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Near Infrared Photo-Antimicrobial Targeting Therapy for
Candida albicans

Hirotoshi Yasui, Kazuomi Takahashi, Shunichi Taki, Misae Shimizu, Chiaki Koike,
Koji Umeda, Shofiqur Rahman, Tomohiro Akashi, Van Sa Nguyen, Yoshiyuki Nakagawa,
and Kazuhide Sato*

Drug-resistant microorganisms are a pressing issue, and innovative
antimicrobial therapies are required; antibodies targeting antigens on
pathogen surfaces have emerged as one such modality. IgY, abundant in
chicken egg yolk, confers passive immunity, and is effective against various
pathogens; however, its antimicrobial effects remain limited. Near-infrared
photoimmunotherapy (NIR-PIT), originally developed as a cancer treatment,
specifically kills cancer cells via a photosensitizing phthalocyanine dye
(IRDye700Dx; IR700)-conjugated monoclonal antibody, and irradiating NIR
light. IgY-photo-antimicrobial targeting therapy (IgY-PAT2), exploiting NIR-PIT,
is investigated to destroy only microorganisms. IR700 is conjugated with
anti-Candida albicans IgY (CA-IgY) to generate CA-IgY-IR700, which
specifically binds various Candida spp. (and not human skin cells). The
antimicrobial effect of CA-IgY-PAT2 is dependent on the NIR-light dose (p
< 0.0001). CA-IgY-PAT2 significantly reduces the area of ulcers in a mouse
model of CA-infected cutaneous ulcers (p < 0.0001), indicating that
CA-IgY-PAT2 is a new promising therapeutic method for CA infection.

1. Introduction

In recent years, many resistant bacteria have emerged due
to antibiotic abuse, and the development of antibiotics has
also stagnated.[1,2] Therefore, new antibacterial treatments that
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are different from conventional antibiotics
are required. These should be potentially ef-
fective against a wide variety of pathogens,
have no adverse effects, and should not
impose a selection pressure that leads to
the development of resistance in bacteria.
Accordingly, multidisciplinary techniques
withmedical bioengineering to address this
situation should be attempted.
Chicken egg yolk immunoglobulin

(IgY) antibodies are transferred from
the serum to egg yolk to impart passive
immunity.[3] In the egg yolk, they are
contained and accumulate at a higher
concentration than that in the serum, and
can be adjusted relatively easily and in large
quantities. The effects of these antibodies
have been confirmed in vitro and in vivo
against various pathogens such as bacteria
(Pseudomonas aeruginosa, Acinetobacter
baumannii,Helicobacter pylori, Streptococcus
mutans, etc.), virus (influenza virus, han-
tavirus, etc.), fungi (Candida albicans (CA)),
with no adverse effects, resistant bacteria,

or toxic residues. IgY is less likely to cause adverse reactions due
to antibody-dependent cellular cytotoxicity or complement activa-
tion because IgY does not activate the mammalian complement
or bind mammalian Fc receptors.[4,5] IgY is expected as one of
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the immunotherapeutic drugs suitable for mass production, and
therapeutic approaches to SARS-CoV-2 in the actual COVID-19
pandemic context. Although the beneficial effects of IgY in im-
munotherapeutic strategies to control infectious disease are well
established, this technology has some limitations. The transient
nature of the protection makes the continuous administration
of antibodies at effective doses imperative, resulting in limited
success.[6,7] One possible way to improve this is to make naked
IgY “arming” with photoabsorber, resulting in light activation.
Then, in response to light, armed IgY could exert additional ef-
fects on bacteria.
Near infrared photoimmunotherapy (NIR-PIT) is a novel

molecular-targeted cancer therapy that is involves the conju-
gation of a monoclonal antibody (mAb) with a photoabsorbing
phthalocyanine dye, IRDye700Dx (IR700), which is activated
by near-infrared (NIR) light irradiation. The mAb-IR700 conju-
gate is directed against mAb-specific surface proteins enriched
on cancer cell membranes. The activation of IR700 upon
NIR irradiation results in the specific rupture of the cell
to which the mAb-IR700 conjugate is bound, entirely spar-
ing the unbound normal cells.[8–15] An international phase
III clinical trial of recurrent head and neck squamous cell
carcinoma is currently underway to test this (LUZERA-301:
https://clinicaltrials.gov/ct2/show/NCT03769506).
Similarly, photodynamic therapy (PDT) is used for cancer

treatment with a combination of dye and light.[16] Although this
technology was discovered 100 years ago based on its ability to kill
various microorganisms, its application to infectious diseases is
still in the development stage.[17–19] Some clinical trials on the use
of PDT with aminolaevulinic acid (ALA) for infectious diseases
have been performed; however, they had limited success, as PDT
has no targeting ability.[20–22]

To make light therapy for infectious disease clinically applica-
ble, we considered photo-antimicrobial targeting therapy (PAT2),
a multidisciplinary therapy that targets microbes by exploiting
NIR-PIT with IgY (Figure 1). The employment of IgY for PAT2

enables the use of a large number of inexpensive antibodies
and management of pathogens with a high growth rate, which
requires a large amount of antibodies. It could also be used to
treat other pathogens by changing the antigen. Here, to prove the
concept of PAT2, we developed a new treatment for intractable
Candida infections. The therapeutic effect was examined by
comparing the effects of IgY-PAT2 and conventional ALA-PDT,
and subsequent biological reactions were analyzed to examine
additional therapeutic effects.

2. Results and Discussion

Since the number of target cells and the growth rate are different
between microorganisms and tumor cells, it was necessary to
adjust conditions in order to apply NIR-PIT, which is originally
a cancer treatment, to IgY-PAT2, which is an antimicrobial
treatment. Conditions such as the concentration of IR700 con-
jugated anti-C. albicans-IgY (CA-IgY-IR700) and NIR irradiation
intensity were examined, and the effect of IgY-PAT2 was eval-
uated. In vivo, using a mouse model of infectious skin ulcer,
the effect of PAT2 was evaluated not only by ulcer area but
also by multiple methods of bacterial count and inflammatory
cytokines.

