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a b s t r a c t

The emergence of drug-resistant pathogens is a global public health problem. With the increasing
antibiotic resistance of bacteria, there is an obvious need for the development for alternative thera-
peutics and materials that can effectively control this situation. In this work, a new conjugate, 5,10,15,20-
tetrakis (para-aminophenyl) porphyrin-vancomycin was successfully explored for the identification and
photoinactivation of antibiotic resistant Gram-positive pathogens. The minimum inhibitory concentra-
tion assay and photodynamic inactivation evaluation results revealed that the conjugate can effective
inhibit the growth of 6 tested pathogenic strains under white light. The interaction intensity of the
conjugate with Gram-positive and Gram-negative bacterial cells was evaluated by surface plasmon
resonance, and the results showed that its activity toward Staphylococcus aureus was 14-fold larger than
its activity toward Escherichia coli at 20 mM, indicating the conjugate selectively gathers in Gram-positive
cells.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Vancomycin (Van), an effective glycopeptide antibiotic used to
treat b-lactam-resistant infections, was at one time believed to be
the ultimate solution to defend human health [1e3]. However,
because of its prevalent use for the treatments of common clinical
infections, Van-resistant bacteria, such as vancomycin-resistant
Enterococcus faecium (VRE) strains, emerged as a serious threat to
public health [4e7]. A typical mechanism of Van resistance is
mutation of the pathogen peptidoglycan sequence from D-Ala-D-
Ala to D-Ala-D-Lac, resulting in a significant decrease of the binding
affinity to Van molecules [8]. Recent studies expounded the
detailed structure and activity of Van toward the cell wall peptide
analogues of drug resistant bacteria [9], and also noted that merely
increasing the binding affinity of Van to the D-Ala-D-Lac peptide
precursors might not lead to a substantial improvement of the
minimum inhibitory concentration (MIC) value against these
pathogens [10,11]. Thus, the development of new antibacterial
.
.
ork.
agents and alternative therapeutics to treat Van-resistant bacterial
infections are imperative. Photodynamic antimicrobial chemo-
therapy (PACT) is one of the most promising antimicrobial regi-
mens to control such situation [12]. In the PACT process,
photosensitizers (PS) are irradiated with a specific wavelength of
light and excited from the S0 ground state to the S1 excited state.
Useful PS undergo intersystem crossing to the triplet excited state
T1 and transfer energy to triplet oxygen (3O2), converting it to
singlet oxygen (1O2) (Fig. 1). The reactive oxygen species (1O2) are
cytotoxic and can destroy the cell walls and membranes, resulting
in cell death [13e15]. This approach to inactivate bacteria is un-
likely to develop resistance to the photodynamic action of active
oxygen species [16]. To date, PACT has been demonstrated effective
in fighting against a variety of pathogens [17]. Nevertheless, the
structure of fine PS towards antibiotic resistant bacteria is usually
complicated, and it requires tedious manipulation to be achieved
[18]. The most serious disadvantage of common PS is the lack of
specificity [19e22], which renders PS molecules taken up by host
cells improperly in the beginning of the PACT approach. Therefore,
it is desirable to deliver PS molecules to the targeted pathogenic
cells and avoid causing damage to the healthy cells by subsequent
irradiation.
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Fig. 1. Energy transduction in PACT process.
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Porphyrins play significant roles in the field of photosynthesis
and the Forster Resonance Energy Transfer (FRET) process [23].
Modified porphyrins at the meso-position exhibit valuable prop-
erties in biomedical applications involving photodiagnosis and
cancer therapy [13,15] and are predominantly used in PACT [20,24].
Porphyrins are useful PS, whereas Van has specific binding affinity
to the C-terminal L-Lys-D-Ala-D-Alamotif present in the cell wall of
Gram-positive bacteria [3]. To effectively identify and kill the
antibiotic resistant Gram-positive pathogens, our strategy is to
construct the porphyrin-vancomycin conjugate, in which a vanco-
mycin molecule is linked to themeso-position of 5,10,15,20-tetrakis
(para-aminophenyl) porphyrin. Hence, PS molecules are led to the
targeted cells by Van, causing destruction of the pathogenic cells
under a specific wavelength of light irradiation. Based on this idea,
the novel conjugate shown in Fig. 2 has been constructed.
Fig. 2. Structure of conjugate
2. Experiments

