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"I am among those who think that science has great beauty. A scientist in his laboratory is
not only a technician: he is also a child placed before natural phenomena which impress him

like a fairy tale."
Marie Skłodowska-Curie

“Like musicians, like mathematicians—like elite athletes—scientists peak early and dwindle
fast. It isn’t creativity that fades, but stamina: science is an endurance sport. To produce that
single illuminating experiment, a thousand nonilluminating experiments have to be sent into

the trash; it is battle between nature and nerve.”
Siddharta Mukherjee, The Gene: An Intimate History
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INTRODUCTION

I.   Antimicrobial resistance

Antimicrobial  resistance  is  one  of  the  arising  problems  of  the  XXIst century,  as  it  is
estimated that every year 700,000 people die, due to infections related to multi-drug resistant
microorganisms [1]. Projections indicate that if actions are not taken on this regard, the death
toll would increase up to 10 million people per year, in 2050, with developing countries taking
the most damage of it [2]. 

Antimicrobial resistance arise is the result of the ever-growing presence of antibiotics into
the environment, which has selected resistant bacteria, and allowed the global spread of the
so-called “superbugs”. Recent studies have shown that antibiotic resistance genes (ARGs)
are present even in the remote jungles of the Amazon [3], or in the supposedly pristine Arctic
region [4]. The quick spread of antibiotic resistance is due to molecular mechanisms resulting
from a millennial  chemical  war  at  the microscopic  level.  ARGs can be inherited  through
generations (vertical  transfer) or  it  can be acquired through other molecular  mechanisms
(horizontal transfer) as depicted in Figure 1. 

The  effective  horizontal  transfer  of  ARGs has led  to  a  catastrophic  scenario.  Several
antibiotics, discovered during the last century but discarded due to their acute toxicity, have
been brought into the clinical use as “last resource” alternatives. However, alarms are ringing
around the world, as even these aggressive alternatives are being decimated by the global
spread of specific resistance genes [5]. 

As a deadly conjunction, the pipelines of development of new antibiotics are barely empty.
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Figure 1: Molecular mechanisms for the transferral of ARGs in bacteria. While ARGs can be
transferred through generations (vertical transfer), ARGs can be transferred as well through
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obtained from dead bacteria (horizontal transfer).

http://creativecommons.org/licenses/by-nc-nd/2.0/fr/


Up to December 2020, approximately 43 new antibiotics were in different stages of clinical
development, from which only two had reached the application of “new drug” upon the Food
and Drugs  Administration  (FDA).  However,  from these  43 new molecules,  only  24 were
expected to have an activity against the World Health Organization’s (WHO) list of critical
threat  pathogens.  Furthermore,  only  10  of  them  received  the  classification  of  “new
molecules”, posing a high risk of cross-resistance with molecules of similar structure already
available  [6].  These  new  molecules,  although  promising,  will  be  reserved  for  specific
infections and hospital environments, to decelerate the appearance of antibiotics resistance,
with most of the population still in contact with antibiotics showing decreasing efficiency.

This dire situation has prompted scientists to look for alternatives  [7], especially where
systemic antibiotics are not needed, as agriculture and food industry. Traditionally, antibiotics
have been acknowledged as “magic bullets”, as they have specific molecular targets and
molecular mechanisms, that avoid the host but attack the pathogen. However, this specificity
permits  that  bacterial  resistance  arise  as  a  consequence  of  punctual  mutations  and/or
acquisition of resistance genes. Thus, an antibacterial alternative with non-specific molecular
target  is  desirable,  with  their  best  examples  being  cold  atmospheric  plasma  and
photodynamic therapy. 

II.   PhotoDynamic Therapy and Photodynamic Antimicrobial ChemoTherapy

PhotoDynamic Therapy (PDT) is a technique that conjugates photophysics, chemistry and
biology for the treatment of cancer cells, resulting in successful clinical treatments, applied
for the last 25 years [8]. PDT relies on the conjunction of the “holy trinity”: a photosensitizing
molecule, molecular oxygen and light, leading to the production of reactive oxygen species
(ROS). These ROS are able to quickly oxidize organic matter, resulting in cellular death. This
is  useful  for  several  clinical  applications,  and is  currently  used against  solid  tumors  [8],
cancer [9], rheumatoid arthritis [10], among others.

As PDT, the Photodynamic Antimicrobial ChemoTherapy (PACT) relies on the generation
in situ of reactive oxygen species, for the annihilation of microorganisms, as bacteria  [11],
virus [12], yeasts [13], and even parasites [14]. Due to the need of light, PACT can only be
used on inanimate surfaces [15] or in the exterior, lumen and cavities of living beings [16],
which  restricts  their  width  of  applications.  However,  PACT  represents  an  interesting
approach, as an ideal photosensitizer will only exert its microbicide effect when irradiated
under  a  certain  wavelength,  decreasing  the  chances  of  microorganisms  to  generate
resistance. 

A. Photochemical mechanisms

The production of ROS by PDT and PACT results from the photosensitizer’s excitation
when it absorbs a photon. This leads to the promotion of an electron into a higher-energy
molecular orbital, resulting in a short-lived excited state whose decay to the ground state can
be through fluorescence. However, during the excited singlet state, the electron can undergo
spin conversion, leading to the population of the excited triplet state. As this, an intersystem
crossing,  is  a  spin-forbidden process,  the  excited  electron goes through  a  second  spin-
forbidden conversion, depopulating the triplet state and decaying to the ground state, through
phosphorescence, for example. Phosphorescence, as a not-allowed process, usually has a
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greater life time (τP = 10-3 – 1 second), when compared with the fluorescence decay (τFl = 10-9

– 10-6 seconds), and then triplet state photosensitizers are able to interact with the molecules
surrounding them (Figure 2) [17]. 