2.1. Purification of CA-IgY and Light Source Device

CA-IgY was extracted from the egg yolk of chicken immunized
with inactivated CA and, then purified by using the Thiophilic
Adsorption column. The unbound (UB) and bound (B) fractions
was collected for further analyses. The result of the water-soluble
fractions obtained during IgY extraction were analyzed by SDS-
PAGE. The specialized column device yielded fractions that
corresponded to a protein with high purity that is thought to be
the IgY (Figure 2A). It showed a thick band in SDS-PAGE, which
apparently represented the chicken IgY. As the purification was
carried out under none denaturing conditions, the thick bands
represented both chains of IgY. (Figure 2B). The molecular
weight patterns agreed with the expected molecular mass for
the heavy and light chains, respectively. The sizes were 68 and
27 kDa of egg yolk antibody IgY according to the protein ladder.
The bands at 35 kDa might be the C-terminal fragment of the
egg yolk protein vitellogenin II precursor.[7]

The purified IgY samples showed the total IgY concentration
of CA-IgY was 2.25 mg mL−1 (Figure 2B) as measured by sand-
wich ELISA, an indication that this concentrated fractionated CA-
IgY may have a better immunological response to pathogens.
We assembled a high-power light emitting diode (LED) at the

wavelength of 630 or 690 nm, as the light source. The actual light
intensity was measured with a power meter before the experi-
ments (Figure 2C). The 690 nm LED is set for PAT2, 630 nm is
for ALA-PDT, respectively.

2.2. Conjugation of the CA-IgY and IR700DX

Chemical conjugation of the IgY and the photoabsorber IR700
was performed. The integrity of the CA-IgY-IR700 conjugate
was confirmed, as evidenced by the strong binding between
CA-IgY and IR700; however, CA-IgY alone did not exhibit any
detectable fluorescent signals based on SDS-PAGE (Figure 3A).
The final concentration of IgY was 1.18 mg mL−1 based on
protein staining, and the overall recovery rate of CA-IgY was
almost 90%. The molar concentration ratio was evaluated as 1
molecule of IgY to 3.5 molecules of IR700. Next, we evaluated
the photolysis of IR700 after NIR light irradiation. The CA-IgY-
IR700 was irradiated with NIR light and electrophoresed by
SDS-PAGE. The fluorescence band decreased depending on the
amount of NIR light, and almost disappeared at 256 J cm−2.
From this result, we determined 256 J cm−2 NIR irradiation as
the maximum NIR irradiation dose (Figure 3B).

2.3. In Vitro Characterization of the Specific Binding of
CA-IgY-IR700 to CA

Candida spp. and A431 cells were reacted with CA-IgY-
IR700 whose concentration determined in a prior experiment
(200 µg mL−1) (Figure S1, Supporting Information). Fluores-
cent signals obtained using CA-IgY-IR700 from CA (JCM 1542,
IFO 579, IFO 1060, IFO 1385, and FC18), C. tropicalis, C. guil-
liermondii, and C. krusei were evaluated, and fluorescent signals
from these Candida spp. were found to have similar intensities.
However, the intensity of fluorescent signals did not increase
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Figure 1. Schematic diagram depicting the mechanism of action of photo-antimicrobial targeting therapy (PAT2). A) The infectious ulcer schema with
pathogens at the bottom of the ulcer. B) IRDye700Dx (IR700) is applied to the infectious cutaneous ulcer to elicit a reaction between the pathogen and
IR700. C) Irradiation with near-infrared-light at a 690-nm peak activates IR700 on the pathogens. D)Then, the PAT2 destroys the pathogen. The killing of
the pathogen ameliorates inflammation and promotes the healing of the infectious cutaneous ulcer.

from that in the control for the A431 cell line (Figure 3C). These
data indicated that CA-IgY-IR700 widely binds to Candida spp.
but not human cells.

2.4. The Effects of IgY-PAT2 on CA In Vitro

To evaluate the effect of IgY-PAT2 and different concentrations
of CA-IgY-IR700 on CA, the concentration of CA-IgY-IR700
was evaluated at a range between 10 and 200 µg mL−1 using
the same light dose (256 J cm−2). The number of colonies de-
creased in a CA-IgY-IR700 concentration-dependent manner,
and the effect of IgY-PAT2 was highest at an antibody concen-
tration of 200 µg mL−1 (Figure S2, Supporting Information).
Based on these results, we set the CA-IgY-IR700 concentration
to 200 µg mL−1 so that the survival rate of CA was the lowest.

These data suggested that CA consumes much of the IgY, as fun-
gus grow at faster rates than cancer cells.
To visually observe the reaction caused by IgY-PAT2, we com-

pared control (CA cells alone), CA-IgY-IR700, and IgY-PAT2

groups using fluorescence microscopy. After adding CA-IgY-
IR700 to the cultured CA, IR700 fluorescence was observed on
the surface of CA.With NIR-light irradiation, IR700 fluorescence
disappeared, and then, PI fluorescence, indicating cell death, was
increased (Figure 3D). Next, to detect morphological changes
in CA, scanning electron microscopy observations before and
after IgY-PAT2 treatment were performed. IgY-PAT2 with CA-
IgY-IR700 led to CA deformation and holes on the cell surface,
even though neither the control nor CA-IgY-IR700 altered the cell
shape (Figure 3E).
Next, to quantitate the antimicrobial effect on CA, both the