2.1. Materials and instruments

General chemicals were purchased from SigmaeAldrich and
were used without further purification. Staphylococcus aureus
(ATCC 25923), Escherichia coli (ATCC 8739), Enterococcus faecalis
(ATCC 51299), and Bacillus subtilis (ATCC 6633) cells were pur-
chased from the Microbiology Institute of Shaanxi, China.
Methicillin-resistant S. aureus-1 (MRSA-1), methicillin-resistant S.
aureus-2 (MRSA-2), and VRE cells were collected at Xijing Hospital,
Fourth Military Medical University, China. LuriaeBertani (LB) me-
dium and MuellereHinton (MH) broth were used as the growth
media for bacterial strains and were obtained from OXOID.

NMR spectra were recorded on an INOVA400 instrument (Var-
ian, U.S.A.) at 400 MHz for 1H, using tetramethylsilane as an in-
ternal standard. UVevisible absorbance spectra were recorded on a
UV 8453 spectrometer (Agilent, U.S.A.). Elemental analyses were
performed with a Vario ELⅢ instrument (Elementar, Germany). MS
spectra were recorded on an AXIMA-CFR™ plus MALDI-TOF-mass
spectrometer (Kratos Analytical, U.K.). Pictures of the LB plates
were captured by a 650D single lens reflex camera (Cannon, Japan).
Binding studies based on surface plasmon resonance (SPR) phe-
nomenon were processed on a two-channel Reichert SR7500DC
optical biosensor instrument (Ametek Technologies, U.S.A.). Au
sensor chips were obtained from the Reichert Company.

2.2. Synthetic procedure (Schemes 1 and 2)

2.2.1. Synthesis of 5,10,15,20-tetrakis(para-nitrophenyl) porphyrin
[25]

In a 250 mL three-neck round bottomed flask, a solution of p-
nitrobenzaldehyde (7.56 g, 0.05 mol) in propionic acid (80 mL) was
porphyrin-vancomycin.



Scheme 1. Synthetic route of H2(p-NH2)TPP.

L. Zhai, K.-W. Yang / Dyes and Pigments 120 (2015) 228e238230
brought to 80 �C. Freshly distilled pyrrole (3.46 mL, 0.05 mol) dis-
solved in propionic acid (20 mL) was added drop wise, and the
reaction was allowed to proceed for 20 min in the dark. The solu-
tionwas heated to reflux and kept stirring for another 20min in the
Scheme 2. Synthetic route of conj
dark. Then, the mixture was transferred to a 250-mL beaker, cooled
to room temperature, and stored in a refrigerator for 24 h. The
resulting black solid was collected by filtration, washed with H2O
repeatedly (3 � 80 mL) and dried in vacuo at 40 �C for 1.5 h. Raw
ugate porphyrin-vancomycin.
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product was taken up by pyridine (80 mL) in a 250 mL round
bottomed flask and refluxed with stirring for an hour. The solution
was allowed to cool and stand for 24 h at 0 �C. The mixture was
filtered, and the collected solid was washed with acetone until the
rinsings were colourless. The dark purple product was dried in
vacuo at room temperature to give 1.285 g H2(p-NO2)TPP (1) with a
total yield around 12.9%. The product was used for the next reaction
directly without further purification.

Elemental analysis: C44H26N8O8, calcd. C, 66.50; H, 3.30; N,
14.10% found: C, 64.39; H, 2.68; N, 12.61%.