The ROS that are produced as a consequence of the photosensitizer’s exposure to the
light, depends on the electron transfer from the excited photosensitizer towards a reducible
molecule. If the photosensitizer is in intimate contact with a substrate (i.e., lipids, proteins,
nucleic acids), it is susceptible to electron transfer, leading to a chain reaction that produces
a high variety of ROS (i.e. O2

•-, OH•-), with lipids being highly susceptible to it, with this being
the Type-I process. However, a specific ROS can be produced if  the excited triplet state
photosensitizer interacts through energy transfer with ground state molecular oxygen, a spin
allowed transition as both are in the same spin state. This Type-II  process produces the
highly reactive singlet oxygen (1O2), which is usually related to cell injury and eventual death.
But although singlet oxygen is looked forward as an indicative of an efficient photosensitizer,
it  is  important  to  emphasize  that  both  photodynamic  processes  can  be  responsible  for
cellular death [17]. 

B. An ideal photosensitizer

Photosensitizers  are  aromatic  molecules,  with  tetrapyrrolic  compounds being  the best
explored examples. An ideal photosensitizer has been described [17,18] as a molecule which
complies with: 

• Strong absorption in the visible range (400 – 800 nm),

• Effective ROS producer,

• Suitable photophysical characteristics, 

• Have a short and high yielding synthetic route, 

• Minimal dark toxicity, 

• Simple and stable drug formulation,

• Solubility in biological media.
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Figure  2 :  Modified  Jablonsky  energy  diagram,  showing  the  different  excitation  states  of  the
photosensitizers  (Psen)  and  the  formation  of  singlet  oxygen  through  Type-II  process.  Taken  from
Josefsen and Boyle, 2008 [17].

http://creativecommons.org/licenses/by-nc-nd/2.0/fr/


Tetrapyrrolic compounds are macrocyclic aromatic molecules, structurally related to the
natural  compounds  hemoglobin  and  chlorophyll.  There  are  several  types  of  tetrapyrrolic
compounds (i.e., porphyrins, chlorins, bacteriochlorins, phthalocyanines), and although most
of them comply with the chemical and photophysical requirements to be considered good
photosensitizers, their solubility and behavior in biological media can be unfavorable (Figure
3). Most of the current research of photosensitizers and their applications in PACT and PDT
focuses on the development of new and better photosensitizing molecules, especially for the
eradication of Gram-negative bacteria.

Publication 1. “New insights for eradication of Gram-negative bacteria
by photodynamic treatment: a still relevant challenge”

[Publication Submitted by June 30th 2021, at Photochemical and Photobiological
Sciences]
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III.   Formulation of photosensitizers

One approach to improve the bioavailability of photosensitizers in aqueous media, is the
formulation of photosensitizers, aiming for a better distribution in aqueous and even solid
media.  One  of  the  main  problems found  for  photosensitizers,  and  specially  tetrapyrrolic
compounds, is their aggregation in water media, which in turn may decrease the triplet-state
quantum yield, consequently decreasing the ROS production [19]. 

The formulation of photosensitizers has been extensively studied in the last two decade. It
is  important  to  mention  that  PDT  and  PACT  applications  require  different  types  of
formulations. Normally, PDT formulations target tumor and cancer cells, and it is desirable to
provide  a  slow  release  of  the  photosensitizer  in  the  desired  area  [20].  However,  PACT
formulations aim for wide bioavailability, low dark toxicity, while targeting several types of
microorganisms [21]. 

Formulations aiming for PACT can be divided in two great branches: water-dispersible
formulations and coating formulations. Water dispersible formulations aim for the disinfection
of aqueous media, as water sources [22], milk and dairy products [23], blood [24], and even
for their applications in skin  [25] and corporal cavities  [16,26]. On the other hand, coating
formulations  aim  to  protect,  disinfect  or  control  microbial  proliferation  on  surfaces,  as
personal equipment protection [15] or even food [27].

Latest  concerns  on  the  overuse  of  plastics  [28] and  their  impact  in  our  life  and
environment had arisen [29], especially after the COVID-19 outbreak, as single-use plastics
are widely used as preventive measurements against the disease spread [30]. This current
trend to decrease the use of petroleum-derived resources has boost the use of biosourced
polymers as drug delivery systems. Several types of formulations had been used for PACT
applications,  working as  delivery  systems,  but  also  as synergistic  systems that  enhance
antimicrobial applications. 

Publication 2. “Conjugating biomaterials with photosensitizers:
Advances and perspectives for photodynamic antimicrobial

chemotherapy” [31]
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PHD OBJECTIVES

The project POLYTHEA received funding from the European Comission, under the Marie
Skłodowska-Curie grant agreement n° 764837. This project motto was “How light can save
lives”  and  was  focused  on  the  life-sciences  applications  of  photosensitizers,  and  their
formulations. Each of the ten developed projects were carried out in two or more european
locations, as France, Portugal, Ireland, Poland, Switzerland, Greece, Netherlands, Germany
and Scotland. The work presented in this thesis was developed in France and Portugal, with
secondments  in  Poland  and  Germany,  with  the  common  goal  to  develop  antibacterial
photodynamic formulations.

Antimicrobial  resistance  arise  has  boost  the  research  for  disinfectant  alternatives,  as
Photodynamic Antimicrobial ChemoTherapy which relies on in situ produced reactive oxygen
species  (ROS).  The  production  of  ROS  is  driven  by  the  interaction  of  light  and  a
photosensitizing molecule. However, usually photosensitizing molecules have bioavailability
problems  in  aqueous  media,  which  formulation  research  has  taken  as  a  challenge.  In
addition,  the  use of  biopolymers as raw materials  for  drug delivery has increased,  as a
response to global efforts to decrease the use of petroleum-derived products. 

