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Abstract: We have developed a convenient and selective method for the detection of Gram-positive
bacteria using a ditopic poly(amidoamine) (PAMAM) dendrimer probe. The dendrimer that was
modified with dipicolylamine (dpa) and phenylboronic acid groups showed selectivity toward
Staphylococcus aureus. The ditopic dendrimer system had higher sensitivity and better pH tolerance
than the monotopic PAMAM dendrimer probe. We also investigated the mechanisms of various
ditopic PAMAM dendrimer probes and found that the selectivity toward Gram-positive bacteria was
dependent on a variety of interactions. Supramolecular interactions, such as electrostatic interaction
and hydrophobic interaction, per se, did not contribute to the bacterial recognition ability, nor did
they improve the selectivity of the ditopic dendrimer system. In contrast, the ditopic PAMAM
dendrimer probe that had a phosphate-sensing dpa group and formed a chelate with metal ions
showed improved selectivity toward S. aureus. The results suggested that the targeted ditopic
PAMAM dendrimer probe showed selectivity toward Gram-positive bacteria. This study is expected
to contribute to the elucidation of the interaction between synthetic molecules and bacterial surface.
Moreover, our novel method showed potential for the rapid and species-specific recognition of
various bacteria.

Keywords: bacterial recognition; dendrimer; dipicolylamine; E. coli; phenylboronic acid; S. aureus

1. Introduction

Multidrug-resistant bacteria, the development of which has been accelerated by the
excessive use of antibiotics, has become a global issue in the past decade [1,2]. As the abuse
of antibiotics stimulates undesired genetic mutations in bacteria, specific antibiotic usage is
important from the standpoint of achieving sustainable development goals [3,4]. The need
for a bacterial recognition method that would enable the determination of the specific dose
of an antibiotic is apparent because existing bacterial recognition methods require several
days for bacterial culture [5] or expensive reagents [6,7].

This problem has attracted the interest of many research groups, and novel bacterial
recognition methods [8,9] or microbial agents [10] have been studied. Research has focused
on ways to reduce testing time, improve protocol design, or increase sensitivity. For
instance, analytical methods that use matrix-assisted laser desorption ionization time-of-
flight mass spectrometry [11] to shorten the testing time have been reported. Other research
groups have conducted biological analyses, such as an immunosensing [12], enzyme-linked
immunosorbent assay [13], or the polymerase chain reaction [14,15], which have high
sensitivity and are species-specific.
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As is the case with biologists, chemists have taken up the challenge of develop-
ing nanoprobes that can recognize bacterial structure through supramolecular interac-
tion or binding. Mannose-modified nanoprobes were able to recognize some bacterial
species [16,17]. Silver nanoparticles with a cell wall binding domain were also able to
recognize certain bacteria [18]. Some researchers have designed nanoprobes with the bis(2-
pyridylmethyl)amine group (also called dipicolylamine; hereinafter “dpa”) for Staphylococ-
cus aureus [19] or Escherichia coli [20,21] recognition. The dpa group, which is a phosphate
sensor, forms a complex with phosphate and metal ions such as Cu2+ [22] or Zn2+ [23]. One
research group has recently reported that some bacterial components were detected by dpa
sensors using flow cytometry analysis [24]. The electrostatic interaction between the cationic
amine group and the negatively charged bacterial surface has also been studied [25,26].

Saccharide recognition offers a potential solution because bacteria have specific gly-
colipids on their surface [27]. Phenylboronic acid, in particular, is known as a saccharide
recognition site because it forms a bond with the cis-diol of saccharides [28,29]. In 2019, we
reported that a chemically modified poly(amidoamine) (PAMAM) dendrimer having five
phenylboronic acid groups at the terminus was able to recognize bacteria (Figure 1). The
B-PAMAM dendrimer probe showed selectivity toward Gram-positive bacteria. The recog-
nition was observed as the aggregate formation between bacteria and probe, which resulted
in turbidity change [30]. Based on the results, we additionally introduced a fluorescent dan-
syl group on B-PAMAM and were able to achieve sensitivity improvement in fluorescence
measurements [31]. However, the selectivity toward Gram-positive bacteria disappeared.
We discovered that a PAMAM dendrimer without boronic acid formed minute aggregates
with bacterial cells through electrostatic interaction. We therefore concluded that positively
charged substituents, such as the terminal amine group of the PAMAM dendrimer or the
dansyl group, interacted with the negatively charged bacterial surface.

Figure 1. Structures of PAMAM dendrimer probes.