2.2.2. Synthesis of 5,10,15,20-tetrakis(para-aminophenyl)
porphyrin [26]

An amount of 700 mg H2(p-NO2)TPP (0.88 mmol) was dissolved
in concentrated HCl (80 mL) in a 250 mL three-neck round
bottomed flask. A solution of SnCl2$2H2O (5.96 g, 26.4 mmol) in
concentrated HCl (20 mL) was added to the reaction system. The
solution was brought to 70 �C in a water bath and kept stirring for
7 h. The hot-water bath was removed and replaced by a cold-water
bath and then an ice-water bath. The reaction mixture was
neutralized with concentrated NaOH to a pH approximately 7.0.
During this course, the resulting solution gradually changed from a
deep green solution to a drab suspension. The resultant basic so-
lution was filtered, and the greenish solid was washed twice with
water, dried in vacuo at room temperature and then Soxhlet
extracted with acetone. The solvent was removed under reduced
pressure to give 520 mg isolated H2(p-NH2)TPP (2) as a purple
crystal with a yield of 87.6%.

NMR: 1H NMR (400 MHz, CDCl3, 298 K) d (ppm) 8.88 (s, 8H);
7.98 (d, J ¼ 7.9 Hz, 8H); 7.06 (d, J ¼ 7.4 Hz, 8H); 4.01 (s, 8H); -2.74 (s,
2H).

MALDI-TOF-MS (molecular ion, m/z): obsd. 674.8339 Mþ, calcd.
674.2906 (M ¼ C44H34N8).

UVevis (acetone, lmax, nm): Soret band: 346e445, Q band: 495,
525, 567, 660.

Elemental analysis: C44H34N8, calcd. C, 78.32; H, 5.08; N, 16.61%
found: C, 78.29; H, 4.96; N, 16.75%.

2.2.3. Synthesis and purification of 5,10,15,20-tetrakis(para-
aminophenyl) porphyrin vancomycin conjugate

In a 50 mL round bottomed flask, H2(p-NH2)TPP (33.74 mg,
0.05 mmol) and vancomycin hydrochloride (3) (315.16 mg,
0.2 mmol) were dissolved in 5 mL freshly distilled dimethyl sulf-
oxide (DMSO). The mixture was cooled to 0 �C with stirring, and o-
(7-azabenzotriazol-1-yl)-N,N,N0,N’-tetramethyluronium hexa-
fluorophosphate (HATU) (57.03 mg, 0.15 mmol) dissolved in 2 mL
dry N,N-dimethylformamide (DMF) was added, followed by N,N-
Fig. 3. UVevis absorption spectra in monitoring the purification of conjugate 4.
diisopropylethylamine (DIEA) (175 mL, 1 mmol). The solution was
left to stand for 30 min at 0 �C with stirring, brought to room
temperature and stirred for 20 h. The reaction was quenched by
adding 20 mL of acetone. A deep brown solid precipitated, was
filtered out, and was washed by 5 mL acetone. The crude product
was dried in vacuo at room temperature to give 175 mg brown
solid, which was not soluble in common organic solvent. The solid
was suspended in 1 mL H2O, and the pH was adjusted using 0.5%
NaOH until the mixture became a clear yellow solution (pH
approximately 8.0). After centrifugation (8000 rpm, 15 min), the
supernatant was loaded onto a Sephadex G-25 column
(250 � 3.0 mm), and a 0.5% NaOH solution was employed as the
mobile phase at a flow rate of 1.0 mL/min. Fractions were collected
every 2 mL per tube and detected by UVevisible spectrometer
simultaneously to gather the targeted eluent. Identified fractions
were neutralized with 1 M HCl. Precipitates were collected by
centrifugation (11,000 rpm, 15 min) and dried in vacuo at room
temperature to obtain 16 mg H2(p-NH2)TPP-Van conjugate (4) as a
yellowish-green solid with a yield of 22.0%.

MALDI-TOF-MS (molecular ion, m/z): obsd. 2904.8615 [M]þ,
calcd. 2904.0304 (M ¼ C154H152Cl3N25O28).

UVevis (acetone, lmax, nm): 280, 428, 525, 567, 660.
Elemental analysis: C154H152Cl3N25O28 calcd. C, 63.62; H, 5.27; N,

12.04% found: C, 62.53; H, 4.92; N, 11.85%.