In this work, it was projected the use of biopolymers as raw materials for the formulation of
photosensitizers. The developed formulations were fully characterized, in their physical, and
photophysical  characteristics.  Also,  their  bactericide  activity  against  Gram-positive  and
Gram-negative bacteria was analyzed. Once demonstrated the efficiency of the proposed
formulation system, it was analyzed the effect of different types of photosensitizers inside the
formulation, demonstrating the universality of the proposed formulation. 

This PhD thesis is presented as a collection of the different peer-reviewed publications
obtained along the three years of the project. Thus, a short introduction for each research
paper is presented, and then the accepted publications are introduced. 
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RESULTS

I.   Acetylated lignin nanoparticles: a prospective vehicle for photosensitizers

From the several materials available from biological sources, lignin is a material that has
not  been used for  the  formulation of  photosensitizers,  despite its high abundance in  the
nature. Lignin is the second most abundant biopolymer, being a mayor constituent of tree
trunks and then extracted as a by-product of the paper industry, which produces around 55-
70 million tons each year  [32]. However, from this massive amount of biomass obtained,
around 98 % is burnt for energy generation, while only the remaining 2 % is used as added-
value  products,  finding  applications  as  binder,  filler,  additive,  dispersant,  adsorbent,
surfactant or as precursor for carbon materials [33]. This situation contrasts with the potential
that lignin has, as its chemical structure can be easily modified  [34] to tune its solubility,
providing with interesting applications,  as pH responsive  polymeric  nanoparticles  [35,36],
antibacterial food packages [37], water purification applications [38], anion-exchange resins
[39], and as drug delivery systems [40]. Remarkably, in the last few years lignin has attracted
interest from researchers, and this has been reflected in the number of publications per year
(Figure 4).

Although  the  use  of  lignin  as  a  raw  material  for  biomedical  applications  has  gained
importance in the last ten years, there are only some examples of lignin as a raw material for
photodynamic applications. This is likely due to the well-known antioxidant activity of lignin
[41], which would prevent the formation of ROS into the media. One of the latest research
published  at  the  laboratory  PEIRENE demonstrated  that  the  acetylation  of  the  hydroxyl
moieties  in  Kraft  lignin  led  to  the  photodynamic  production  of  singlet  oxygen  [32].  This
observation quickly  led to the presumption that  acetylated lignin could work as a carrier
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Figure  4: Publications  related to the term "lignin". For the creation of this figure, the word
"lignin" was searched in Web of Science [accessed April 14th, 2021]
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system for photosensitizing molecules.

In Publication 3, the formation of acetylated lignin nanoparticles is explored, comparing
different lignin sources, their acetylation substitution degrees, and their chemical properties.
Furthermore, these lignins were used as raw materials for the preparation of nanoparticles,
through  two  different  methods,  and  their  physical  properties  were  characterized.  The
dynamics of nanoparticles formation was studied in silico, resulting in the first approximation
of  lignin  nanoparticles  simulation  through  antisolvent  addition.  Furthermore,  the
encapsulation  of  5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,23H-porphine  (THPP)  was
modeled  in  silico,  complementing  the  experimental  results  obtained.  The  THPP-loaded
acetylated lignin nanoparticles (THPP@AcLi) were physically characterized, resulting in a
stable formulation with potential antibacterial applications.

Publication 3. “Acetylated lignin nanoparticles as a possible vehicle
for photosensitizing molecules” [42]
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II.   Porphyrin-loaded nanoparticles as an antibacterial alternative

THPP is an efficient photosensitizer, which has been widely used for both PDT and PACT.
However, although  THPP is a good singlet oxygen producer in organic solvents, its triplet
quantum yield is severely affected in aqueous media. This is due to the porphyrin’s tendency
to  aggregate,  forming  strong  intermolecular  π-interactions,  in  the  form  of  head-to-head
aggregates (H-aggregates) or head-to-tail aggregates (J-aggregates) (Figure 5) [19]. 

In our previous paper it was demonstrated the capacity of acetylated lignin nanoparticles
to encapsulate THPP, a photosensitizer able to produce ROS through a Type-II mechanism
[42]. However, the photophysical characterization of these porphyrin-loaded acetylated lignin
nanoparticles was left unexplored, as well as the characterization of its antimicrobial activity. 

In  Publication 4, we present the physical and photophysical characterization of THPP-
loaded  acetylated  lignin  nanoparticles  (THPP@AcLi).  The  characterization  included
absorption and fluorescence spectroscopy, and singlet oxygen production through electron
paramagnetic resonance (EPR). The nanoparticles stability under long-term storage and light
irradiation was demonstrated, showing that  THPP does not leak out from the nanoparticles
and that  THPP does not photobleach under white-LED light irradiation. The  THPP@AcLi
nanoparticles were tested against five bacterial strains, three Gram-positive (Staphylococcus
aureus,  Staphylococcus  epidermidis  and  Enterococcus  faecalis)  and  two  Gram-negative
(Escherichia coli  and  Pseudomonas aeruginosa), demonstrating an effective photodynamic
bacteriostatic effect against the Gram-positive bacteria, but not against the Gram-negative
bacteria.  Furthermore,  the  antibacterial  effect  was demonstrated solely  to  be due to  the
encapsulated porphyrin, with the non-loaded nanoparticles @AcLi being innocuous against
bacteria, either with or without light irradiation. 