number of colonies and dead cells were counted. Moreover, to
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Figure 2. Production of anti-C. albicans-IgY (CA-IgY) and light sources. A) Scheme of the production of IgY-photo-antimicrobial targeting therapy (IgY-
PAT2). Hens were immunized by injection twice with inactivated C. albincas. Two to 6 weeks after second immunization, eggs were harvested daily. The
collected yolks are homogenized and ammonium sulfate is added to collect the precipitate: partially purified IgY (Crude CA-IgY). Partially purified IgY
is divided to unbound (UB) fraction and bound (B) fraction (means purified CA-IgY) with a thiophilic adsorbent column. B) SDS-PAGE of crude and
CA-IgY fractions eluted from the column. The resolved proteins were stained with CBB. The bound fraction revealed IgY heavy chain bands at 68 kDa
and IgY light chain bands at 27 kDa. The bands in all fraction at 35kDa might be the C-terminal fragment of the egg yolk protein vitellogenin II precursor.
C) The light sources are shown; (left) a 630-nm wavelength (30 W red high-power LED; LED generic), and (right) a 690 nm high-power LED (L690-66-60;
Usio-Epitex) were assembled. The 690 nm LED is set for PAT2, 630 nm is for 5-ALA, respectively. CBB, Coomassie Brilliant Blue

compare both the photo-antimicrobial effect and mode of photo-
toxicity between conventional PDT and IgY-PAT2, ALA-PDT was
also examined. Since the antimicrobial effect of IgY-PAT2 was
supposed to be more rapid than that of ALA-PDT, we decided to
count dead CA cells with propidium iodide (PI) staining and flow
cytometry. IgY-PAT2 caused fungal death via a photochemical
reaction, whereas ALA-PDT exerted its effects via oxidative
stress.[23] We also performed colony counting 1 day after
therapy.
CA-IgY-IR700, IgY-PAT2, and ALA-PDT induced a significant

anti-fungal effect compared to those observed in the control
group (CA cells alone). On comparing IgY-PAT2 and CA-IgY-
IR700, a significant difference was detected between 128J cm−2

and 256J cm−2, indicating that IgY-PAT2 exerts superior antimi-
crobial effects to only CA-IgY-IR700. Moreover, IgY-PAT2 also ex-
hibited a superior antimicrobial CA effect compared to ALA-PDT
(Figure 4A).
With confirmation of the anti-fungal effect, next, we evaluated

the speed of the effect. To detect a rapid antifungal effect, PI
staining with flow cytometry was performed, which could detect
necrotic and rapid death. With this rapid evaluation of antifungal
effects, only IgY-PAT2 induced anti-fungal effects, whereas nei-
ther CA-IgY-IR700 nor ALA-PDT showed any effects (Figure 4B).

IgY-PAT2 anti-fungal effects detected from 1 h after the light
irradiation. On the other hand, ALA-PDT showed no effect from
1 to 6 h after the therapy (Figure S3, Supporting Information).
Collectively, these results suggest that IgY-PAT2 has an antimi-
crobial effect against CA in vitro and that the effect is more rapid
than ALA-PDT, due to different phototoxicity mechanisms.[24]

2.5. In Vivo Antimicrobial Effect of IgY-PAT2

To examine the effects of IgY-PAT2 in vivo, we developed a skin-
ulcer infection mouse model. Administering CA-IgY-IR700 onto
the ulcer with an adhesive bandage, IR700-fluorescence was de-
tected with a fluorescence imager on day 1 before irradiation, as
well as day 3, 5, and 7. On day 1, IR700-fluorescence was observed
on the ulcer area, which is covered with an adhesive bandage,
suggesting that CA-IgY-IR700 attached to the ulcer area. On day
3, after NIR-light irradiation, IR700-fluorescence disappeared in
the PAT2 group, whereas in the CA-IgY-IR700 group (no NIR-
light irradiation), the IR700-fluorescence of the ulcer area re-
maining until day 7, indicating that CA-IgY-IR700 attached to the
CA in the infectious ulcer (Figure 5A). The appearance of NIR-
light irradiation in themousemodel is shown in Figure 5B. These
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Figure 3. Production and evaluation of CA-IgY-IR700 (IRDye700Dx) and in vitro observation of photo-antimicrobial targeting therapy (PAT2). A) Con-
jugation of CA-IgY and IR700 and the validation of CA-IgY-IR700 by SDS-PAGE (left: colloidal blue staining (protein staining), right: fluorescence at
700 nm). B) The CA-IgY-IR700 was irradiated with near-infrared (NIR) light and electrophoresed by SDS-PAGE. The protein bands become thin with a
smear over its protein band along with loss of IR700-fluoresence. C) Flow cytometric analysis of CA-IgY-IR700 in various Candida spp. and A431 cells.
CA-IgY-IR700 was not added to the control. CA-IgY-IR700 reacted with various Candida spp., whereas fluorescence was absent in the A431 cells. D)
Fluorescence microscopy observations of C. albicans (CA) incubated with CA-IgY-IR700 and irradiated with NIR-light IgY-PAT2 treatment. CA cells were
cultured with CA-IgY-IR700 for 4 h and then irradiated with NIR-light (256 J cm−2). CA-IgY-IR700 was detected on the surface of CA. Upon IgY-PAT2