In order to achieve selective and sensitive recognition of Gram-positive bacteria, the
effects of additional substituents introduced on B-PAMAM should be investigated. In this
study, we introduced two substituents on B-PAMAM to examine nontargeted supramolec-
ular interactions (betaine for electrostatic interaction and alkyl chain for hydrophobic
interaction) (Figure 1) and clarified their effects on the selectivity toward bacteria under
various pH conditions by turbidity measurement. To obtain higher selectivity and sensi-
tivity, the dpa group was also introduced on B-PAMAM, which targeted phosphates on
bacterial surface. We investigated the effects of nontargeted and targeted interactions on
bacterial recognition by the ditopic PAMAM dendrimer probes.



Molecules 2022, 27, 256 3 of 14

2. Results and Discussion
2.1. Intermolecular Interactions between Dendrimer Probes and Bacteria
2.1.1. Electrostatic Interaction

First, we investigated the electrostatic interaction between the dendrimer probes and
the bacterial surface (Figure 2). As S. aureus [32,33] and E. coli [34,35] had negatively charged
surfaces, a quaternary ammonium cation (betaine) group was introduced on B-PAMAM.
The obtained product (Bt-B-PAMAM) was used for S. aureus and E. coli recognition at
pH 3.0–10.5. Previous research has shown that S. aureus grew in a pH 4.0–9.8 environ-
ment [36] and E. coli grew in a pH 4.5–9.0 environment [37]. An E. coli strain was also found
to tolerate acidic conditions (around pH 2–3) for a limited time [38]. Based on those studies,
we decided not to examine strongly acidic or basic conditions because those conditions
would be fatal to these bacteria.

Figure 2. Turbidity changes in bacterial suspensions containing B-PAMAM and Bt-B-PAMAM in PBS
buffer (n = 6). [probe] = 3.3 µM; [bacteria] = 2.3 × 108 CFU·mL−1. Bars are expressed as standard
deviation (SD) for six separate experiments. The number of betaine modifications was 33 and that of
boronic acid modifications was 4.

The results indicated that B-PAMAM formed aggregates with S. aureus at pH 7–9. The
binding force of boronic acid groups toward S. aureus was stronger than that toward E. coli
and was responsible for the turbidity changes. Our results and explanations agreed with
previous studies [30,31]. Compared with B-PAMAM, the cationic Bt-B-PAMAM showed
low selectivity toward S. aureus under basic conditions. Bt-B-PAMAM formed aggregates
not only with S. aureus but also with E. coli and caused turbidity changes at pH 8–10.5.

The boronic acid recognition sites for the two bacterial species would be different
because Gram-positive bacteria and Gram-negative bacteria had different surface structures.
The binding force of boronic acid groups was stronger for Gram-positive bacteria than
toward Gram-negative bacteria. The differences in surface structures would result in
the difference in the binding force of boronic acid groups. We noted that some boronic
acid groups on PAMAM dendrimers formed boronate esters with saccharides on E. coli
membrane surface, even under conditions that did not produce turbidity changes. The
binding force for E. coli was not sufficient to form large aggregates or change the turbidity
in the absence of electrostatic interaction. Although primary amine groups (pKa = 8–9 [39])
on the dendrimer surface gradually lost their positive charges under basic conditions,
the betaine groups of Bt-B-PAMAM were able to retain the electrostatic interaction with
the bacterial surface. Therefore, the betaine groups would promote bacterial recognition
regardless of pH. Because boronic acid groups easily formed boronate esters under basic
conditions, Bt-B-PAMAM would produce turbidity changes when mixed with E. coli due to
the strong binding force of the boronic acid groups and the electrostatic interaction of the
betaine groups. The enhancement of bacterial recognition by the betaine groups seemed
to be critical to exceed the threshold for turbidity change and resulted in a decrease of
selectivity toward bacteria under basic conditions.
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2.1.2. Hydrophobic Interaction

We also investigated the hydrophobic interaction between the alkylated C-PAMAM
and C-B-PAMAM probes and the bacterial surfaces (Figure 3). Because we expected that
pH should not have a noticeable impact on the alkyl chain, we examined the conditions in
which the pH range showed notable changes in Figure 2.

Figure 3. Turbidity changes in bacterial suspensions containing C-PAMAM and C-B-PAMAM in
PBS buffer (n = 3). [probe] = 3.3 µM; [bacteria] = 2.3 × 108 CFU·mL−1. Bars are expressed as SD for
three separate experiments. The number of alkyl chain modifications was 10 and that of boronic acid
modifications was 6.

