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Purpose: As a precursor of the potent photosensitizer protoporphyrin IX (PpIX), 

5-aminolevulinic acid (5-ALA), was conjugated onto cationic gold nanoparticles (GNPs) to 

improve the efficacy of photodynamic therapy (PDT).

Methods: Cationic GNPs reduced by branched polyethyleneimine and 5-ALA were conju-

gated onto the cationic GNPs by creating an electrostatic interaction at physiological pH. The 

efficacy of ALA-GNP conjugates in PDT was investigated under irradiation with a mercury 

lamp (central wavelength of 395 nm) and three types of light-emitting diode arrays (central 

wavelengths of 399, 502, and 621 nm, respectively). The impacts of GNPs on PDT were then 

analyzed by measuring the intracellular PpIX levels in K562 cells and the singlet oxygen yield 

of PpIX under irradiation.

Results: The 2 mM ALA-GNP conjugates showed greater cytotoxicity against K562 cells than 

ALA alone. Light-emitting diode (505 nm) irradiation of the conjugates caused a level of K562 

cell destruction similar to that with irradiation by a mercury lamp, although it had no adverse 

effects on drug-free control cells. These results may be attributed to the singlet oxygen yield 

of PpIX, which can be enhanced by GNPs.

Conclusion: Under irradiation with a suitable light source, ALA-GNP conjugates can effectively 

destroy K562 cells. The technique offers a new strategy of PDT.

Keywords: nonradiative energy transfer, photodamage, protoporphyrin IX, selective destruction, 

singlet oxygen sensor green reagent, surface plasmon resonance

Introduction
Photodynamic therapy (PDT) is a minimally invasive therapeutic modality approved for 

cancer treatment and some other nononcological disorders.1 In PDT, a photosensitizer 

(PS) with photosensitizing properties is selectively accumulated in malignant tissue. 

When the malignant tissue is exposed to light with a specific wavelength, the PS is 

activated from its ground singlet state to an excited singlet state, after which it undergoes 

intersystem crossing to an excited triplet state. Some PS molecules, when they are 

in the excited state, release energy through physical processes. This energy produces 

fluorescence and phosphorescence that can be used for diagnosing disease. Other PS 

molecules are transferred to biological substrates and molecular oxygen to generate 

reactive oxygen species (ROS) and singlet oxygen, which are responsible for tumor 

regression and the cytotoxicity of neoplastic cells.
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Improving the efficacy of PDT requires three elements: 

a PS, a light source, and tissue oxygenation.2 Although 

the concentration of oxygen in tissue depends solely on 

tissue status,3 studies should explore novel photosensitizers 

and more suitable light resources to improve the effect of 

photodynamic therapy.

The first generation PSs used in PDT were hematoporphyrin 

and derivative hematoporphyrin. Although some of these 

compounds have been approved in application, they are far 

from an ideal PS due to their significant limiting factors for 

chemotherapeutics and radiotherapy.1 For these reasons, 

research on PDT has been focused on the development of 

alternative new-generation PSs with improved physical, 

chemical, and therapeutic properties.

The pro-photosensitizing metabolite 5-aminolevulinic 

acid (ALA) has attracted significant attention.4 ALA is 

a natural precursor of protoporphyrin IX (PpIX) in the 

heme biosynthetic pathway. Under normal physiological 

conditions, heme synthesis from glycine through PpIX is 

regulated by negative feedback control of the enzyme ALA 

synthase by free heme; thus, the concentration of ALA 

or PpIX in normal tissue is sufficiently low to preclude 

cell damage that can occur by photochemical reactions. 