2.3. Minimum inhibitory concentration determination

The in vitro antibacterial activity of 4 was investigated by
determining the MIC values against S. aureus, MRSA-1, MRSA-2,
E. faecalis, VRE and B. subtilis strains in the dark. The MIC value
determination was conducted by the Clinical and Laboratory
Standards Institute (CLSI) macrodilution (tube) broth method [27].

Briefly, a single colony of the above bacteria on solid LB-agar
plates was transferred to 10 mL of MH culture medium. The cul-
tures were grown at 35 �C for 3e5 h to obtain 108 colony-forming
units (CFU)/mL bacterium cultures according to Maxwell turbi-
dimetry. Compounds 2, 3 and 4were dissolved in ddH2O to prepare
1280 mg/L stock solutions (to obtain a clear solution, the pH of 4
was adjusted to 7.80 by NaOH, and 2 was adjusted to 6.72 by HCl).
The stock solutions were diluted to 1 mL by MH medium to offer
concentration series with 256, 128, 64, 32, 16, 8, 4, 2, 1, 0.5, and
0.25 mg/L, respectively. The 1 mL portion of bacterial culture
(~106 CFU/mL) in MH medium was added sequentially into the
prepared solutions. Mixtures were incubated at 37 �C for 24 h and
kept away from light.

2.4. Photodynamic inactivation evaluation

Photodynamic inactivation was investigated by a traditional
surface plating method [20,28,29]. In addition to E. coli, the same
bacteria used in the MIC determination were employed.

A single colony of bacteria on LB-agar plates was transferred to
10 mL of LB culture medium and was grown at 37 �C overnight.
Cells were collected by centrifugation (4 �C, 4000 rpm, 10 min),
washed 3e6 times with phosphate-buffered saline (PBS) buffer (pH
7.4), and diluted with the same buffer to an O.D.600 of 0.5. Con-
centration series of 2, 3, and 4 dissolved samples with 2, 4, 6, 8, 10,
and 12 mM were prepared. A 0.5 mL portion of the samples was
added into 0.5 mL diluted bacterium fluid, and co-cultures were
incubated in the dark at 37 �C for 30 min with shaking. All samples
were illuminated for 5 minwith light (400e800 nm, 350mW/cm2),
which was produced by a xenon lamp. For each compound, paral-
leled experiments were conducted. Furthermore, the light dose-
dependent photoinactivation of each compound with 10 mM was
tested. The illumination time ranged from 0 to 10 min, respectively.



Fig. 4. MALDI-TOF mass spectrum of conjugate 4.

Table 1
MIC values of compound 2, 3 and 4 against six bacterial strains.

Organisms MIC (mg/L)

4a Vancomycin(3) H2(p-NH2)TPP(2)a

S. aureus 16 2 >128
MRSA-1 32 2 >128
MRSA-2 >128 32 >128
E. faecalis >128 >128 >128
VRE >128 >128 >128
B. subtilis 64 0.5 >128

a: MIC tests of 2 and 4 were carried out in dark.
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After the photo-illuminated samples were centrifuged (4 �C,
4000 rpm, 10 min), the supernatant was removed. The bacterial
pellet was resuspended and serially diluted 103-fold in PBS buffer. A
10 mL portion of the diluted bacterial cells (~104 CFU/mL) was
spread on an LB-agar plate, incubated at 37 �C overnight, and the
colony-forming units were counted. The percentage of bacterial
mortality was quantified by dividing the number of CFUs between
the tested compounds and the controls without any compounds or
light exposure treatments.