We found that the bacterial suspensions containing C-PAMAM did not show a decrease
in turbidity. This indicated that the hydrophobic interaction per se was not a critical
driving force of the aggregation. In contrast, C-B-PAMAM formed aggregates with both
S. aureus and E. coli in neutral (pH 7.4) and basic conditions. It was interesting that even
though the alkyl undecane chains of the dendrimer probes were much longer than the
boronic acid groups and were considered to cause steric hindrance, they did not disturb
S. aureus and E. coli recognition. In the case of E. coli, the hydrophobic interaction between
the alkyl chains of C-B-PAMAM and the E. coli bacterial surface had an impact on the
recognition and the turbidity decrease. The outer membranes of Gram-negative bacteria
contained hydrophobic lipopolysaccharide (LPS) that interacted with the alkyl chains. It
was reported that the hydrophobic interaction with lipid backbone structures affected
LPS recognition and detection sensitivity [25]. From our results, we conclude that the
hydrophobic interaction per se did not cause aggregation and turbidity change; rather, it
enhanced the recognition ability of boronic acid. The results of electrostatic interaction
and hydrophobic interaction experiments demonstrated that nontargeted supramolecular
interaction enhanced the recognition ability of boronic acid but had no notable impact on or
resulted in the disappearance of selectivity toward bacteria. Hence, we set our sights on the
design of ditopic dendrimer probes using dpa groups for phosphate-targeted recognition.

2.2. dpa-Modified Ditopic Dendrimer Probes
2.2.1. Bacterial Recognition by Cu-dpa-B-PAMAM

We investigated the recognition ability of a new ditopic B-PAMAM modified with
dpa (dpa-B-PAMAM) (Figure 4). In order to improve sensitivity, the number of boronic
acid modifications was increased compared with that of previous probes. Fifteen types
of metal ions were added to dpa-PAMAM or dpa-B-PAMAM to form the corresponding
chelates (M-dpa-PAMAM or M-dpa-B-PAMAM), and turbidity change before and after
mixing was recorded.
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Figure 4. Turbidity changes in bacterial suspensions containing dpa-modified probes at pH 7.4
adjusted with HEPES buffer (n = 3). [probe] = 3.3 µM; [bacteria] = 2.3 × 108 CFU·mL−1;
[(M)(NO3)n] = none or 13.2 µM; [HEPES] = 5.0 mM. Bars are expressed as SD for three separate
experiments. (A) Effects of metal ions on dpa-PAMAM. (B) Effects of metal ions on dpa-B-PAMAM.
The number of dpa modifications was 4 and that of boronic acid modifications was 7.

Figure 4A shows that mixing M-dpa-PAMAM and S. aureus resulted in turbidity de-
crease, whereas mixing M-dpa-PAMAM and E. coli resulted in turbidity increase. The elec-
trostatic interaction of the metal ions, the hydrophobic interaction of the dpa group, or the
phosphate recognition would occur in M-dpa-PAMAMs. We considered that the formation
of large aggregates that precipitated resulted in the turbidity decrease, and light scattering
by the formed minute aggregates resulted in the turbidity increase (Figures S1 and S2,
Supplementary Materials). M-dpa modification was not superior to boronic acid modifica-
tion because the turbidity reduction of the S. aureus suspension containing M-dpa-PAMAM
did not reach a maximum. The results obtained using M-dpa-B-PAMAM, which contained
both M-dpa and boronic acid groups, are shown in Figure 4B. All S. aureus suspensions
containing M-dpa-B-PAMAM formed large aggregates, and turbidity was dramatically de-
creased. On the other hand, several M-dpa-B-PAMAMs, such as the Cu2+ chelate, remained
dispersed in E. coli suspension but showed selectivity toward S. aureus. The results meant
that some M-dpa-B-PAMAMs interacted with bacterial cells via phosphate recognition
but not intermolecular interactions. Because the addition of Cu2+ ion to dpa-B-PAMAM
resulted in good selectivity among the metal ions examined, Cu-dpa-B-PAMAM was
considered the best ditopic dendrimer probe and used in further experiments.

We studied the recognition ability of Cu-dpa-B-PAMAM and found that it showed se-
lectivity toward S. aureus over a wide pH range (Figure 5A). As demonstrated in Figure 5B,
dpa-B-PAMAM did not show selectivity toward bacteria. From the results of C-B-PAMAM
in Figure 3, we considered that the aggregation would be due to the hydrophobic interac-
tion in cooperation with the recognition by boronic acid. In the case of dpa-B-PAMAM, the
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dpa group would behave as a hydrophobic substituent and contribute to the hydrophobic
interaction. Compared with Cu-dpa-PAMAM (Figure 5C) and B-PAMAM (Figure 5D),
Cu-dpa-B-PAMAM (Figures 5A and S3) showed the highest selectivity over a wide pH
range. That E. coli did not form aggregates with Cu-dpa-B-PAMAM under basic conditions
suggested that Cu-dpa-B-PAMAM disrupted multipoint recognition and aggregation. We
postulated that the probe was hidden or covered by the surface cell structure of E. coli.
Further investigation is needed to elucidate the mechanism. Interestingly, from the stand-
point of the number of boronic acid modifications, it is worth noting that B-PAMAM in
Figure 5D showed loss of selectivity toward bacteria under basic conditions, in contrast to
B-PAMAM having a small number of boronic acid modifications in Figure 2. The larger
number of modifications seemed to result in stronger recognition ability, which led to the
formation of large aggregates with both S. aureus and E. coli. As phenylboronic acid’s
pKa is approximately 8, pH conditions also enhanced the recognition ability. Hence, even
though E. coli struggled to form aggregation, the two factors mentioned above produced
turbidity changes in Figure 5D. The results demonstrated that the ditopic strategy, that
is, cooperation between the Cu-dpa group and the boronic acid group, was important to
obtain selectivity toward bacteria.