Publication 4. “Porphyrin-Loaded Lignin Nanoparticles Against
Bacteria: A Photodynamic Antimicrobial Chemotherapy Application” [43]
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Figure 5: Depiction of porphyrinic monomers and how they aggregate to form J-aggregates (tail-to-
head structure) or H-aggregates (head-to-head structure)
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III.   Porphyrin-loaded nanoparticles: challenging our concept

In Publication 4 we demonstrated that THPP, once encapsulated inside acetylated lignin
nanoparticles,  kept  its  photophysical  properties,  i.e.,  absorption  spectra,  fluorescence
emission and singlet  oxygen production.  Furthermore,  it  was demonstrated that  all  these
properties  were due to  the presence  of  THPP,  without  evident  contribution  of  the  lignin
material.  However,  in  this  paper  it  was left  unexplored the comparison between the free
porphyrin and the porphyrin-loaded nanoparticles. This was fully explored in Publication 5,
where  THPP, as a single molecule, was compared with  THPP@AcLi.  Furthermore,  four
analogues of  THPP were synthesized, aiming for a full structure comparison of the single
molecules, taking in account a wide variability of structures of porphyrins. Then, a non-polar
porphyrin  (T(OAc)PP),  and  a  zinc-metallated  porphyrin  (ZnTHPP)  were  prepared.
Additionally, two cationic porphyrins were prepared, aiming for disinfection of Gram-negative
bacteria, bearing an alkyl (T(MAP)PP) or an aromatic (T(PrOH)PyP) quaternary ammonium
moiety, with T(PrOH)PyP also bearing a terminal hydroxyl group (Figure 6).

The  five porphyrin derivatives were encapsulated inside acetylated lignin nanoparticles,
and  were  fully  characterized,  demonstrating  that  the  encapsulated  porphyrins  kept  their
original photophysicial  properties. Furthermore, in this research, it  was demonstrated that
T(OAc)PP was able to eradicate S. aureus only when encapsulated inside acetylated lignin
nanoparticles, which demonstrates the efficiency of our formulation for the delivery of non-
polar molecules into biological media. Additionally, it  was demonstrated that nanoparticles
loaded with T(PrOH)PyP, a cationic porphyrin, were able to decrease the bacterial survival of
Gram-negative bacteria E. coli.

Publication 5. “Photophysical and Antibacterial Properties of
Porphyrins Encapsulated inside Acetylated Lignin Nanoparticles” [44]
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Figure 6: Porphyrin derivatives of THPP
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GENERAL CONCLUSIONS AND PERSPECTIVES

The exhausted pipeline of antibiotic drugs waiting for FDA approval is a concern that has
been aggravated by the COVID-19 pandemic, a reminder that microorganisms can shape the
future of mankind. This urgent need of antibacterial alternatives has promoted the use of
alternative therapies,  as PACT. In this  work,  it  was intended to create an alternative  for
bacterial disinfection, while increasing the value of a biosourced polymer, as lignin. 

Then, along this project, we were able to prepare acetylated lignin nanoparticles and load
them with a porphyrinic compound. These nanoparticles were fully characterized and it was
demonstrated that they were able to transport the porphyrin in aqueous solvent, preserving
the porphyrin’s photochemical properties. The obtained nanoparticles were able to efficiently
disinfect Gram-positive bacteria, while the disinfection of Gram-negative bacteria was only
achieved when the nanoparticles were loaded with a cationic porphyrin. Remarkably, only
one of the candidate cationic porphyrins was able to achieve E. coli eradication.

This work has thoroughly described this novel delivery system, while also demonstrating
its  universality  towards  porphyrinic  compounds.  Although  there  are  some hints  that  this
system  could  also  be  used  for  other  kinds  of  photosensitizers  (i.e.,  chlorins,  BODIPY,
phenalenone derivatives, curcumin, hypericin), this was left unexplored. Also, this work was
only able to explore one modification of lignin,  while other modifications of lignin, and its
effects on the photosensitizer’s photophysical properties and its interaction with bacteria, is
still left to be explored. Finally, although we were able to demonstrate the efficiency of our
system towards model bacteria, its efficiency towards multi-drug resistant bacteria is to be
analyzed.

Then, this work could be the first step for designing better lignin-based photosensitizers
vehicles, while modifying lignin to achieve better interaction with bacteria, and preserving the
photophysical properties of the photosensitizers. Then, the implemented methodologies and
analysis that were thoroughly used along this work could settle the bases for future research.

Nidia MALDONADO CARMONA | Thèse de doctorat | Université de Limoges | 2021 182

http://creativecommons.org/licenses/by-nc-nd/2.0/fr/


REFERENCES

1. World  Health  Organization  Global  antimicrobial  resistance  surveillance  system
(GLASS)  report:  early  implementation  2020.  Available  online:
https://apps.who.int/iris/bitstream/handle/10665/332081/9789240005587-eng.pdf.

2. O’Neill Commission; O’Neill Commission Tackling Drug-Resistant Infections Globally:
Final Report and Recommendations the Review on Antimicrobial Resistance Chaired
By Jim O’Neill. 2016.

3. Bartoloni, A.; Pallecchi, L.; Rodríguez, H.; Fernandez, C.; Mantella, A.; Bartalesi, F.;
Strohmeyer, M.; Kristiansson, C.; Gotuzzo, E.; Paradisi, F.; et al. Antibiotic resistance
in a very remote Amazonas community. Int. J. Antimicrob. Agents 2009, 33, 125–129,
doi:10.1016/j.ijantimicag.2008.07.029.