In contrast, in tumor tissues, the regulatory feedback system 

is bypassed as the administration of exogenous ALA causes 

excess cellular accumulation of downstream metabolites.5 

Due to the importance of heme synthesis in ALA-PDT, 

we chose the K562 human erythroleukemic cell, which is 

a well-known model for heme synthesis because erythroid 

cells produce 95% of total heme,6 in order to significantly 

enhance the efficacy of ALA-PDT. The detailed mechanism 

of ALA-PDT cytotoxic effects on K562 cell line has been 

described previously.7

The hydrophilic nature of ALA may limit its ability 

to penetrate skin or cell membranes and thereby restrict 

the effectiveness of ALA-PDT.8 Gold nanoparticles 

(GNPs) have high available surface activity9 and good 

biocompatibility,10,11 which allows exploitation of their 

unique chemical and physical properties for transporting and 

unloading pharmaceuticals.12 The use of GNPs as carriers for 

PS delivery represents a promising approach to enhance the 

efficacy of PDT.13–17

As nanosized particles, GNPs can be delivered to and 

accumulate in tissues with permeable vasculature due to the 

enhanced permeability and retention (EPR) effect.18 Given 

that tumor tissues are known to exhibit highly enhanced 

vascular permeability,19 GNPs can passively accumulate in 

tumor tissues through the rich permeable vasculature.20

In addition to the EPR effect, some studies have indicated 

that cationic GNPs show facilitated binding to negative 

tumor cell membranes.14 Moreover, GNPs can adsorb onto 

leukemia K562 cells through the weak interaction between 

the nanoparticles and mercapto or primary amine groups on 

the cell membrane.21 Accordingly, we chose cationic GNPs 

as carriers to deliver drugs to bind to leukemia K562 cells, 

which have a negative surface charge.22

In addition, in recent demonstrations combining 

nanomaterials with PSs, GNPs not only facilitated delivery 

of PS to tumor cells but were also better for enhancing the 

singlet oxygen yield of PpIX.13,14 The ability of PpIX to 

generate singlet oxygen is one of the most important factors 

for evaluating the PDT effect.23 Thus, a compatible light 

source can be used to excite the optical properties of GNPs 

to improve the singlet oxygen yield of a PS.

In this study, we synthesized cationic GNPs by in situ 

chemical reduction of HAuCl
4
 with the use of branched 

polyethyleneimine (BPEI) as a reductant and stabilizer.24 We 

then conjugated 5-ALA onto the cationic GNPs through an 

electrostatic interaction under physiological pH (pH 7.2–7.6). 

We also investigated the efficacy of ALA-GNP conjugates 

under irradiation by LEDs and a mercury lamp, and measured 

the singlet oxygen yield of PpIX to analyze the influence of 

GNPs on the PS.

Materials and methods
Materials
ALA, PpIX, and BPEI were purchased from Sigma-Aldrich 

(St Louis, MO), 4-(2-hydroxyethyl)-1-piperazineethane-

sulfonic acid (HEPES) and HAuCl
4
 were purchased from 

Dingguo Co (Beijing, China), 1% penicillin/streptomycin, 

phosphate-buffered saline (PBS) and sodium dodecyl 

sulfate (SDS) lysis buffer were purchased from Beyond Ltd 

(Haimen, China), fetal bovine serum (FBS) and RPMI1640 

were purchased from Thermo Fisher Scientific (Waltham, 

MA), Cell Counting Kit-8 (CCK-8) was purchased from 

Dojindo (Kumamoto, Japan) and Singlet Oxygen Sensor 

Green reagent (SOSGR) was purchased from Invitrogen 

(Carlsbad, CA).

Synthesis and characterization  
of ALA-GNP conjugates
Different molar ratios of 0.1% HAuCl

4
 and BPEI (molecular 

weight = 25,000) were mixed and stirred in ultrapure water 

at 80°C to prepare a series of GNPs, and solutions were 

collected until the color changed from yellow to dark red 

upon completion of the reduction reaction. The GNPs were 

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5030

Xu et al

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2012:7

then washed with ultrapure water and purified twice by 

centrifugation at 25,000 × g for 30 min at 4°C. 5-ALA was 

dissolved in 20 mM HEPES to adjust the pH value to 7.2–7.4, 

after which it was filtered with a 0.2-µm filter. The colloidal 

GNPs were also filtered with a 0.2-µm filter. Subsequently, 

the ALA solution and GNP colloidal solution were mixed at 

a number of ratios to prepare the conjugates.

Ultraviolet-visible (UV-Vis) absorption spectra were 

measured using a DU-640 UV-Vis spectrophotometer 

(JASCO, Tokyo, Japan). Transmission electron microscopy 

(TEM) images were acquired on a JEM-200CX transmission 

electron microscope (Hitachi, Tokyo, Japan). The average 

diameter of the GNPs and conjugates were examined using a 

ZetaSizer Nano ZS90 (Malvern Instruments, Malvern, UK). 