Figure 5. Turbidity changes in bacterial suspensions containing Cu-dpa-B-PAMAM (n = 3).
[probe] = 3.3 µM; [Cu2+] = 13.2 µM or none; [bacteria] = 2.3 × 108 CFU·mL−1; [HEPES or CAPS] =
5.0 mM. Bars are expressed as SD for three separate experiments. (A) Cu-dpa-B-PAMAM, (B) dpa-
B-PAMAM, (C) Cu-dpa-PAMAM, (D) B-PAMAM. The number of dpa modifications was 4 and the
number of boronic acid modifications was 7 for (A−C) and 8 for (D).

Then, we investigated the LOD using turbidity measurements (Table S1) and mi-
croscopic observations (Figures S4 and S5). Turbidity changes were observed in the
2.3 × 106 CFU·mL−1 S. aureus suspension containing Cu-dpa-B-PAMAM, as indicated
in Table S1. Microscopy images of suspensions having low concentrations of S. aureus also
showed minute aggregates (Figure S4), whereas E. coli suspensions did not demonstrate
any changes (Figure S5). Hence, the results suggested that the detection limit of S. aureus
was 2.3 × 106 CFU·mL−1 by turbidity measurement, but the aggregate formation could
occur at a lower concentration, such as 2.3× 105 CFU·mL−1. Moreover, Cu-dpa-B-PAMAM
retained its selectivity toward bacteria, which was derived from the difference in recog-
nition ability for different bacterial surfaces. As the detection limit of bacteria using the
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monotopic B-PAMAM dendrimer probe was 6.4 × 106 CFU·mL−1 [30], Cu-dpa-B-PAMAM
exhibited improved sensitivity over a wide pH range while retaining its selectivity toward
S. aureus.

2.2.2. Selectivity toward Gram-Positive Bacteria and Assay for Viability

We investigated the selectivity toward bacteria by using several bacterial species. The
results of turbidity measurements and the images of aggregates are shown in Figures 6 and S6,
respectively. Turbidity was decreased in all Gram-positive bacterial suspensions but not in
Gram-negative ones. We considered that the turbidity increase in Gram-negative bacterial
suspensions was caused by the formation of minute aggregates. Therefore, the bacterial
recognition ability was not specific for S. aureus IAM1011 or E. coli K12W3110 used in the
initial experiments. The turbidity measurements confirmed that Cu-dpa-B-PAMAM was
able to selectively discriminate Gram-positive bacteria from Gram-positive bacteria.

Figure 6. Turbidity experiments using various bacteria (n = 3). [Cu-dpa-B-PAMAM] = none or
3.3 µM; [Cu2+] = none or 13.2 µM; bacterial concentration was set at OD600 = 0.3; [HEPES] = 5.0 mM.
Bars are expressed as SD for three separate experiments. Each bacterial suspension containing
Cu-dpa-B-PAMAM could be discriminated from the suspension without the probe (p < 0.05: S. au-
reus ATCC25923: 1.2 × 10−7, S. aureus ATCC29213: 4.5 × 10−4, S. pseudintermedius: 1.0 × 10−8,
S. epidermidis: 1.4 × 10−4, E. faecalis: 1.4 × 10−9, S. aureus IAM1011: 7.3 × 10−5, E. coli ATCC25922:
9.6 × 10−4, P. aeruginosa: 5.6 × 10−4, S. enteritidis: 2.6 × 10−2, E. coli K12W3110: 1.5 × 10−2). The
suspensions containing Gram-positive bacteria and Cu-dpa-B-PAMAM could be discriminated from
suspensions containing Gram-negative bacteria and Cu-dpa-B-PAMAM (p < 0.05). The number of
dpa modifications was 4 and that of boronic acid modifications was 7.