treatment, CA was stained with propidium iodide (PI: necrotic cells are stained) under the condition that CA treated with ethanol (positive control) was
also stained. E) The surface of CA was observed with a scanning electron microscope. No change in the cell surface could be confirmed in (1) control
and (2) CA-IgY-IR700 conditions. In response to (3) IgY-PAT2, the PAT2-treated CA surface was disrupted or deformed. DIC, differential interference
contrast; ETOH, ethanol
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Figure 4. Effects of IgY-PAT2 (photo-antimicrobial targeting therapy) and aminolaevulinic acid- photodynamic therapy (ALA-PDT) against C. albicans
(CA) in vitro. For each result, CFUs count and flow cytometer are performed by the following method: cell alone (control), light without photosensitizer
(630 or 690 nm), photosensitizer without light (ALA or CA-IgY-IR700 (IRDye700Dx), photosensitizer and light (IgY-PAT2 or ALA-PDT). A) In vitro effects
of IgY-PAT2 and ALA-PDT on CA, as measured by colony counts. The CFU ratio significantly decreased in the CA-IgY-IR700, IgY-PAT2, and ALA-PDT
groups, and IgY-PAT2 or ALA-PDT effects occurred in an irradiation dose-dependent manner. When comparing the in vitro effects between IgY-PAT2 and
ALA-PDT at the same dose, effects of IgY-PAT2 were superior to those of ALA-PDT (control versus CA-IgY-IR700: p = 0.0007; control versus IgY-PAT2:
p = 0.0012 at 32 J cm−2, 0.0054 at 64 J cm−2, 0.0093 at 128 J cm−2, 0.0046 at 256 J cm−2; CA-IgY-IR700 versus IgY-PAT2: p = 0.0026 at 32 J cm−2,
p = 0.0112 at 64 J cm−2, p = 0.0135 at 128 J cm−2, p = 0.0067 at 256 J cm−2, control versus ALA-PDT: p = 0.0429 at 32 J cm−2, 0.180 at 64 J cm−2,
0.0013 at 128 J cm−2, 0.0132 at 256 J cm−2; IgY-PAT2 versus ALA-PDT: p = 0.0020 at 32 J cm−2, 0.0209 at 64 J cm−2, 0.0243 at 128 J cm−2, 0.0289 at
256 J cm−2). Data are means ± SEMs (n = 6, p < 0.0001, F = 283.5, degrees of freedom (DF) = 83 [ANOVA], *p < 0.05, **p < 0.001 [Tukey’s-test]). B) In
vitro effects of IgY-PAT2 and ALA-PDT on CA, flow cytometer was performed after 3 h of light irradiation with propidium iodide (PI). To directly compare
the results of colony counting, the proportions of PI-unstained (live) CAs are shown. With respect to the in vitro effects of IgY-PAT2 and ALA-PDT, only
the IgY-PAT2 group showed obvious effects, whereas the others did not show any difference relative to the control (control versus IgY-PAT2: p < 0.0001
at 32–256 J cm−2; CA-IgY-IR700 versus IgY-PAT2: p < 0.0001 at 32–256 J cm2). The in vitro effects of IgY-PAT2 on PI staining were increased in a near-
infrared-light dose dependent manner. Data are means ± SEMs (n = 3, p < 0.0001, F = 95.02, DF = 50 [ANOVA], *p < 0.05, **p < 0.001 [Tukey’s-test]).
IgY means CA-IgY-IR700 in the figure.

data suggested that the IR700-fluorescence could be a guide for
NIR-light irradiation and that its decrease marks the completion
of therapy. The representative appearance of an ulcer or infec-
tious ulcers is shown in Figure 5C. As shown, purulent discharge
was often observed in the CA and light group, suggesting that
infection progressed and enhanced inflammation occurred.
Epithelialization had almost finished on day 9 in the no infection
control group based on the natural course of recovery. Under
these conditions, epithelialization had not yet completed on day
13 in the CA and light group mice. Infectious ulcers exhibited al-
most completed epithelialization on day 13 in the CA-IgY-IR700
group mice. However, epithelialization was almost completed by
day 11 in the PAT2 groupmice. Neither the light nor the IgY-PAT2

group have apparent side effects related to NIR-irradiation such
as burns (Figure 5C). To quantitatively evaluate IgY-PAT2 in vivo,
the ulcer area was measured using calipers. The non-infection
control group mice had the smallest ulcer area. Under these
conditions, IgY-PAT2 group mice showed a significant reduction
in the infectious ulcer area compared to that in the other groups.
After day 7, the ulcer area in the IgY-PAT2 groupmice was almost
the same as that in the non-infection control mice (Figure 5D).
Based on detailed analysis, the ulcer area in the CA-IgY-IR700
group mice was smaller than that in the CA group; however,
there was no statistical difference. The light group did not differ
from the CA group on all days. Next, to evaluate the microbiolog-

ical effect of IgY-PAT2, the number of colonies in the ulcer area
was evaluated. The IgY-PAT2 group had fewer colonies than the
CA group and this was equivalent to that in the non-infection
control group, suggesting that IgY-PAT2 exert almost a complete
anti-fungal effect on the CA infectious ulcers (Figure 5E).

2.6. In Vivo Inflammation Evaluation Based on Cytokines

To evaluate the inflammatory status in vivo in the infectious ul-
cer mouse model, cytokines in the ulcer area were examined in
the no infection, CA infection, and IgY-PAT2 groups. As a stan-
dard based on the non-infection control mice, comparative anal-
ysis between CA and IgY-PAT2 mouse groups was performed
(Figure 6 and Figure S4, Supporting Information). As CA in-
fection caused a high level of inflammation in the ulcer area,
the inflammatory cytokine levels were higher than those in IgY-
PAT2 groupmice (based on IL-1𝛼, IL-1𝛽, TNF𝛼, IFN-𝛾 , LIF, MIP-
1𝛼, MIP-1𝛽, MIP-2, RANTES, VEGF, PLEG-2, G-CSF, SDF-1).
These anti-inflammatory effects of IgY-PAT2 may be the result
of its excellent photo-microbial effect as well as its selectivity to-
ward CA. Moreover, to validate the relationship between inflam-
matory cytokines or chemokines and bacterial infection status,
we performed correlation analysis across all groups in vivo. Al-
most all cytokines exhibited some correlations, and among them,

Adv. Therap. 2020, 2000221 © 2020 Wiley-VCH GmbH2000221 (6 of 12)



www.advancedsciencenews.com www.advtherap.com

Figure 5. In vivo effects of photo-antimicrobial targeting therapy (PAT2) on mouse cutaneous infection models. A) Representative fluorescence im-
ages comparing the C. albicans (CA), CA-IgY-IR700 (IRDye700Dx), and IgY-PAT2 (700 nm fluorescence) groups. CA-IgY-IR700 was detected as IR700-
fluorescence at the site where the adhesive bandage containing the CA-IgY-IR700 was attached to the infected ulcer area. At day 3 after near-infrared
(NIR)-light irradiation, the IR700-fluorescence almost completely disappeared in the IgY-PAT2 group. However, the IR700-fluorescence in the ulcer area
remained until day 7 in the CA-IgY-IR700 group (no NIR-light irradiation, only CA-IgY-IR700). The ulcer areas are enclosed by a yellow circle. B) A picture
of an NIR-light irradiated mouse. C) Representative photos of the ulcers in mice from each group. Control ulcers were not infected with CA. Abundant
purulent excretion was detected in the CA group and light group, whereas this was markedly diminished in the control (no infection) and IgY-PAT2