This device was also used to measure the zeta-potential after 

GNP and conjugate solutions were further adjusted to pH 

7.4 with 1 N NaOH.

Light source
Light-emitting diodes (LEDs) have been used for PDT due 

to their great advantages of convenience, stability, and broad-

spectrum properties.25 We thereby used LEDs in this study. A 

mercury lamp irradiation system, which caused significant 

photodamage to tumor cells in research on ALA-PDT,26 was 

also adopted to compare the PDT results with those after 

LED irradiation. Preliminary studies have indicated that a 

low light dose irradiation can induce cell death via a slower 

mechanism with its gentler thermal effect. Chen et al reported 

that a light dose of 1.44 J/cm2 on cells incubated with gold 

nanoshells was optimal for reducing cell viability.27 Here, 

we used an LED source (Hangke Co, Hangzhou, China) and 

a 400-W mercury arc lamp (Yaming Co, Shanghai, China) 

with the same light dose of 3.6 J/cm2, but different values of 

full width at half-maximum to comprehensively explore the 

efficacy of ALA-GNP conjugates in PDT.

Mercury lamp irradiation was generated with a Spiegel 

condenser illuminated by a mercury lamp (Yaming Co, 

Shanghai, China), filtered with interference filters (Haiguang 

Co, Shanghai, China) of 410 nm (bandwidth = 10 nm), and 

attenuated by a lens. An energy fluence rate of 1 mW/cm2 

was obtained by adjusting the distance between the lens 

and sample cells. Previous work on ALA in our lab has 

demonstrated that irradiation with 410 nm caused maximum 

photodamage to the membrane and mitochondrial function 

of HL60 cells.26

We adopted three types of LEDs. Purple LEDs (central 

wavelength  =  398  nm) were chosen to contrast with the 

mercury lamp. Green LEDs (central wavelength = 505 nm), 

which fit the absorption wavelength of GNPs, can excite 

photic properties such as surface plasmon resonance. Red 

LEDs (central wavelength  =  621  nm), which have better 

penetration depth, display significant efficacy in PDT.28 The 

LED light sources were created with a diode array system 

containing 96  LED units with maximum emission. The 

energy fluence rates of these light sources were adjusted to 

1 mW/cm2 using a variable resistor in series.

The energy fluence rates of these light sources were 

measured using a 3-sigma laser power meter (Coherent Inc, 

Portland, OR). The emission spectra of the light sources 

(Figure 1) were detected using a HR4000 high-resolution 

spectrometer (Ocean Optics Inc, Dunedin, FL).

Cell culture
We used the chronic myelogenous leukemia cell line 

K562 (provided by Northwest University, Xi’an, China). 

RPMI1640 supplemented with 10% FBS and 1% penicillin–

streptomycin was used as the cell-culture medium. The cells 

were cultured at a humidified atmosphere of 37°C with 5% 

CO
2
 in a HERAcell 150 Copper CO

2
 incubator (Thermo 

Fisher Scientific) and subcultured every 3 days.

Photodynamic therapy in vitro
To five 96-well plates, we added the same cells and drugs 

as follows: 100 µL serum-free cell suspensions per well 

(cell density of 106/mL) were seeded in several 96-well 

plates. ALA, ALA-GNP conjugates, and GNPs were freshly 

prepared at three concentrations (3, 2, and 1  mM each) 

and respectively added to the cell suspensions in different 

wells for the drug groups. A drug-free cell suspension was 

used for the control group. Every group had three duplicate 

samples.
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Figure 1 The emission spectra of all the light sources. 
Note: Peak is the central wavelength of light sources.
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All 96-well plates containing cells were incubated with 

the medium containing different reagents for 4 hours under 

dark conditions. Four plates were irradiated by the mercury 

lamp and three types of LEDs for 1 hour each. At the same 

time, another 96-well plate containing cells was used as the 

control under dark treatment.