We conducted an MTT assay to determine cell viability after the recognition procedure
(Figure 7). MTT added to bacterial suspension would be converted into formazan by
live cells in the suspension. As formazan produced maximum absorbance at 560 nm,
an absorbance decrease at this wavelength would denote cell death. In all experiments,
the viability of S. aureus was higher than that of E. coli, and there was no correlation
between cell viability and turbidity change. The results were consistent with a previous
report [31] indicating that E. coli was more sensitive to environmental stress than S. aureus.
Our recognition method using boronic acid-modified PAMAM dendrimers affected the
viability of S. aureus but there was no relationship between bacteria viability and the size
of aggregation. Our method is convenient because it is able to selectively recognize and
collect live Gram-positive bacteria cells in 20 min. Our method enables rapid detection and
would be useful in the initial screening for bacterial species and strains.
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Figure 7. Bacteria viability at pH 7.4 measured by MTT assay (λabs = 560 nm, n = 3). [probe] = 3.3 µM
or none; [Cu2+] = 13.2 µM or none; [S. aureus] = 5.0 × 107 CFU·mL−1; [E. coli] = 2.3 × 108 CFU·mL−1;
[HEPES] = 5.0 mM. Bars are expressed as SD for three separate experiments. The viability of S. aureus
could be discriminated from the results in E. coli (p < 0.05). The viability of suspensions contains Cu2+

could be discriminated from the suspensions containing other probes (p < 0.05).

3. Materials and Methods
3.1. Reagents and Apparatus
3.1.1. Reagents

All reagents and solvents were purchased from commercial suppliers and used with-
out further purification unless otherwise specified. Betaine hydrochloride (023-01712), 4-
carboxyphenylboronic acid (354-36403), sodium chloride (191-01665), and agar (018-15811)
were purchased from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). N-cyclohexyl-
3-aminopropanesulfonic acid (CAPS, GB06), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES, GB10), dimethylsulfoxide luminasol (DMSO-Lu, LU08), 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, M009), and 4′,6-diamidino-2-
phenylindole dihydrochloride n-hydrate (DAPI, D523) were purchased from Dojindo Labo-
ratories (Kumamoto, Japan). 4-Hydroxybenzoic acid (H0207), 2,2′-dipicolylamine (D2228),
formaldehyde solution (37%, F0622), undecanoic acid (U0004), and 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM, D2919) were purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Acetonitrile (01837-25), chloroform-d1
(07660-23), methanol (25183-70), methanol-d4 (99.8%, 25183-70), and D2O (99.8%, 10086-
23) were purchased from Kanto Chemical Co. Inc. (Tokyo, Japan). Poly(amidoamine)
(PAMAM) dendrimer, ethylenediamine core, and generation 4.0 (412449-10G) solution
was purchased from Sigma-Aldrich Japan Co. LLC. (Tokyo, Japan). Bacto yeast extract
(212750) and Bacto tryptone (211705) were purchased from Nippon Becton, Dickinson
Co., Ltd. (Tokyo, Japan). Phosphate-buffered saline (PBS, 2101) was purchased from Cell
Science & Technology Institute, Inc. (Miyagi, Japan). Water was doubly distilled and
deionized using a Milli-Q water system (WG222, Yamato Scientific Co., Ltd., Tokyo, Japan
and Milli-Q Advantage, Merck Millipore, MA, USA) before use. Spectra/Por 6 dialysis bag
(MW cutoff = 1000) was purchased from Repligen Co. (Rancho Dominguez, CA, USA).

3.1.2. Apparatus
1H nuclear magnetic resonance (NMR) spectra were recorded on a JEOL JNM-ECA 500

spectrometer (500 MHz; JEOL, Tokyo, Japan) at 300 K or a Bruker Avance III HD 400 MHz
at 298 K in corresponding deuterated solvents. All pH values were recorded using a Horiba
F-52 pH meter (HORIBA Ltd., Kyoto, Japan). Ultraviolet–visible (UV–Vis) absorption
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spectra were measured using a JASCO V-570 or V-760 UV–Vis spectrophotometer (JASCO
Co., Tokyo, Japan) equipped with a Peltier thermocontroller and a 10 mm quartz cell.
Samples were automatically mixed in an MS-300 Multi Shaker (AS ONE Co., Osaka, Japan).
Centrifugation was conducted using CF15RN (Hitachi High-Technologies Co., Tokyo,
Japan). Nanoprobes were lyophilized by EYELA FDU-1200 (Tokyo Rikakikai Co., Ltd.,
Tokyo, Japan). Fluorescence microscopy images were obtained using an Axiovert 200 (Carl
Zeiss Co., Ltd., Oberkochen, Germany).