4. McCann, C.M.; Christgen, B.; Roberts, J.A.; Su, J.-Q.; Arnold, K.E.; Gray, N.D.; Zhu,
Y.-G.;  Graham,  D.W.  Understanding  drivers  of  antibiotic  resistance  genes  in  High
Arctic  soil  ecosystems.  Environ.  Int. 2019,  125,  497–504,
doi:10.1016/j.envint.2019.01.034.

5. Wang, R.; van Dorp, L.; Shaw, L.P.; Bradley, P.; Wang, Q.; Wang, X.; Jin, L.; Zhang,
Q.; Liu, Y.; Rieux, A.; et al. The global distribution and spread of the mobilized colistin
resistance gene mcr-1. Nat. Commun. 2018, 9, 1179, doi:10.1038/s41467-018-03205-
z.

6. The  PEW  Charitable  Trusts  Antibiotics  Currently  in  Global  Clinical  Development
Available  online:  https://www.pewtrusts.org/en/research-and-analysis/data-
visualizations/2014/antibiotics-currently-in-clinical-development (accessed on Mar 23,
2021).

7. Belete, T.M. Novel targets to develop new antibacterial agents and novel alternatives
to  antibacterial  agents.  Hum.  Microbiome  J. 2019,  11,  100052,
doi:10.1016/j.humic.2019.01.001.

8. Donohoe,  C.;  Senge,  M.O.;  Arnaut,  L.G.;  Gomes-da-Silva,  L.C.  Cell  death  in
photodynamic  therapy:  From  oxidative  stress  to  anti-tumor  immunity.  Biochim.
Biophys. Acta - Rev. Cancer 2019, 1872, 188308, doi:10.1016/j.bbcan.2019.07.003.

9. Simões, J.C.S.; Sarpaki, S.; Papadimitroulas, P.; Therrien, B.; Loudos, G. Conjugated
Photosensitizers for Imaging and PDT in Cancer Research. J. Med. Chem. 2020, 63,
14119–14150, doi:10.1021/acs.jmedchem.0c00047.

10. Gallardo-Villagrán, M.; Leger, D.Y.; Liagre, B.; Therrien, B. Photosensitizers used in
the  photodynamic  therapy  of  rheumatoid  arthritis.  Int.  J.  Mol.  Sci. 2019,  20,
doi:10.3390/ijms20133339.

11. Khaldi,  Z.;  Nzambe Takeki,  J.K.;  Ouk,  T.-S.;  Lucas, R.;  Zerrouki,  R. Synthesis and
photo-bactericidal properties of a cationic porphyrin grafted onto kraft pulp fibers.  J.
Porphyr. Phthalocyanines 2019, 23, 489–496, doi:10.1142/S1088424619500330.

Nidia MALDONADO CARMONA | Thèse de doctorat | Université de Limoges | 2021 183

http://creativecommons.org/licenses/by-nc-nd/2.0/fr/


12. Maldonado  Alvarado,  E.;  Osorio  Peralta,  M.O.;  Moreno  Vázquez,  A.;  Martínez
Guzmán, A.; Melo Petrone, M.E.; Enriquez Mar, Z.I.; Jovel Galdamez, D.E.; Carrión
Solana,  B.;  Balderas Martínez,  G.;  Parra,  E.;  et  al.  Effectiveness of  Photodynamic
Therapy  in  Elimination  of  HPV-16  and  HPV-18  Associated  with  CIN  I  in  Mexican
Women. Photochem. Photobiol. 2017, 93, 1269–1275, doi:0.1111/php.12769.

13. Güzel Tunccan, Ö.; Kalkanci, A.; Unal, E.A.; Abdulmajed, O.; Erdoğan, M.; Dizbay, M.;
Çaglar, K. The in vitro effect of antimicrobial photodynamic therapy on Candida and
Staphylococcus biofilms.  Turkish J. Med. Sci. 2018,  48,  873–879,  doi:10.3906/sag-
1803-44.

14. Akilov,  O.E.;  Kosaka,  S.;  O’Riordan,  K.;  Hasan,  T.  Photodynamic  therapy  for
cutaneous leishmaniasis:  The effectiveness of  topical  phenothiaziniums in  parasite
eradication and Th1 immune response stimulation.  Photochem. Photobiol. Sci. 2007,
6, 1067–1075, doi:10.1039/b703521g.

15. Jia, R.; Tian, W.; Bai, H.; Zhang, J.; Wang, S.; Zhang, J. Sunlight-Driven Wearable and
Robust Antibacterial  Coatings with Water-Soluble Cellulose-Based Photosensitizers.
Adv. Healthc. Mater. 2019, 8, 1801591, doi:10.1002/adhm.201801591.

16. Pourhajibagher,  M.;  Chiniforush,  N.;  Monzavi,  A.;  Barikani,  H.;  Monzavi,  M.M.;
Sobhani, S.; Shahabi, S.; Bahador, A. Inhibitory Effects of Antimicrobial Photodynamic
Therapy  with  Curcumin  on  Biofilm-Associated  Gene  Expression  Profile  of
Aggregatibacter actinomycetemcomitans. J. Dent. (Tehran). 2018, 15, 169–177.

17. Josefsen, L.B.; Boyle, R.W. Photodynamic Therapy and the Development of Metal-
Based  Photosensitisers.  Met.  Based.  Drugs 2008,  2008,  1–23,
doi:10.1155/2008/276109.

18. Abrahamse,  H.;  Hamblin,  M.R.  New  photosensitizers  for  photodynamic  therapy.
Biochem. J. 2016, 473, 347–364, doi:10.1042/BJ20150942.