groups. The white line indicates 5 mm. D) The in vivo effects of IgY-PAT2 on mouse cutaneous infection models, as measured based on ulcer areas. In
the IgY-PAT2 group, significant ulcer reduction was observed compared to that in the CA groups (IgY-PAT2 versus CA: p = 0.0002 at day 3, 0.0004 at day
7, < 0.0001 at day 13; IgY-PAT2 versus CA-IgY-IR700: p = 0.0497 at day 3, 0.0505 at day 7, 0.0664 at day 13). The IgY-PAT2 group exhibited almost the
same level of ulcer reduction as the control (no infection) group, and no significant change was detected (IgY-PAT2 versus control: p = 0.9961 at day 3,
0.9194 at day 7, 0.6628 at day 9, > 0.9999 at day 13). The ulcer area of the CA-IgY-IR700 group was smaller than that of the CA group. The light group
showed no significant difference from the CA group. Data are means ± SEMs (n ≥ 7, †p < 0.1, *p < 0.05, **p < 0.001, [Tukey’s test]). E) Confirmation of
colony counting from infected cutaneous ulcers. A comparison of the number of yeasts in the ulcer tissue on day 2 is shown. The numbers of colonies
were significantly decreased in the control (no infection) and IgY-PAT2 groups. Data are means ± SEMs (n ≥ 3, p = 0.0073, F = 9.698, DF = 10 [ANOVA],
*p < 0.05, **p < 0.001 [Tukey’s test]).
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Figure 6. Examination of the effect of IgY-PAT2 (photo-antimicrobial targeting therapy) on in vivo inflammation based on mouse cutaneous infection
models. The ratios of cytokines and chemokines in the CA and IgY-PAT2 groups, based on the standard of the control (no infection) group, are shown.
Data are means ± SEMs (n = 3).

IL-17A and IL-1𝛽 showed especially strong correlations with the
number of CFUs (Figure S5, Supporting Information), suggest-
ing that these data were in accordance with the infection status.
Together with these results, IgY-PAT2 promoted healing in the
mousemodel of CA-infected cutaneous ulcers, and the condition
was restored to the same level as observed in the no infection con-
trol group.

3. Conclusion

New antibacterial drugs have been created to overcome the drug-
resistant bacteria problem but their efficacy does not last very
long because pathogenic bacteria can develop resistance against
them quickly. Antibacterial drugs can be roughly classified into
the following five classes based on their mechanisms of action:
inhibitors of DNA synthesis, cell wall synthesis, folic acid syn-
thesis, and ribosomal RNA subunits and mediators of changes
in cell membrane permeability.[25] Beyond these conventional
mechanisms, photo-activated antimicrobial therapy has the po-
tential to become a new modality to combat infectious diseases.
However, conventional PDT for bacteria, which is known as pho-
todynamic antimicrobial chemotherapy, has no targeting ability
and thus damages normal human cells. In fact, photosensitivity
after PDT is a frequent side effect.[26] These limitations can be
attributed to the mechanisms of action of conventional PDT,[24]

which involve the generation of oxidative stress (via reactive
oxygen species) resulting in less targetable apoptosis. However,
PAT2, a modified form of NIR-PIT depends on the rapid necrotic
cell death caused by photo-chemical reactions[27,28] and thus
could become the next ideal photo-antimicrobial therapy. With
this new mechanism, which results in photo-damage to the
cell wall or membrane, the bacteria or fungi are subjected to
irreversible necrotic damage. This process is suggested to be less
likely to result in the development of resistance against therapy

because drug uptake and metabolism are irrelevant (Figure S6,
Supporting Information).
In terms of the light therapy, NIR-PIT is composed of a target-

ing antibody, IR700, a photoabosorber, and light sources. These
three elements must be optimized to realize the best therapy. Al-
though a monoclonal antibody was originally used for NIR-PIT
for cancers,[8,29] we exploited polyclonal IgY to develop PAT2.
In cancer therapy, monoclonal antibodies are used to precisely
distinguish between human normal cells and tumor cells,[8,30,31]

since they are very similar to each other; in other words, the
cancer cells were originally derived from normal cells. However,
fungus have cell walls containing many components such as
mannoproteins that are not found in human cells, which lead to
bigger differences in antibody recognition. Based on these con-
siderations, polyclonal antibodies could be used in PAT2 with no
particular difficulties. Moreover, polyclonal antibodies can target
a variety species in the same family of fungus with “similar”
antigens. Indeed, in this study, cross-reactivity with CA-related
species was determined, and this might be a great advantage
for the treatment of infectious diseases caused by fungus such
as Candida auris, an emerging multidrug-resistant pathogen.[32]

Another advantage of using polyclonal IgY is the lower cost to
generate the antibodies. Compared to cancer cells, pathogens
grow more drastically under good condition.[33,34] Since antibody
consumption during therapies for infection is increased and
occurs at a faster rate compared to that during cancer therapies,
PAT2 requires high concentrations of antibodies. To satisfy this
demand, a large quantity of antibodies is needed, and thus, IgY
could be cost-saving for use as material for PAT2.
Another main component of this therapy is NIR-light. NIR-

light has better tissue penetration than other wavelengths,
because this range of light is absorbed less by water and
hemoglobin.[8] We used a high-power LED or laser to treat the
mouse cutaneous infection models. In clinical use, we intend to
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use medical laser devices to ablate the pathogens from the in-
fection area. We can apply these therapies with no limitations
in the cumulative irradiation dose of NIR-light, as this is not
ionizing radiation such as X-rays. Therefore, we can perform
therapy repeatedly until the targeted pathogens are completely
eliminated. Moreover, device development with endoscopies or
catheters could enable NIR-light to be delivered anywhere in the
body in the near future.
The CA-targeting IgY-PAT2 resulted in highly selective dam-

age to CA in vivo, as evidenced by the low levels of most cytokines
and chemokines in the IgY-PAT2 group than those in the CA
group. If the PAT2 had damaged normal skin cells, the resulting
inflammationwould have led to the development of additional in-
fectious epithelialized ulcers. Highly selective damage controlled
by both IgY and light sources would lead to the prompt ablation
of CAs without damaging epithelial cells, resulting in almost the
same level of recovery as that in the no infectious control ulcers.
We only used PAT2 in the skin; however, theoretically, PAT2 could
have the same effect anywhere in the body.
This study has some limitations. First, we have not examined

