo r S. aureus and in Figs. 11, 12 fo r E. co li and C. albicans, 

respectively . Based on these results, it m ay be seen that PD I-treated 

S. aureus deve loped  vesicles in w h ich  fragm ents o f  bacteria are still 

noticeab le, as con firm ed b y  GFP and Hoechst em ission. Furthermore, 

propidium  iod ide (P I ) penetration into the ce ll confirm s that the ce ll



w alls have been dam aged. Cell w alls ruptures can also be observed in the 

SEM im ages, due to their ox idation  by  ROS. M oreover, the addition  o f  KI 

sign ificantly  enhances the cells dam age. H ow ever, as seen in the 

channel-m erged im ages, a fe w  po ten tia lly  v iab le  bacteria  can still be 

found. Nevertheless, GFP fluorescence w as observed in the bacteria l 

film , as bacteria  lost their ce ll w a ll in tegrity  b y  leaking cytoplasm  into 

the environm ent. The SEM im age shows isolated spherical structures 

surrounded by  numerous small vesic les d erived  from  the d isintegration 

o f  the bacteria l cell. This e ffec t is even  m ore pronounced fo r bacteria 

treated w ith  a h igher KI concentration, w h ere even  the blue fluorescence 

o f  Hoechst does not appear in any bacteria, ind icating com p lete bacteria 

eradication. Sim ilarly, E. co li and C. albicans exh ib ited  a ce ll dysfunction 

that can even tually  inhib it ce ll division. In the case o f  C. albicans the 

changes in  ce ll m orpho logy (SEM  im ages) are less ev iden t com pared to 

bacteria cells.

4. Conclusions

Perform ed studies con firm ed that naturally occurring dyes, 1,2-, 1,4

, 1,5-, 1,8-dihydroxyanthraquinones, can be considered useful photo

sensitizers o f  titanium  dioxide. Th ey  do not change the m orpho logy  o f  

T iO 2, despite b inding to  its surface. A ll m odifiers sign ificantly  enhance 

both absorption and the spectral range o f  photocata lytic a ctiv ity  (up to 

600 nm ). A  lack o f  new  absorption bands points to the ind irect photo

sensitization mechanism. The photocatalysts’ perform ance w as studied 

in the degradation o f  4-ch lorophenol and the hydroxyla tion  o f  tereph- 

thalic acid. T itan ium  d iox ide m od ified  w ith  1,5- and 1,8-dihydroxyan- 

thraquinones, tested fo r the first tim e as photocatalysts, appear to be 

the most active materials, w h ile  previously reported 1 2 D H A @ T iO 2 and 

14D H A@ TiO 2 systems show  the fastest deactivation  and the low est 

photoactiv ity , respectively.

The studied m aterials exh ib it suitable physicochem ical and spec

troscopic properties fo r their application  in PDI. Upon excitation  w ith  

green  light, they e ffic ien tly  generate ROS via m ultip le mechanisms, 

w h ich  is an advantage over the m ore com m on ly used b lue light, less 

suitable fo r PDI. Their ab ility  to generate singlet oxygen  in addition  to 

photo induced electron  transfer products (e.g., HOJ justifies their use as 

e ffic ien t photocatalysts fo r antim icrobia l treatm ent since m icroorgan

isms have not y e t deve loped  resistance to  1O2. 1 8 D H A @ T iO 2 and 

15D H A@ TiO 2 appear to  be h igh ly  active  against both  G ram -negative 

and Gram -positive bacteria, as w e ll as they have m oderate antifungal 

activity. Furtherm ore, w e  dem onstrated that the addition  o f  non-toxic KI 

to the photocata lytic system results in the generation  o f  iod ine radicals 

in addition  to ROS, lead ing to the com p lete eradication  o f  bacteria  and 

strong fungicidal activ ity  against C. albicans.
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