19. Zannotti,  M.;  Giovannetti,  R.;  Minofar,  B.;  Řeha,  D.;  Plačková,  L.;  D’Amato,  C.A.;
Rommozzi,  E.;  Dudko,  H.  V.;  Kari,  N.;  Minicucci,  M.  Aggregation  and  metal-
complexation behaviour of THPP porphyrin in ethanol/water solutions as function of
pH.  Spectrochim.  Acta  -  Part  A  Mol.  Biomol.  Spectrosc. 2018,  193,  235–248,
doi:10.1016/j.saa.2017.12.021.

20. Gierlich,  P.;  Mata,  A.I.;  Donohoe,  C.;  Brito,  R.M.M.;  Senge,  M.O.;  Gomes-da-Silva,
L.C. Ligand-Targeted Delivery of Photosensitizers for  Cancer Treatment.  Molecules
2020, 25, doi:10.3390/molecules25225317.

21. Q. Mesquita, M.; J. Dias, C.; P. M. S. Neves, M.; Almeida, A.; F. Faustino, M. Revisiting
Current  Photoactive  Materials  for  Antimicrobial  Photodynamic  Therapy.  Molecules
2018, 23, 2424, doi:10.3390/molecules23102424.

22. Jori,  G.;  Magaraggia,  M.;  Fabris,  C.;  Soncin,  M.;  Camerin,  M.;  Tallandini,  L.;
Coppellotti,  O.;  Guidolin,  L.  Photodynamic  Inactivation  of  Microbial  Pathogens:
Disinfection of  Water and Prevention of Water-Borne Diseases.  J.  Environ. Pathol.
Toxicol. Oncol. 2011, 30, 261–271, doi:10.1615/JEnvironPatholToxicolOncol.v30.i3.90.

Nidia MALDONADO CARMONA | Thèse de doctorat | Université de Limoges | 2021 184

http://creativecommons.org/licenses/by-nc-nd/2.0/fr/


23. Alvarenga,  V.O.;  Brancini,  G.T.P.;  Silva,  E.K.;  da  Pia,  A.K.R.;  Campagnollo,  F.B.;
Braga,  G.Ú.L.;  Hubinger,  M.D.;  Sant’Ana,  A.S.  Survival  variability  of  12  strains  of
Bacillus cereus yielded to spray drying of whole milk. Int. J. Food Microbiol. 2018, 286,
80–89, doi:10.1016/j.ijfoodmicro.2018.07.020.

24. Wang, J.; Wu, H.; Yang, Y.; Yan, R.; Zhao, Y.; Wang, Y.; Chen, A.; Shao, S.; Jiang, P.;
Li, Y.Q. Bacterial species-identifiable magnetic nanosystems for early sepsis diagnosis
and extracorporeal photodynamic blood disinfection.  Nanoscale 2018,  10,  132–141,
doi:10.1039/c7nr06373c.

25. Bulhões Portapilla, G.; Pereira, L.M.; Bronzon da Costa, C.M.; Voltarelli Providello, M.;
Sampaio Oliveira, P.A.; Goulart, A.; Ferreira Anchieta, N.; Wainwright, M.; Leite Braga,
G.Ú.; de Albuquerque, S. Phenothiazinium Dyes Are Active against Trypanosoma cruzi
In Vitro. Biomed Res. Int. 2019, 2019, 1–9, doi:10.1155/2019/8301569.

26. Preis,  E.;  Baghdan,  E.;  Agel,  M.R.;  Anders,  T.;  Pourasghar,  M.;  Schneider,  M.;
Bakowsky,  U.  Spray  dried  curcumin  loaded  nanoparticles  for  antimicrobial
photodynamic  therapy.  Eur.  J.  Pharm.  Biopharm. 2019,  142,  531–539,
doi:10.1016/j.ejpb.2019.07.023.

27. Buchovec,  I.;  Lukseviciute,  V.;  Marsalka,  A.;  Reklaitis,  I.;  Luksiene,  Z.  Effective
photosensitization-based inactivation of Gram (−) food pathogens and molds using the
chlorophyllin–chitosan  complex:  towards  photoactive  edible  coatings  to  preserve
strawberries.  Photochem.  Photobiol.  Sci. 2016,  15,  506–516,
doi:10.1039/C5PP00376H.

28. van Raamsdonk, L.W.D.; van der Zande, M.; Koelmans, A.A.; Hoogenboom, R.L.A.P.;
Peters, R.J.B.; Groot, M.J.; Peijnenburg, A.A.C.M.; Weesepoel, Y.J.A. Current Insights
into Monitoring, Bioaccumulation, and Potential Health Effects of Microplastics Present
in the Food Chain. Foods 2020, 9, 72, doi:10.3390/foods9010072.

29. Ragusa, A.; Svelato, A.; Santacroce, C.; Catalano, P.; Notarstefano, V.; Carnevali, O.;
Papa, F.; Rongioletti, M.C.A.; Baiocco, F.; Draghi, S.; et al. Plasticenta: First evidence
of  microplastics  in  human  placenta.  Environ.  Int. 2021,  146,  106274,
doi:10.1016/j.envint.2020.106274.

30. Patrício  Silva,  A.L.;  Prata,  J.C.;  Walker,  T.R.;  Campos,  D.;  Duarte,  A.C.;  Soares,
A.M.V.M.;  Barcelò,  D.;  Rocha-Santos,  T.  Rethinking  and  optimising  plastic  waste
management  under  COVID-19  pandemic:  Policy  solutions  based  on  redesign  and
reduction of single-use plastics and personal protective equipment. Sci. Total Environ.
2020, 742, 140565, doi:10.1016/j.scitotenv.2020.140565.