ALA-PDT in detail. We just want to compare the in vitro ef-
fects with different photo-reactive mechanisms.[28,35,36] Second,
the therapeutic effect is determined only with specific antibodies
and Candida spp. It is necessary to study with other pathogens
and antibodies in the future. Third, high doses of IgY can cause
adverse events such as anaphylaxis or egg allergy. It is necessary
to stabilize and optimize antibody reactivity and specificity by im-
proving the antibody purification method.
IgY-PAT2 is expected to have the following applications. De-

vices such as optic fiber for NIR irradiating inside the body
have been reported.[37–39] The antibody is administered externally,
orally, by enema, or by intravenous administration, and then NIR
irradiation is applied to any site. Therapeutic applications for skin
diseases such as ringworm, oral diseases, gastrointestinal infec-
tions such asH. pylori, and abscesses are considered. Further, the
antibody can be cloned easily, or human monoclonal antibody
specific to the pathogen can be used.
In conclusion, we developed a new NIR-activated IgY-PAT2

method for controllingCandida infections by using IR700 to con-
jugate anti-Candida IgY antibodies. CA-targeting IgY-PAT2 led
to recovery in a cutaneous infectious mouse ulcer model to al-
most the same extent as that observed in the no infection con-
trol group. The effects of IgY-PAT2 were prompt and resulted
in almost no damage to the epithelia. The IR700-fluorescence
of the photoabsorber in the conjugates could be used as a non-
invasive guide for the therapeutic area and as a biomarker to con-
firm the therapeutic effects. Further, we could change the target
pathogens by changing the IgY, suggesting that PAT2 would serve
as a universal anti-infection platform.

4. Experimental Section
Reagents: Water-soluble, silica-phthalocyanine derivative IRDye

700DX NHS ester was purchased from LI-COR Biosciences (NB, USA).
CA-IgY was obtained from Immunology Research Institute (Gifu, Japan).
All other chemicals were of reagent grade.

Immunization with CA and Purification of CA-IgY: For the production
of IgY, 18-week-old Hy-Line hens were immunized by intramuscular injec-
tion of an emulsified mixture of inactivated CA and oil emulsion. Eggs laid

by the immunized hens between 2 and 6 weeks after second immuniza-
tion were harvested and egg yolk was isolated, pooled and processed into
powder form in accordance with a method described previously.[40] IgY
antibodies were partially purified from the egg yolk powder by chloroform
extraction and ammonium sulfate precipitation.[41] This partially purified
freeze-dried powder IgY (crude IgY) was further purified by Pierce Thio-
philic Adsorption Kit (Thermo Fisher Scientific, MA, USA). This protocol
was carried out as per manufacturer’s guidelines. The eluted protein
fractions were pooled. All purifications were carried out at 15–25 °C. The
purity and composition of all fractions were analyzed by SDS-PAGE under
reducing conditions as described by Laemmli.[42] The resolved proteins
were stained with BioSafe Coomassie (BioRad, CA, USA) for 1 h. The
total protein concentration of column fractions was measured by spec-
trophotometry at 280 nm (Thermo Scientific NanoDrop Lite; Thermo
Fisher Scientific). The total IgY concentrations were determined using
sandwich ELISA quantification kits (Bethyl Laboratories, TX, USA) follow-
ing the manufacturer’s instructions. The purified IgY was designated as
CA-IgY.

Synthesis of IR700-conjugated CA-IgY: CA-IgY (1 mg, 5.4 nmol)
was incubated with IR700 (47.8, 24.5 nmol, 10 mmol L−1 in DMSO)
and 0.1 mol L−1 Na2HPO4 (pH 8.6) at 15–25 °C for 1 h. The mixture
was purified using a Sephadex G50 column (PD-10; GE Healthcare,
NJ, USA). Protein concentration was determined using a Coomassie
Plus protein assay kit (Thermo Fischer Scientific) by measuring the ab-
sorbance at 595 nm through spectroscopy (UV9100; SHIMADZU, Kyoto,
Japan).

The concentration of IR700 was measured based on the absorbance at
689 nm via spectroscopy to confirm the number of fluorophore molecules
conjugated to CA-IgY. The synthesis was controlled so that an average
of three IR700 molecules were bound to a single IgY. SDS-PAGE was
performed as a quality control for each conjugate in accordance with
a previously reported method.[8,43] Diluted CA-IgY was used as non-
conjugated controls for SDS-PAGE and the fluorescent bands were mea-
sured with Pearl Trilogy (LI-CORBiosciences) using a 700-nmfluorescence
channel.[44]

Candida Culture: CA (JCM 1542) was obtained from Immunology Re-
search Institute, EW Nutrition Japan. CA (FC 18) was collected from pa-
tients at the University Hospital.[45] CA (IFO 579, IFO 1060), Candida
tropicalis (IFO 1402), Candida guilliermondii (IFO 838), and Candida kru-
sei (IFO 1162) were obtained from the Institute for Fermentation, Osaka
(Oyodogawa, Osaka, Japan). Candida spp. were cultured by suspension
in SD medium (2 % glucose (NAKALAI TESQUE, Kyoto, Japan), 0.5 %
(NH4)2SO4 (BectonDickinson, NJ, USA), 0.17% yeast nitrogen base with-
out amino acids and (NH4)2SO4 (Becton Dickinson)) in tissue culture
flasks in a shaking incubator at 30 °C at 150 rpm. Candida spp. were used
for experiments after cultivated in the SD medium at least 24 h.