Cell viability
After irradiation treatment, the cell suspensions in all 

96-well plates were centrifuged at 400 × g for 5 minutes 

and washed twice with PBS to remove free drug. The cells 

were then refreshed with 100  µL of cell-culture medium 

containing 10  µL of the CCK-8. After incubation for 

24 hours, cell numbers were measured as the absorbance 

(450 nm) of reduced WST-8 (2-(2-methoxy-4-nitrophenyl)-

3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, 

monosodium salt) by using a MK3 96-well microplate reader 

(Labsystems, Vantaa, Finland).

Measurement of PpIX formation  
and singlet oxygen generation
For PpIX detection, K562 cell suspensions (cell density of 

106/mL) were seeded in 6-well plates. The medium of the 

cell-seeded well plates was then replaced with a serum-

free medium containing 2 mM ALA, GNPs, or ALA-GNP 

conjugates. Untreated cells were used as the drug-free 

control. Cells were treated with the drug-containing medium 

under dark conditions. Homogeneous aliquots of cells were 

withdrawn from 6-well plates at 0, 3, 4, 6, and 8  hours, 

respectively. Cell suspensions were washed twice with 

PBS to remove free drug lysed in SDS lysis buffer, and 

then shaken for 10 minutes. Cell lysates were centrifuged at 

12,000 × g for 5 minutes, and the fluorescence intensity was 

measured using an F-4500 fluorescence spectrophotometer 

(Hitachi). The excitation waveband was 410  nm, and the 

emission spectra were scanned from 420 to 700  nm. The 

peak fluorescence value at 631  nm was used for kinetic 

measurements.

SOSGR was used as the singlet oxygen-tracking agent. 

Given that SOSGR is cell-impermeable, 100 µL of GNP 

solution was directly mixed with 50 µL of 200 µM PpIX 

in cell-free solution to study the effect of GNPs on singlet 

oxygen generation of PpIX. Next, 20 µL of 100 µM SOSGR 

and ultrapure water were added to obtain the final 1000-µL 

sample solution. The PpIX alone, GNP alone, and drug-free 

groups were also prepared in the same manner. Irradiation 

treatment was performed by exposing the sample to red LEDs 

and green LEDs for different durations. The fluorescence 

measurement of SOSGR was performed using an F-4500 

fluorescence spectrophotometer (Hitachi) at an excitation 

wavelength of 488 nm.

Statistical analysis
The experiments were performed at least three times. Data 

are shown as the mean ± standard error of independent 

experiments. The means were compared using Student’s 

t-test, and differences were considered statistically significant 

at P , 0.001.

Results
Characterization of cationic GNPs
BPEI is a type of polyelectrolyte that serves as a reductant, 

stabilizer, and linker for preparing GNPs.24 The secondary 

amine of BPEI has a strong reducing ability, readily forming 

ion pairs with AuCl
4
- anions to produce zero-valent gold 

atoms.29 The gold atoms can then collide with each other to 

form GNPs. In contrast, the amine groups of BPEI, which 

associate with the particle surface, prevent further growth 

of GNPs. Therefore, when BPEI and HAuCl
4
 are mixed 

at a suitable ratio, GNPs with low-dispersing and uniform 

distribution can be prepared. In addition, due to the positive 

charge of the amine group on BPEI, this type of GNP is 

positively charged.

The absorption spectra of GNPs showed little difference 

when mole ratio of HAuCl
4
 and BPEI were changed 

(Figure 2). With increased BPEI, absorbance peaks showed 

a small red shift around 530  nm. This absorbance peak 

was caused by transverse surface plasma absorption of 

GNPs. Moreover, longitudinal surface plasma absorption 
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Figure 2 UV-Vis absorption spectra of GNPs with different ratios of HAuCl4/BPEI 
(from 0.5:1 to 1:8). 
Abbreviations: GNPs, gold nanoparticles; BPEI, branched polyethyleneimine.
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of ∼700 nm did not exist,30 demonstrating that the majority 

of the GNPs were uniform sphere-like particles.31 However, 

when the molar concentration of BPEI was increased to eight 

times that of HAuCl
4
, the absorbance peak showed a signifi-

cant red shift, far away from the characteristic absorption 

peak of GNPs. Thus, excess BPEI served as a linker bridging 

different particles into dimer or trimer aggregates.