2.5. Surface plasmon resonance analysis

2.5.1. Principle
SPR occurs when light incident on a metal film couples to the

oscillations of the conducting electrons, plasmons, at the metal
surface. Biomolecular binding events can cause changes in the
refractive index close to the surface layer of an Au sensor chip.
When resonance occurs, the intensity of the reflected light de-
creases at a sharply defined angle of incidence, the SPR angle,
which is dependent on the refractive index penetrable by the
evanescent wave close to the metal surface. If the SPR angle shift is
monitored over time, a gradual increase of material at the surface
will cause a successive increase of the SPR angle, which is detected
as a shift of the position of the light intensity minimum on the
diode array, and the output is the resonance signal. For a decade,
research groups have applied SPR technology to study biomolecular
binding events, such as antibody interactions with viruses [30e33]
and small molecule interactions with DNA [34,35]. Despite thewide
use of SPR phenomena in biological science, its use for the quan-
titative study of interactions between chemical molecules and
entire living cells remains limited. In the beginning of our SPR
analysis, cells were immobilized over an Au sensor chip. The sam-
ples were injected and floated over the cell layer in a precisely
controlled flow. Binding analysis was monitored by the increase of
the SPR signal and was outputted as a sensorgram. After the un-
bonded compounds were washed off by a continuous flow of
buffer, the remaining signal reflected the intensity of the interac-
tion between the compounds and cells.

2.5.2. Procedure
Series samples of 3 and 4 at 80, 40, and 20mMwere prepared as

previously described. A single colony of S. aureus (Gram-positive)/
E.coli (Gram-negative) on LB-agar plates was transferred to 10 mL
LB culture medium and was incubated at 37 �C with shaking. Cells
were harvested by centrifugation (4 �C, 4000 rpm, 10 min), were
washed 3e6 times with PBS buffer, and were diluted to an O.D.600
of 0.05. Before the experiment started, the surface of the Au sensor
chip was cleaned with solution of concentrated H2SO4 and 33%
H2O2 in a 3:1 ratio. Disposed chips were immersed in absolute
ethanol for 10 min to remove the oxide layer. SPR analysis was
conducted at 25 �C. A 600 mL portion of bacterial cells sample was
injected onto the chip surface for 60min at a flow rate of 10 mL/min.
After injection, the sensor chip was loaded with PBS buffer for
20 min over the two channels to reach equilibrium. Binding anal-
ysis was performedwith independent injections (150 mL) of analyte
samples over the immobilized cells surface in different channels
repeatedly. The injections lasted 15 min and were followed by
loading with PBS buffer for 10 min at the same flow rate. The
process of interaction was monitored by the changes of the mRIU
signal.

3. Results and discussion

3.1. Synthesis and spectral characterization of 4

To synthesize 3, intermediate H2(p-NO2)TPP was prepared by
condensation of p-nitrobenzaldehyde with pyrrole in propionic
acid under refluxing conditions. Having the nitro group at the para-
position on the phenyl ring made the porphyrin insoluble in most
common organic solvents; therefore, the impurities can be suffi-
ciently removed by hot pyridine. The nitro groups were reduced
with Sn (II) in an acidic medium, as illustrated in Scheme 1. The



Fig. 5. CFUs comparison photographs of tested different bacterial strains on LB-agar plate. Left: CFUs control without photosensitizer in dark. Right: CFUs of suspension incubated
with 4 (10 mM) under light irradiation for 5 min.
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Fig. 5. (continued).

Fig. 6. Comparison photograph series of MRSA-2 CFUs on LB-agar plate with gradient concentrations of 4 after light irradiation for 5 min. The concentrations of conjugate 4: 2 mM
(a), 4 mM (b), 6 mM (c), 8 mM (d), 10 mM (e), 12 mM (f) and control (g).
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Fig. 7. Bacterial mortality rate of 6 tested bacterial strains in different concentrations of compounds and different irradiation time. (a), (c) (e), (g), (i) and (k): the irradiation time was
5 min. Bacteria treated with compounds but no light irradiation as positive control. (b), (d), (f), (h), (j) and (l): the concentrations of the compounds were 10 mM. Bacteria treated
with light irradiation but no compound treatment as positive control.
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Fig. 7. (continued).

Fig. 8. SPR sensorgrams (mRIU, versus time) of different compounds binding to S. aureus cells.