31. Maldonado-Carmona, N.; Ouk, T.-S.S.; Calvete, M.J.F.F.; Pereira, M.M.; Villandier, N.;
Leroy-Lhez,  S.  Conjugating  biomaterials  with  photosensitizers:  advances  and
perspectives  for  photodynamic  antimicrobial  chemotherapy.  Photochem.  Photobiol.
Sci. 2020, 19, 445–461, doi:10.1039/c9pp00398c.

32. Marchand, G.; Calliste, C.A.; Williams, R.M.; McLure, C.; Leroy-Lhez, S.; Villandier, N.
Acetylated Lignins: A Potential Bio-Sourced Photosensitizer. ChemistrySelect 2018, 3,
5512–5516, doi:10.1002/slct.201801039.

Nidia MALDONADO CARMONA | Thèse de doctorat | Université de Limoges | 2021 185

http://creativecommons.org/licenses/by-nc-nd/2.0/fr/


33. Calvo-Flores, F.G.; Dobado, J.A. Lignin as Renewable Raw Material. ChemSusChem
2010, 3, 1227–1235, doi:10.1002/cssc.201000157.

34. Sipponen, M.H.; Lange, H.; Crestini, C.; Henn, A.; Österberg, M. Lignin for Nano  and‐
Microscaled Carrier Systems: Applications, Trends, and Challenges.  ChemSusChem
2019, 12, 2038–2038, doi:10.1002/cssc.201901218.

35. Zhao, J.; Zheng, D.; Tao, Y.; Li, Y.; Wang, L.; Liu, J.; He, J.; Lei, J. Self-assembled pH-
responsive  polymeric  nanoparticles  based  on  lignin-histidine  conjugate  with  small
particle size for efficient delivery of anti-tumor drugs.  Biochem. Eng. J. 2020,  156,
107526, doi:10.1016/j.bej.2020.107526.

36. Figueiredo, P.; Ferro, C.; Kemell, M.; Liu, Z.; Kiriazis, A.; Lintinen, K.; Florindo, H.F.;
Yli-Kauhaluoma,  J.;  Hirvonen,  J.;  Kostiainen,  M.A.;  et  al.  Functionalization  of
carboxylated lignin nanoparticles for targeted and pH-responsive delivery of anticancer
drugs. Nanomedicine 2017, 12, 2581–2596, doi:10.2217/nnm-2017-0219.

37. Yang, W.; Owczarek, J.S.; Fortunati, E.; Kozanecki, M.; Mazzaglia, A.; Balestra, G.M.;
Kenny, J.M.; Torre, L.; Puglia, D. Antioxidant and antibacterial lignin nanoparticles in
polyvinyl alcohol/chitosan films for active packaging. Ind. Crops Prod. 2016, 94, 800–
811, doi:10.1016/j.indcrop.2016.09.061.

38. Wahlström,  R.;  Kalliola,  A.;  Heikkinen,  J.;  Kyllönen,  H.;  Tamminen,  T.  Lignin
cationization  with  glycidyltrimethylammonium  chloride  aiming  at  water  purification
applications. Ind. Crops Prod. 2017, 104, 188–194, doi:10.1016/j.indcrop.2017.04.026.

39. Matsushita,  Y.;  Yasuda,  S.  Preparation of anion-exchange resins from pine sulfuric
acid  lignin,  one  of  the  acid  hydrolysis  lignins.  J.  Wood  Sci. 2003,  49,  423–429,
doi:10.1007/s10086-002-0489-3.

40. Zhou, M.; Wang, D.; Yang, D.; Qiu, X.; Li, Y. Avermectin loaded nanosphere prepared
from  acylated  alkali  lignin  showed  anti-photolysis  property  and  controlled  release
performance.  Ind.  Crops  Prod. 2019,  137,  453–459,
doi:10.1016/j.indcrop.2019.04.037.

41. Barapatre,  A.;  Meena,  A.S.;  Mekala,  S.;  Das,  A.;  Jha,  H.  In  vitro  evaluation  of
antioxidant and cytotoxic activities of lignin fractions extracted from Acacia nilotica. Int.
J. Biol. Macromol. 2016, 86, 443–453, doi:10.1016/j.ijbiomac.2016.01.109.

42. Marchand,  G.;  Fabre,  G.;  Maldonado-Carmona,  N.;  Villandier,  N.;  Leroy-Lhez,  S.
Acetylated lignin nanoparticles as a possible vehicle for photosensitizing molecules.
Nanoscale Adv. 2020, 2, 5648–5658, doi:10.1039/D0NA00615G.

43. Maldonado-Carmona,  N.;  Marchand,  G.;  Villandier,  N.;  Ouk,  T.-S.;  Pereira,  M.M.;
Calvete, M.J.F.; Calliste, C.A.; Żak, A.; Piksa, M.; Pawlik, K.J.; et al. Porphyrin-Loaded
Lignin Nanoparticles Against Bacteria: A Photodynamic Antimicrobial Chemotherapy
Application. Front. Microbiol. 2020, 11, doi:10.3389/fmicb.2020.606185.

44. Maldonado-Carmona,  N.;  Ouk,  T.;  Villandier,  N.;  Calliste,  C.A.;  Calvete,  M.J.F.;  
Pereira,  M.M.;  Leroy-Lhez,  S.  Photophysical  and  Antibacterial  Properties  of  
Porphyrins Encapsulated inside Acetylated Lignin Nanoparticles. Antibiotics 2021, 10,
513, doi:10.3390/antibiotics10050513.