In addition, the average diameter of GNPs increased as the 

BPEI concentration increased, as shown in Figure 3. When the 

mixture ratios of HAuCl
4
 and BPEI were between 0.5:1 and 

1:4, the size distributions of the GNPs were uniform. When the 

ratio reached 1:8, the average size of GNPs achieved micron 

levels with a dispersing and nonuniform distribution.

To conjugate more ALA onto cationic GNPs, we expected 

that GNPs would have more positive potential to attract ALA 

with negative charge. As illustrated in Figure 4, the zeta-poten-

tial increased with BPEI concentration within a certain range. 

However, when excessive BPEI (1:8) induced aggregates, the 

zeta-potential became negative. We chose to prepare ALA–

GNP conjugates at a 1:4 ratio because these kinds of GNPs 

are similar in size to 1:3 conjugates, but are more positively 

charged and thus conjugate ALA more readily.

Characterization of ALA-GNP conjugates
ALA, a zwitterion, can have either an end group of COO− or 

NH3+, depending on the solution pH.32 At physiological pH 

(7.2–7.6), its net negative charge enables conjugation to 

cationic GNPs through static electronic interactions.14

ALA was added to GNPs at various concentrations and 

the corresponding zeta-potentials were obtained at a solution 

pH of 7.4, as shown in Figure 5. As ALA concentration was 

increased, the zeta-potential of the GNPs decreased. This also 

confirmed that ALA had conjugated onto GNPs.

The stability of ALA-GNPs based on the sharp decrease in 

the zeta-potential indicates that the particles may be unstable. 

However, the amine groups of BPEI, which associate with 

the particle surface, caused steric hindrance to prevent 

the aggregation of conjugates.33 This was confirmed by 

measurements of the size distribution, as shown in Figure 6. 

Even when the concentration of the added ALA was increased 

to 8 mM, the average size of the conjugations did not change 

significantly. Thus, the addition of ALA did not induce the 

aggregation of conjugates.

Dark toxicity
The dark toxicity was investigated to determine whether the 

GNPs and ALA-GNP conjugates would affect the viability 

of K562 cells. The cell viability of dark treatment is shown 

in Figure 7, where cell viability is the optical density value 

of various drug treated groups in serum-free medium 

for 24  hours divided by that of the groups for 0  hours. 
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There were no significant differences between the drug-

treated groups and the untreated group.

PDT using ALA-GNP conjugates
As described earlier, PSs and light sources are both key 

elements that influence the efficacy of PDT. Therefore, we 

incubated K562 cell lines with ALA-GNP conjugates, ALA, 

or GNPs, and irradiated them with light sources to compre-

hensively analyze the effects of ALA-GNP conjugates and 

light conditions. In order to understand the interference of 

additional drugs, cell viability was characterized based on a 

normalized value, the OD value of the light-treatment group 

divided by that of the corresponding dark control group.

Cell viabilities after irradiation treatment are shown in 

Figure 8. ALA-GNP conjugates showed greater cytotoxicity 

against tumor cells than ALA alone under irradiation 

with various light sources. Moreover, GNPs alone had no 

significant effect on cell viability under irradiation. However, 

different light sources influenced the efficacy of PDT 

differently. For the control group without drug treatment, cell 

viability after purple LED irradiation decreased to 91.28%, 

which was lower than that after irradiation with a red or 

green LED. UV exposure itself may induce cell death and 

potentially harm normal cells. This conjecture is supported by 

the observation that the cell viability after exposure to filtered 

410-nm light from the mercury lamp decreased to 85.89%. 

Therefore, the purple LED and mercury lamp was not the 

optimal light source due to its UV effects on normal cells.

In addition to comparing the different effects of irradiation 

with various light sources for the control group, the effects 

of drug treatment on cell viability were also significantly 

different. As shown in Figure  8, although red and green 

LEDs did not significantly influence cell viability for the 

control group, cell viability with drug treatment was different 

after irradiation with these LED light sources. Comparing 

the control group with 2 mM 5-ALA-GNP treatment, cell 

viability decreased to 29.87% for 2 mM 5-ALA-GNPs under 

irradiation with green LEDs, but cell viability only decreased 

to 70.31% for 2 mM 5-ALA-GNPs under irradiation with 

red LEDs.