3.2. Chemical Syntheses
3.2.1. Synthesis of B-PAMAMs

4-Carboxyphenylboronic acid and DMT-MM were dissolved in methanol (10 mL),
and the reaction mixture was stirred at room temperature for 1 h [30,31]. PAMAM(G4)
dendrimer (1 mL, 1 eq, 5.73 µmol) was added, and the reaction mixture was stirred at room
temperature for 2 days (Table 1). The reaction mixture was transferred into a Spectra/Por
6 dialysis bag and dialyzed against methanol and distilled water for several days. The
purified product was lyophilized to give white flocks, the chemical structure of which was
confirmed by 1H NMR measurement. The number of phenylboronic acid substituents was
calculated from the peak area of the 1H NMR spectra (Figures S7−S9).

Table 1. Syntheses of B-PAMAM dendrimers.

Probe PAMAM Dendrimer Phenylboronic Acid DMT-MM Number of
Modifications Yield

B4-PAMAM 1 mL
(1 eq, 5.73 µmol)

5.72 mg
(6 eq, 34.5 µmol)

48.0 mg
(30 eq, 174 µmol) 4 73.6 mg

B7-PAMAM 2 mL
(1 eq, 11.46 µmol)

15.18 mg
(8.2 eq, 93.3 µmol)

227.7 mg
(72 eq, 823 µmol) 7 101 mg

B8-PAMAM 2 mL
(1 eq, 11.46 µmol)

18.97 mg
(10 eq, 114 µmol)

158 mg
(50 eq, 572 µmol) 8 126 mg

3.2.2. Synthesis of Bt-B-PAMAM

Betaine hydrochloride (26.7 mg, 123 eq, 174 µmol) and DMT-MM (74.0 mg, 189 eq,
267 µmol) were dissolved in methanol (5 mL), and the reaction mixture was stirred at room
temperature for 30 min. B4-PAMAM (20.5 mg, 1.0 eq, 1.41 µmol) dissolved in methanol
(5 mL) was added, and the reaction mixture was stirred at room temperature for 2 days.
The reaction mixture was transferred into a Spectra/Por 6 dialysis bag and dialyzed against
methanol and distilled water for several days. The purified product was lyophilized to
give white flocks (19.3 mg), the chemical structure of which was confirmed by 1H NMR
measurement. The number of betaine substituents was calculated to be 33 from the peak
area of the 1H NMR spectrum (Figure S10).

3.2.3. Synthesis of C-PAMAM

Undecanoic acid (21.0 mg, 10 eq, 112.7 µmol) and DMT-MM (123.0 mg, 40 eq, 444.5 µmol)
were dissolved in methanol (9 mL), and the reaction mixture was stirred at room temper-
ature for 30 min. PAMAM(G4) dendrimer (2 mL, 1 eq, 11.5 µmol) was added, and the
reaction mixture was stirred at room temperature for 2 days. The reaction mixture was
transferred into a Spectra/Por 6 dialysis bag and dialyzed against methanol and distilled
water for several days. The purified product was lyophilized to give white flocks (208.4 mg),
the chemical structure of which was confirmed by 1H NMR measurement. The number
of substituents was calculated to be 10 from the peak area of the 1H NMR spectrum
(Figure S11).
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3.2.4. Synthesis of C-B-PAMAM

4-Carboxyphenylboronic acid (8.0 mg, 8 eq, 48.2 µmol) and DMT-MM (64.0 mg, 40 eq,
231.2 µmol) were dissolved in methanol (5 mL), and the reaction mixture was stirred at
room temperature for 30 min. C-PAMAM (106.6 mg, 1.0 eq) was added, and the reaction
mixture was stirred at room temperature for 3 days. The reaction mixture was transferred
into a Spectra/Por 6 dialysis bag and dialyzed against methanol and distilled water for
several days. The purified product was lyophilized to give white flocks (102.9 mg), the
chemical structure of which was confirmed by 1H NMR measurement. The number of
boronic acid substituents was calculated to be 6 from the peak area of the 1H NMR spectrum
(Figure S12).

3.2.5. Synthesis of dpa

2,2′-Dipicolylamine (804 mg, 1 eq, 4.04 mmol) was dissolved in 20 mL of acetonitrile,
and the reaction mixture was stirred at 100 ◦C for 2 h. Formaldehyde (368 mg, 1.1 eq,
4.53 mmol) was added, and the reaction mixture was stirred for another 1.5 h. The reaction
mixture was cooled to 55 ◦C, and 4-hydroxyphenylboronic acid (864 mg, 1.5 eq, 6.25 mmol)
dissolved in acetonitrile (30 mL) was added. The reaction mixture was stirred at 55 ◦C
for 3 days. This was followed by concentration in vacuo and extraction with chloroform
four times. The organic layer was concentrated in vacuo to obtain a yellow solid (1.13 g,
87%, 3.23 mmol). The chemical structure was confirmed from the 1H NMR spectrum
(Figure S13), and ESI-HRMS (m/z) calcd for C20H19N3O3Na[M+Na]+ 372.1324, found
372.1303 (Figure S14).