Fig. 9. SPR sensorgrams (mRIU, versus time) of different compounds binding to E. coli cells.
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resultant H2(p-NH2)TPP had higher solubility in acetone than the
nitro-substituted precursors and was obtained in 87.5% yield. To
afford Van carboxamide, HATU was employed as the coupling re-
agent. In the subsequent purification procedure, by judging the
characteristic UVevisible absorbance of the parent moieties at 280
(lmax of 3), 428, 525, 567 and 660 nm (lmax of 2, B band approxi-
mately 400 nm, Q bands between 500 and 680 nm) [36,37], purified
4 was identified and collected. As shown in Fig. 3, the obvious
UVevisible absorption jumping from tube 1 to tube 2 at the above
wavelength gave the harvest signal of the target molecules. Along
with the elution, the absorption intensity of 4 declined; meanwhile,
the peak positions remained stable from tube 3 to tube 5. From tube
6, the UVevisible absorption of the porphyrin moiety was lost, and
absorption of the Van moiety climbed to a high level, which meant
the unreacted Van had been eluted. The identified fractions were
combined and neutralized with HCl. The precipitates were
collected by centrifugation. After drying in vacuo at room
temperature, the compound was confirmed by the MALDI-TOF-
mass spectrum. The peak at m/z 2904.8615 [M]þ corresponding to
4 was clearly observed, as shown in Fig. 4. While the small bread
peak around m/z 4350, speculating to be a dimer of Van and 4.

3.2. Minimum inhibitory concentration determination

The in vitro antibacterial activities were investigated by stan-
dard broth microdilution assays. The results of 4, comparing its two
synthetic sources against bacteria, are listed in Table 1. The conju-
gate showed effective antibacterial activity against S. aureus, MRSA-
1 and B. subtilis, which was similar to the parent Van molecule.
However, a significant MIC value decrease was also observed. The
suppositional mechanism of the low activity was caused by
hydrogen-bond occupation of the second H2(p-NH2)TPP molecule
at the binding affinity position of Van (see Fig. 2). This position was
initially employed by Van to combine with the C-terminal L-Lys-D-



Table 2
Numerical DmRIU values of 3 and 4 with different bacterial cells.

Concentrations (mM) DmRIU

4 3

S. aureus E. coli S. aureus E. coli

80 1358.14 361.61 63.78 47.29
40 837.29 305.07 54.77 35.90
20 591.75 41.81 46.01 24.55
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Ala-D-Ala motif of Gram-positive bacterial cells to display antimi-
crobial activity. Nonetheless, 4 exhibited limited activity compared
to Van without specific wavelength illumination.

3.3. Photodynamic inactivation evaluation

To further explore the photodynamic inactivation properties of
the conjugate towards bacteria, bacterial survival experiments
were performed by a traditional surface plating approach. Com-
pound 3 and PS including 2 and 4 were treated with six bacteria
strains, separately (Figs. 5 and 6). Colony counting showed that the
killing efficiencies of the bacteria suspension incubated with 2 and
4 ([2] ¼ [4] ¼ 10 mM) under irradiation were all above 80%, except
the E. faecalis and VRE strains, whereas the killing efficiencies for 3
were below 5%. Fig. 7 displays the bacterial mortality rate under
different concentrations and irradiation times. In the control ex-
periments, less than 10% bacterial lethality was obtained for com-
pounds alone in the dark or only with light exposure. Among the
three compounds used, 4 showed an overall photodynamic inac-
tivation activity towards Gram-positive bacterial strains upon
5 min of specific light exposure. For the S. aureus, MRSA-1, MRSA-2
and B. subtilis strains, bacterial lethality of more than 95% at 12 mM
was observed (Fig. 7: (a), (c), (e), and (k)), whereas, smaller killing
efficiencies (60~70%) were detected for the most troublesome
E. faecalis and VRE strains at the same conditions (Fig. 7: (g) and (i)).
Increasing the concentrations of PS enhanced the bacterial killing
efficiency for all tested bacteria. Predictably, there was no bacterial
lethality detected for 3 incubated with bacterial strains upon light
Fig. 10. Photograph of S. aureus-loaded Au chip after incubation.
exposure. The photodynamic inactivation of bacteria was further
investigated in the presence of different doses of white light (Fig. 7:
(b), (d), (f), (h), (j) and (l)) while maintaining a fixed concentration
(10 mM) of PS. The data revealed that the energy density of illu-
mination was positively correlated to the photoinactivation. Along
with the extension of the irradiation time, the bacterial lethality
increased. The most significant bacterial reduction (e.g., >97%
except for the E. faecalis and VRE strains) was achieved when
10 min of irradiation was applied. Although H2(p-NH2)TPP exhibi-
ted an emphatic lethality even at low concentration or with a short
irradiation time, a lack of specificity made it inappropriate for use
as a phototherapeutic reagent. Moreover, the photodynamic inac-
tivation towards Gram-negative bacteria E. coliwas also performed
with different compound concentrations (data not shown). Simi-
larly, 2 displayed the highest photoinactivation potency against
E. coli among the three compounds. However, there was almost no
lethality observed in E. coli treatments with 4, which was similar to
the behaviour of the parent Van molecule in the in vitro antibac-
terial activity test. The results unequivocally demonstrated that Van
acted as an efficient affinity ligand and aided in targeting and
accumulating the porphyrin moiety in the Gram-positive bacterial
cells. Irradiated photosensitizer 4 was able to generate sufficient
quantities of cytotoxic oxygen species, which diffuse into and affect
the growth of the strains, resulting in cell destruction without
causing damage to the neutral cells.