As shown in Figure  8C, although cell viability 

decreased to 51.62% for 1  mM 5-ALA-GNP treatment 

under irradiation with green LEDs in PDT, cell viability 

decreased with increasing concentrations of 5-ALA-GNPs 

and ALA. The group treated with 2 mM and 3 mM 5-ALA-

GNP showed better inactivation than the group treated 

with the same concentration of ALA. Hence, green LEDs 

are the optimal light sources for enhancing the effects of 

5-ALA-GNPs in PDT, with the group given 2 mM 5-ALA-

GNPs showing the greatest inactivation under irradiation 

with green LEDs.

PpIX formation and detection
To determine the factors by which GNPs enhance the 

inactivating effects of ALA, we first investigated whether 

GNPs could affect PpIX formation. Medium containing 

2 mM ALA, GNPs, or ALA-GNP conjugates was added 

to K562 cells with identical cell densities and incubated 

for different times. After thorough washing with PBS to 

remove free drug, the cells were lysed and centrifuged. 

Figure  9, which shows the fluorescence measurement 

of the intracellular PpIX formed from 5-ALA, indicated 

that the intracellular accumulation of PpIX in K562 was 

time-dependent. Maximum accumulation was observed 

at approximately 4–6 h after the addition of 5-ALA or 

5-ALA-GNPs. Although the fluorescence intensity of the 

conjugate group was higher than that of the ALA group 

after 6  hours of incubation, this cannot explain why 

irradiation under red light has a lower inactive effect than 

other light sources. Therefore, enhancing the uptake of 

ALA with GNPs was not the only factor that resulted in a 
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higher inactivation effect of 5-ALA-GNPs in the treatment 

of the cells.

Singlet oxygen measurement
We considered whether the photosensitization of PpIX was 

improved by GNPs due to PpIX producing more singlet 

oxygen. ALA is a precursor of the photosensitizer PpIX, 

which is the reaction agent in PDT. Therefore, we directly 

used PpIX to detect the influence of GNPs on singlet oxygen 

generation. Singlet oxygen is a short-lived species and can 

easily lose its energy by emitting light or internal conver-

sion into heat.34 Given the difficulty of directly measuring 

singlet oxygen generation, we used SOSGR, which emits 

green fluorescence at 525  nm in the presence of singlet 

oxygen, as the singlet oxygen sensor. The intensity of the 

green fluorescent signal could then be correlated with singlet 

oxygen concentration without signals from other reactive 

oxygen species.

Figure  10  shows the time-dependent fluorescence 

intensity of SOSGR with various treatments. GNPs clearly 

enhance the singlet oxygen generation of PpIX under expo-

sure to green LEDs. The fluorescence response of SOSGR 

to GNPs is absent in controls with only GNPs or no drugs. 

However, singlet oxygen generation is limited under red LED 

exposure. These results provide a possible explanation for 

the better efficacy of ALA-GNP conjugates under irradiation 

with green LEDs in PDT.

Discussion
In this study, cationic GNPs were synthesized simply 

by heating an aqueous solution of HAuCl
4
 and the 

polyelectrolyte BPEI without the addition of additional 

reductants. By controlling the molar ratio of HAuCl
4
 and 

BPEI at 1:4, optimal GNPs with a zeta-potential of +43.0 mV 

were obtained to conjugate with ALA (Figure  4). Due to 

steric hindrance of BPEI, ALA was conjugated with GNPs 
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Figure 8 Viability of K562 cell after irradiation of various light sources. CCK-8 assay were performed when incubated 24 h after irradiation with (A) mercury arc lamp; (B) purple 
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without aggregation, even at 8  mM, while maintaining a 

positive potential (Figure 5).

Tumor cells have a lower negative zeta-potential in the 

cell membrane than do healthy cells, which should enhance 

the binding of positively charged ALA-GNPs to negatively 

charged K562  cells.35 Additionally, ALA displays high 

selectivity for tumor cells due to enhanced selectivity of 

PpIX accumulation in malignant lesions.36 Given this dual 

selectivity for tumor cells, ALA-GNPs should have better 

targeting effects than other photosensitive drugs.