3.2.6. Synthesis of dpa-PAMAM

Synthetic dpa (37.4 mg, 9.4 eq, 107 µmol) and DMT-MM (65.5 mg, 20.7 eq, 237 µmol)
were dissolved in methanol (10 mL), and the reaction mixture was stirred at room tempera-
ture for 1 h. PAMAM(G4) dendrimer (2 mL, 1 eq, 11.5 µmol) dissolved in methanol (5 mL)
was added, and the reaction mixture was stirred at room temperature for 2−3 days. The
reaction mixture was transferred into a Spectra/Por 6 dialysis bag and dialyzed against
methanol and distilled water for several days. The purified product was lyophilized to
give white flocks (77.8 mg), the chemical structure of which was confirmed by 1H NMR
measurement. The number of dpa substituents was calculated to be four from the peak
area of the 1H NMR spectrum (Figure S15).

3.2.7. Synthesis of dpa-B-PAMAM

Synthetic dpa (5.42 mg, 9.83 eq, 32.4 µmol) and DMT-MM (45.0 mg, 48.9 eq, 162 µmol)
were dissolved in methanol (10 mL), and the reaction mixture was stirred at room tempera-
ture for 1 h. B7-PAMAM (51.3 mg, 1.0 eq, 3.32 µmol) dissolved in methanol (5 mL) was
added, and the reaction mixture was stirred at room temperature for 2 days. The reaction
mixture was transferred into a Spectra/Por 6 dialysis bag and dialyzed against methanol
and distilled water for several days. The purified product was lyophilized to give white
flocks (52.1 mg), the chemical structure of which was confirmed by 1H NMR measurement.
The number of dpa substituents was calculated to be four from the peak area of the 1H
NMR spectrum (Figure S16).

3.3. Biological Experiments
3.3.1. Cell Culture

Lysogeny broth (LB) was a mixture of 2 g of Bacto tryptone, 1 g of Bacto yeast extract,
and 2 g of NaCl in 200 mL of distilled water. S. aureus IAM1011, S. aureus ATCC25923,
S. aureus ATCC29213, S. pseudintermedius 2012-S-27, S. epidermidis ATCC12228, Entero-
coccus faecalis ATCC29212, E. coli K12W3110, E. coli ATCC25922, Pseudomonas aeruginosa
ATCC27853, and Salmonella enteritidis ATCC13311 were provided by RIKEN BRC (Ibaraki,
Japan) and cultured at 37 ◦C overnight on LB agar plates. For each experiment, we used
S. aureus IAM1011 as S. aureus and E. coli K12W3110 as E. coli unless otherwise specified.
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A mixture of 200 mL of LB and 3 g of agar was used to prepare an LB plate. Cultured
colonies were picked up and isolated followed by an overnight culture in LB at 37 ◦C. The
suspension was centrifuged (10,000 rpm, 1 min) and washed with distilled water. This
washing protocol was repeated twice. The corresponding buffer was added to the washed
cells and the bacterial suspension was centrifuged. The concentration of the bacterial
suspension was adjusted by measuring OD600 after vortex mixing. The calculation index is
shown below.

• S. aureus: OD600 = 1.0, CFU = 4.5 × 108 mL−1.
• E. coli: OD600 = 1.0, CFU = 1.0 × 109 mL−1.

The cultured cells were used in the following experiments.

3.3.2. Bacterial Detection

PAMAM dendrimer probes (750 mL, 6.6 µM) and S. aureus or E. coli in buffer solution
(750 µL, 2.3 × 105 to 2.3 × 108 CFU·mL−1) were mixed and used as reference samples for
turbidity measurement [30,31]. It should be noted that C-PAMAM or C-B-PAMAM sample
solution produced lather during sample preparation. Hence, the reference samples for these
two dendrimer probes were prepared using 750 µL of corresponding bacterial suspension
and 750 µL of PBS buffer. All dendrimer reference samples except C-PAMAM or C-B-
PAMAM reference samples were mixed at 2000 rpm for 10 min. Turbidity measurements
or fluorescence microscopy observation was conducted after standing for 10 min. For
fluorescence microscopy, DAPI solution was mixed with cultured cells in PBS buffer,
and excess DAPI was washed off before the observation. ∆OD600 was expressed as the
difference in optical density of a sample before (or reference samples in C-PAMAM and
C-B-PAMAM) and after mixing.

• ∆OD600 = OD600(after) − OD600(before or control).
• Turbidity change = ∆OD600/OD600(before or control).