3.4. Surface plasmon resonance analysis

The binding affinity of 4 towards bacterial cells was identified by
SPR. In a typical study, the Gram-positive bacteria, S. aureus, and the
Gram-negative bacteria, E. coli, were chosen as model organisms.
Themonitored signals of mRIU reflecting the formation of a bacterial
cell layer at the chip surface were stable and repeatable. After the
layer of cells was formed, a flow of 3/4 passed the sensor surface,
and the signal began to rise. The detected sensorgrams demon-
strated the combination process between cells and 3/4 are illus-
trated in Figs. 8 and 9. To gain a better understanding of the
sensorgrams, the numerical DmRIU values are presented in Table 2.
As shown, 4 exhibited an excellent combining capacity toward
S. aureus vs E. coli, with a value approximately 14 times larger at the
concentration of 20 mM. The disparity was mainly caused by the
high affinity to S. aureus cells of the Van moiety. The reason for the
distinct differences between 3 and 4 toward S. aureus cells is still
unclear, and the research is underway. Nevertheless, it should be
noted that after linking to Van, the selectivity of H2(p-NH2)TPP
against the two types of bacterial cells was effectively improved,
which overcomes the disadvantage of common PS. Moreover, the
SPR data also expounded the photoinactivation results precisely:
for little combination of 4 with Gram-negative E. coli cells, no
photodynamic inactivation was observed. In addition, after all
analysis was completed, the used Au chip was transferred to an LB-
agar plate and incubated at 37 �C overnight. Fig. 10 shows that
bacterial cells survived throughout the assay, which meant the real
time process of SPR data were obtained on living cells.

4. Conclusions

In summary, this work presents a simple and novel photo-
therapeutic reagent by conjugating the photosensitizer H2(p-NH2)
TPP with a Van moiety. The conjugate was synthesized by three
simple steps, isolated using a gel molecular sieve purification
technique, characterized by UVevisible spectroscopy, and
confirmed by the MALDI-TOF mass spectrum. Based on the MIC
data, the conjugate shows a certain degree of antimicrobial ac-
tivity in vitro. Further SPR analysis with living bacterial cells
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demonstrates that the selectivity of porphyrin was successfully
improved by linking to the Van ligand. On the other hand, the
conjugate exhibits a relatively higher binding affinity to Gram-
positive bacterial cells and retains potent photodynamic inacti-
vation activity against antibiotic resistant pathogens compared to
the synthetic sources alone. The most crucial conclusion is that
the conjugate displays overall photodynamic inactivation activity
towards six Gram-positive bacterial strains upon 5 min (10 mM) of
light exposure, with a killing efficiency from 60% to 95%. Overall,
the constructed conjugation can be used to identify Gram-
positive bacteria and generate singlet oxygen effectively under
white light irradiation, which overcomes the challenges of com-
mon PS. In this regard, we expect that the skeleton and data
gained in this work can provide a starting point for the explora-
tion of alternative options for fighting against antibiotic resistant
bacterial infections.
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