Cell Culture: A431 cells (CRL-1555; American Type Culture Collection,
VA, USA) were cultured in RPMI 1640 medium (Thermo Fisher Scien-
tific, MA, USA) supplemented with 10 % fetal bovine serum and penicillin
(100 IU mL−1)-streptomycin (100 mg mL−1) (Thermo Fisher Scientific) in
a tissue culture dish at 37 °C in a humidified incubator with an atmosphere
of 95% air and 5% carbon dioxide.

Flow Cytometry: To verify in vitro CA-IgY-IR700 binding, the fluores-
cence was measured from CA after incubation with CA-IgY-IR700 with a
flow cytometer.

First, the CA-IgY-IR700 concentration was determined. 1.0 x 105 CA
(JCM 1542) were seeded into a 1.5-mL microcentrifuge (MCT); then CA-
IgY-IR700 (1 mg mL−1) and SD medium were added so that the total
amount was 1 mL, and CA-IgY-IR700 was adjusted to 0–500 µg mL−1.
After incubation at 37 °C for 1 h in absence of light, the 700 nm fluo-
rescence from CA was measured and analyzed using a flow cytometer
(Gallios; Beckman Coulter, CA, USA) with Kaluza software (Beckman Coul-
ter) (Figure S1, Supporting Information). Considering the amount of CA-
IgY-IR700 that can be used, the following experiments were performed at
200 µg mL−1. It was confirmed that the fluorescence intensity increased
in a concentration-dependent manner. Considering the amount of an-
tibody that can be used, the following experiments were performed at
200 µg mL−1.
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To evaluate other Candida spp. and human cell, the fluorescence from
CA (IFO 579, IFO 1060, and FC18), related species (C. tropicalis, C. guillier-
mondii, and C. krusei) and A431 was evaluated in the same manner. A431
cells (1.0 × 105) were cultured in 12-well plates and incubated for 24 h,
then CA-IgY-IR700 and RPMI 1640 medium were added so that the total
amount was 1 mL, and CA-IgY-IR700 was adjusted to 200 µg mL−1. CA-
IgY-IR700 was not added to the control.

In Vitro ALA-PDT: For this assay, 1.0 × 105 CA (JCM 1542) cells in
culture medium were taken into 1.5-mL MCTs, and treated with 0.5%
ALA to the culture medium to reach a final volume of 1 mL, which was
incubated at 30 °C for 4 h with light shielding.[46] CA/ALA was irradiated
with LED at a wavelength of 600–640 nm (30 W red high-power LED;
LED generic, Yamanashi, Japan) at a power density of 100 mW cm−2

as measured by an optical power meter (PM100; Thorlabs, NJ, USA).
The tubes were placed on ice to protect them from heat during the LED
irradiation.

In Vitro IgY-PAT2: For this, 1.0 × 105 CA (JCM 1542) were seeded
into 1.5-mL MCTs, and 10–200 µg mL−1 CA-IgY was added to the culture
medium to reach a total volume of 1 mL, which was incubated at 30 °C for
4 h with light shielding. CA/CA-IgY-IR700 was irradiated at a wavelength of
670–710 nm using a laser (MLL-III-690nm Laser, CNI Laser, Changchun,
China) or LED (L690-66-60; Usio-Epitex, Kyoto, Japan) at a power density
of 100 mW cm−2.

Cell Viability Assay Using Microscopy: To detect the antigen-specific lo-
calization of the IR700 conjugate, observation with a fluorescence micro-
scope was performed (A1Rsi; Nikon, Tokyo, Japan). CA (JCM 1542) was
incubated with IgY-PAT2 at room temperature for 3 h, washed with PBS.
As a dead cell control, CA was treated with 70% ethanol for 15 min and
washed with PBS. A thousand CA cells were seeded onto poly-d-lysine-
coated 3.5-mm glass bottom dishes. Propidium iodide (PI; final concen-
tration, 1 µg mL−1; Thermo Fisher Scientific) was added into the medium
30min before the observation to detect membrane- and cell wall-damaged
CA (i.e., dead CA).

Scanning Electron Microscopy: To detect a change in the surface struc-
ture, electron microscopy was performed. CA (JCM 1542) was harvested
at 15–25 °C 3 h after IgY-PAT2 treatment and was then washed with PBS.
CA cells were fixed in 2 % glutaraldehyde (TAAB Laboratories Equipment,
Berks, UK), at 4 °C for 24 h and then washed with PBS for 15 min and
fixed again in 1% osmium tetroxide (TAAB Laboratories Equipment) at
4 °C for 2 h. Ethanol was used at increasing concentrations (50%, 60%,
70%, 80%, 90%, 95%, and 99%; 10 min each) to dehydrate the samples.
CA was replaced with t-butyl alcohol and lyophilized (VFD-21S; Vacuum
Device, Ibaraki, Japan). Then, cells were coated with osmium plasma (NL-
OPC80NS; Japan Laser, Tokyo, Japan) and observed under a scanning elec-
tron microscope (JSN-7610F; Japan Electronic Optics Laboratory, Tokyo,
Japan).

Comparison Between IgY-PAT2 and ALA-PDT: To compare the antimi-
crobial effects of IgY-PAT2 and ALA-PDT on CA, the following groups were
used: CA cells alone (control group), CA with irradiation 630 or 690 nm
light without photosensitizer (light group), CA with photosensitizer with-
out light (IgY or ALA), CA with photosensitizer and irradiation (IgY-PAT2

or ALA-PDT). The dead cell control was treated with ethanol for 4 h and
washed with PBS (ETOH). The light group was subjected to a light-dose
of 256 J cm−2 (maximum dose), and IgY-PAT2 and ALA-PDT groups were
irradiated at a range from 32 to 256 J cm−2. To confirm the proportion
of surviving CA (JCM 1542) cells, the colony forming units (CFUs) were
counted. CA cells were diluted 103- to 104-fold and plated on sterile YPD
agar medium (2 % glucose, 2 % polypeptone (Becton Dickinson), 1 %
yeast extract (Becton Dickinson), and 2 % agar (Becton Dickinson)) im-
mediately after IgY-PAT2 treatment. The number of CFUs with 30–300
colonies per plate was counted visually after incubation at 30 °C for 24 h.
In addition, to determine the destruction ratio of CA by IgY-PAT2 and ALA-
PDT, the proportion of PI staining was examined by flow cytometry (FACS
Calibur, BD BioSciences) using CellQuest software (BD BioSciences) 3 h
after irradiation at room temperature.