In addition to identifying the optimum selectivity for 

tumor cells, the results of PDT indicated that GNPs can 

enhance the inactivation effects of ALA. One reason may be 

that GNPs act as water-soluble and biocompatible carriers 

that allow delivery of ALA through the cell membrane to 

synthesize PpIX, consistent with the observation that PpIX 

formation is detected. Hence, when the same concentration 

of ALA and ALA-GNPs were added to the cells, more ALA 

was synthesized into PpIX in the 5-ALA-GNP treatment 

group, and the accumulated PpIX induced significantly more 

photosensitization.37

However, this cannot explain why irradiation with dif-

ferent light sources produces different inactivation effects. 

For efficient photochemical reactions, matching the PS 

absorption with light emission spectra is crucial for obtaining 

higher photon absorption yields.38 The absorption of the PS 

is an important parameter of the “total effective fluence.”39 

Its absorption spectrum indicates that PpIX has the highest 
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absorption peak at 404 nm, the second highest peak at 548 nm, 

and the lowest peak at 642 nm in phosphate buffer (pH 7).40 

Some studies have demonstrated that blue or green light is 

more potent than red light in activating PpIX.39,41 The same 

PDT result in our study (Figure 8) also demonstrated that the 

mercury lamp (central wavelength = 395 nm) and two types 

of LEDs (central wavelength = 399 nm, 502 nm) were more 

effective than the red LED (central wavelength = 621 nm). 

The reason that most researchers have chosen a red light for 

PDT relates to the depth tissue, as an increased amount of 

red light is absorbed at greater depths. In addition, Mosely 

has calculated that green light gives the highest effective 

fluence before the tumor extends to 2.0 mm.39

Although the absorption of PpIX can explain why red 

light does not have high effective fluence, it cannot fully 

explain the ALA-GNP conjugates in our study. According 

to the absorption spectrum of PpIX, the absorption peak at 

548 nm is lower than that at 404 nm. However, the mercury 

lamp (central wavelength  =  395  nm) and LED (central 

wavelength  =  502  nm) show similar levels of K562 cell 

destruction by ALA-GNP conjugates. According to the PDT 

mechanism,42,43 an important factor responsible for the destruc-

tion of target cells is singlet oxygen.2 Comparing the singlet 

oxygen measurements in our study, we postulate that the 

emission spectrum of green light fits with the absorption peak 

of GNPs (Figure 2) to induce an increase in the net system 

absorption of PpIX and enhance the photocurrent between 

GNPs and PpIX after light irradiation. Through nonradia-

tive energy transfer and coupling to the surface plasmons of 

GNPs, more PSs are excited to their triplet and singlet states, 

which results in more singlet oxygen generation.44 However, 

the emission spectra of other light sources do not fit with the 

absorption peak of GNPs. Hence, they cannot cause a strong 

surface plasmon effect to occur in GNPs.

Conclusion
This study aimed to combine PDT with nanotechnology by 

using a novel ALA-GNP conjugation technique to improve 

PDT efficacy. Through a comprehensive study on the prepa-

ration of ALA-GNP conjugates, light source adoption, and 

cell viability measurements, we conclude that ALA can be 

conjugated to GNPs and that the conjugation leads to a signif-

icant improvement in PDT efficacy. Using these conjugates 

as delivery vehicles, GNPs induced more ALA transport into 

the cell, thereby enhancing the effect of ALA-PDT because 

the hydrophilic nature of ALA limits its ability to penetrate 

cell membranes. In addition, GNPs noticeably enhanced 

singlet oxygen generation, which also led to a high efficacy 

of tumor cell destruction. This enhancement may result from 

the surface plasmon resonance that leads to increased net 

system absorption and triplet yield of PSs.

Based on parallel experiments with four light sources, 

we concluded that UV light has an inhibitory action on cell 

viability, possibly by causing normal cell death. Green light is 

optimal for conjugation-PDT; it has the best efficacy because 

green light itself does not harm cells.

ALA-GNP conjugation offers a new modality for efficient 

destruction of tumor cells. With the cooperation of a suitable 

light source with matching wavelength and sufficient power, 

ALA-GNP conjugation has great potential for enhancing 

cancer treatment with PDT. Nevertheless, signif icant 

advancement in related areas requires a full understanding of 

ALA-GNP accumulation in cell compartments. In addition, 

the role of plasmonic properties of GNPs in conjugation-PDT 

requires further investigation.
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