Nidia MALDONADO CARMONA | Thèse de doctorat | Université de Limoges | 2021 186

http://creativecommons.org/licenses/by-nc-nd/2.0/fr/


Nanoparticules de lignine acétylée comme nouveau véhicule photosensibilisant 
pour la Chimiothérapie Antimicrobienne Photodynamique

La résistance aux antibactériens est une menace pour les développements de la médecine
moderne, représentant un fardeau économique et social dans les années à venir. Cette crise
est aggravée par un pipeline déprécié de nouveaux médicaments antibactériens, en raison
des coûts de recherche élevés et  de la  faible rentabilité.  De plus,  le  développement  de
nouvelles  molécules  spécifiques  ne  garantit  pas  l'absence  de  résistance  antibactérienne
contre une nouvelle molécule, et il existe alors une tendance croissante à rechercher des
alternatives antibactériennes avec des cibles moléculaires non spécifiques. Dans cet aspect,
la  Chimiothérapie  Antimicrobienne  Photodynamique  réalise  une  désinfection  bactérienne
grâce  à  l'utilisation  d'une  molécule  photosensibilisante  qui  n'est  active  que  lors  d'une
irradiation lumineuse, ajoutant un autre niveau de contrôle au processus. Dans ce travail,
nous  présentons  un  système  de  livraison  biopolymère  pour  les  molécules
photosensibilisantes, sous forme de nanoparticules de lignine acétylée. La préparation, la
caractérisation physique et la caractérisation photophysique sont discutées tout au long de
ce projet, en explorant les effets de l'encapsulation vis-à-vis du photosensibilisateur. Enfin,
ces  nanoparticules  ont  été  testées  contre  les  bactéries,  constatant  qu'elles  n'étaient
capables de les éradiquer efficacement que par irradiation lumineuse, démontrant une faible
toxicité dans l'obscurité et une stabilité dans le temps et l'exposition à la lumière. Ensuite,
cette  formulation  pour  molécules  photosensibilisantes  s'est  avérée  être  une  formulation
antibactérienne  efficace,  remplissant  sa  fonction,  tout  en  s'attaquant  à  la  désinfection
antibactérienne et en valorisant un biopolymère très abondant.

Mots-clés: valorisation de la lignine, formulation antibactérienne, désinfection par la 
lumière

Acetylated lignin nanoparticles as a new photosensitizer’s vehicle for 
Photodynamic Antimicrobial Chemotherapy

Antibacterial resistance is a threat to the developments of modern medicine, representing an
economic, and social burden in years to come. This crisis is enhanced by a belittled pipeline
of novel antibacterial drugs, due to the high research costs and low profitability. Furthermore,
the development of new, specific molecules is not guarantee that antibacterial resistance will
not  arise  against  any  new molecule,  and  then  there  is  a  growing  tendency  to  look  for
antibacterial  alternatives  with  unspecific  molecular  targets.  In  this  aspect,  Photodynamic
Antimicrobial  ChemoTherapy  achieves  bacterial  disinfection  through  the  use  of  a
photosensitizing molecule which is only active upon light irradiation, adding another level of
control  to  the  process.  In  this  work,  we  present  a  biopolymeric  delivery  system  for
photosensitizing  molecules,  as  acetylated  lignin  nanoparticles.  The  preparation,  physical
characterization  and  photophysical  characterization  are  discussed  along  this  project,
exploring  the  effects  of  the  encapsulation  towards  the  photosensitizer.  Finally,  these
nanoparticles were tested against bacteria, finding that they were able to efficiently eradicate
them only upon light irradiation, demonstrating low dark toxicity, and stability over time and
light exposure. Then, this formulation for photosensitizing molecules has proven to be an
efficient antibacterial formulation, fulfilling its purpose, while tackling antibacterial disinfection
and valorizing a highly abundant biopolymer. 

Keywords: lignin valorization, antibacterial formulation, light-driven disinfection



Nanopartículas de lignina acetilada como um novo veículo fotossensibilizador 
para quimioterapia antimicrobiana fotodinâmica

A resistência  antibacteriana  é  uma  ameaça  ao  desenvolvimento  da  medicina  moderna,
representando um fardo econômico e social nos próximos anos. Esta crise é agravada por
um reduzido portfólio de novos medicamentos antibacterianos, devido aos altos custos de
investigação  e  baixa  lucratividade.  Além  disso,  o  desenvolvimento  de  novas  moléculas
específicas não é garantia de que não surja resistência antibacteriana contra qualquer nova
molécula, e há uma tendência crescente de buscar alternativas antibacterianas com alvos
moleculares  inespecíficos.  Nesse  aspecto,  a  Quimioterapia  Antimicrobiana  Fotodinâmica
realiza a desinfecção bacteriana por meio do uso de uma molécula fotossensibilizadora que
só é ativa sob irradiação de luz, adicionando outro nível de controle ao processo. Neste
trabalho,  apresentamos  um  sistema  de  transporte  biopolimérico  para  moléculas
fotossensibilizantes, como nanopartículas de lignina acetilada. A preparação, caracterização
física e caracterização fotofísica são discutidas ao longo deste projeto, explorando os efeitos
do  encapsulamento  para  o  fotossensibilizador.  Finalmente,  essas  nanopartículas  foram
testadas contra bactérias, descobrindo que eram capazes de erradicá-las de forma eficiente
apenas após irradiação de luz, demonstrando baixa toxicidade no escuro e estabilidade ao
longo  do  tempo  e  exposição  à  luz.  Então,  essa  formulação  para  moléculas
fotossensibilizantes tem se mostrado uma formulação antibacteriana eficiente,  cumprindo
seu propósito, ao mesmo tempo em que atua na desinfecção antibacteriana e valoriza um
biopolímero altamente abundante. 

Palavras-chave: valorização da lignina, formulação antibacteriana, desinfecção por luz 
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