Mouse Model of CA-Infected Cutaneous Ulcers: All in vivo procedures
were conducted in compliance with the local Animal Care and Use Com-
mittee of Nagoya University (Approval Number, 2019-31431, 2020-20104).

For this model, 8–10-week-old female BALB/c SLc mice were purchased
from Chubu Kagaku Shizai (Aichi, Japan). The animals were housed at six
per cage and maintained under a 12-h light/dark cycle with ad libitum ac-
cess to food and water. During the procedures, mice were anaesthetized
with isoflurane (Wako). The back was shaved with an electric razor, and a
depilatory agent was used.

On the back of each mouse, a 6-mm punch biopsy tool was used to cre-
ate full-thickness skin defects (6 mm in diameter) that extended through
the panniculus carnosus. Two ulcers were made on each mouse, with
an ulcer on each side of the midline back. CA (JCM 1542) cells were
washed with PBS and diluted to 109 CFU mL−1 with 100 µL PBS; an ad-
hesive bandage (band-aid junior type, Johnson & Johnson, NJ, USA) was
soaked in this suspension and attached to the ulcer. Ulcers in the con-
trol group were bandaged using bandages soaked in PBS. Next, a dress-
ing (meshpore tape; Nichiban, Tokyo, Japan) was wrapped around each
animal to protect the shaved skin and the ulcers. This state was main-
tained for 1 day to generate the mouse model of CA-infected cutaneous
ulcer.

An ointment was prepared by mixing water-soluble jelly (luve-jelly;
Japan family planning association, Tokyo, Japan), PBS, and CA-IgY-IR700
and finally doubling the jelly volume so that CA-IgY-IR700 was present at a
concentration of 200 µg mL−1 (IgY ointment). An ointment without CA-
IgY-IR700 was also prepared (PBS ointment). 1 day after infection, the
adhesive bandages and a dressing were replaced with other adhesive ban-
dages soaked in 100 µL CA-IgY-IR700 or PBS ointment, and another dress-
ing. This condition was maintained for 1 day.

In Vivo IgY-PAT2: To evaluate the effect of IgY-PAT2 in vivo on CA-
infected cutaneous ulcers, therapeutic efficacy was compared among the
five groups. The control group (no infection, asepsis) included mice with-
out infection (only cutaneous ulcers without infection). The other groups
were infected and treated as follows: the CA group had cutaneous ulcers
with CA-infection without treatment, the IgY group had CA-infected cuta-
neous ulcers with CA-IgY-IR700 but without NIR-light irradiation, the light
group had CA-infected cutaneous ulcers with only NIR-light irradiation,
and the IgY-PAT2 group had CA-infected cutaneous ulcers with CA-IgY-
IR700 and NIR-light irradiation.

Day 1 was defined as the NIR-light irradiation day (2 days after the cu-
taneous ulcers were created and inoculated with CA, and 1 day after the
ointment was applied). Themice were irradiated with laser at a wavelength
of 670–710 nm (MLL-III-690nm Laser, CNI Laser) up to 256 J with 100mW
cm−2 output. After irradiation, the bandages were replaced with new ones,
and then, the ulcer was observed and the bandagewas changed every other
day until day 13. The size of the wound area was measured by tracing the
wound margin and calculating the area in pixels using ImageJ 1.52a (Na-
tional Institutes of Health, MD, USA). The area of the ulcer on day 1 was
100%; 0% indicates that the ulcer was completely epithelialized. At least
nine ulcers were analyzed in each group.

Yeast Counting in Wound Tissue for CA-Infected Cutaneous Ulcers In Vivo:
It was microbiologically evaluated whether IgY-PAT2 has an antimicrobial
effect in vivo. On day 2 (1 day after NIR irradiation), a part of the ulcer
(5 mm in diameter) was excised aseptically to the level of the deep fascia
using 5-mm punch biopsy for the asepsis, CA, and IgY-PAT2 groups (n ≥

3). The ulcer samples were homogenized in 1 mL of PBS. Viable yeasts
in PBS were counted by making tenfold serial dilutions and culturing the
dilutions on YPD agar at 30 °C for 24 h; at least three ulcers were tested in
each group.

Cytokine Measurements: Similar to the microbiological evaluation
(yeast counting), the cytokines in the ulcer area were evaluated in the
same manner. On day 2 (1 day after NIR irradiation), the ulcer tis-
sue was removed using the same method among asepsis, CA, and IgY-
PAT2 groups (n ≥ 3). The ulcer samples were homogenized in 1 mL of
PBS supplemented with protease inhibitors (cOmplete Tablets; Sigma-
Aldrich, MO, USA), and then, the solution was passed through a filter
(Cell Strainer 70 µm Nylon; CORNING, NY, USA) and cryopreserved at
−80 °C.[10] the solutions were kept frozen and sent to Eve technologies
(Calgary, Canada) for cytokine measurement which was performed by us-
ing a Mouse Cytokine Array/Chemokine Array and Angiogenesis Featured
Array.
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Statistical Analysis: Data were expressed as means ± SEMs from a
minimum of three experiments. Statistical analyses were performed with
a statistics program (GraphPad Prism; GraphPad Software, CA, USA). For
multiple-group comparisons, a 1 way ANOVA with Tukey’s test was used.
The statistical tests used two-tailed.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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