3.3.3. MTT Assay

Bacterial cells (750 µL, 2.0 × 108 CFU·mL−1 for S. aureus and 4.5 × 108 CFU·mL−1 for
E. coli) and dendrimer probe solution (750 µL, 6.6 µM) or HEPES buffer (750 µL) were mixed
for 10 min at 2000 rpm to form aggregates [31]. The suspension was centrifuged to separate
the supernatant from the residue. LB (750 µL). MTT solution (100 µL, 0.4 mg·mL−1) was
added to the residue, and the suspension was incubated at 37 ◦C for 10 min (S. aureus) or
15 min (E. coli). After the incubation, the suspension was centrifuged, and the supernatant
was separated from the residue. As the final step, 200 µL of DMSO(Lu) was added to
destroy the cell membrane and quench the reaction. The absorbance of dissolved formazan
was measured (λabs = 560 nm), and the absorbance of the control samples was set at 100%.

3.3.4. Statistical Analyses of Data

Each statistical analysis was conducted with an alpha level of 0.05 using R version
3.6.2 [40]. The differences in turbidity measurement between Gram-positive and Gram-
negative bacteria suspensions in Figure 6 were analyzed by two-sided Welch’s t-test. The
differences in bacteria viability in Figure 7 were analyzed by two-way analysis of variance
(ANOVA) and Tukey’s HSD test after Bartlett’s test.

4. Conclusions

We have developed a rapid and selective bacterial recognition method for Gram-
positive bacteria that uses the ditopic Cu-dpa-B-PAMAM dendrimer probe. The method
was able to discriminate Gram-positive bacteria from Gram-negative bacteria. The method
was simple as it required only mixing and standing, and the results could be obtained
within 20 min. Furthermore, the Cu-dpa-B-PAMAM dendrimer probe had higher sensitivity
and could be utilized over a wider pH range than monotopic B-PAMAM probe or Cu-dpa-
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PAMAM dendrimer probe. The applicable pH range of the Cu-dpa-B-PAMAM dendrimer
probe almost covered the pH range for bacterial viability.

We also investigated the supramolecular interaction of B-PAMAM and found that
neither electrostatic interaction nor hydrophobic interaction was the main driving force for
the aggregation and the turbidity changes. These two interactions did not affect turbidity
alone but cooperated with boronic acid to enhance the recognition ability of B-PAMAM.
The enhancement of nontargeted interactions did not improve selectivity toward bacteria,
whereas the addition of the Cu-dpa moiety that selectively recognized phosphates resulted
in improved selectivity toward S. aureus. Therefore, we conclude that a targeted design,
such as Cu-dpa-B-PAMAM, would improve selective and sensitive recognition for Gram-
positive bacteria by the ditopic B-PAMAM dendrimer probe.

We conducted bacteria viability measurements and found that the probes affected
the viability of E. coli in particular. E. coli was more sensitive to environmental stress than
S. aureus. The method developed herein would enable rapid and species-specific detection
of bacteria and be useful in the initial screening for bacterial species and strains. Because
our method could be utilized over a wide pH range, it would be a better choice than
conventional methods that use biological reagents such as antibodies or specific proteins.
We also expect various applications including testing for infection using urine samples and
food sanitation experiments.

Supplementary Materials: The following are available online. Figure S1: Fluorescence microscopy
images of control samples; Figure S2: Fluorescence microscopy images of Cu-dpa probes; Figure S3:
Images of aggregates of Cu-dpa-B-PAMAM and S. aureus; Table S1: Investigation of detection limit
by turbidity measurements; Figure S4: Fluorescence microscopy images taken at low S. aureus
concentrations; Figure S5: Fluorescence microscopy images taken at low E. coli concentrations,
Figure S6: Images of aggregates of Cu-dpa-B-PAMAM and various bacteria; Figure S7: 1H NMR
spectrum of B4-PAMAM; Figure S8: 1H NMR spectrum of B7-PAMAM; Figure S9: 1H NMR spectrum
of B8-PAMAM; Figure S10: 1H NMR spectrum of Bt33-B4-PAMAM; Figure S11: 1H NMR spectrum
of C10-PAMAM; Figure S12: 1H NMR spectrum of C10-B6-PAMAM; Figure S13: 1H NMR spectrum
of dpa; Figure S14: ESI-HRMS spectrum of dpa; Figure S15: 1H NMR spectrum of dpa4-PAMAM;
Figure S16: 1H NMR spectrum of dpa4-B7-PAMAM.

Author Contributions: Conceptualization and supervision, Y.T., N.K., T.H. (Takeshi Hashimoto), and
T.H. (Takashi Hayashita); writing—original draft preparation, A.M.; writing—review and editing, Y.T.,
N.K., T.H. (Takeshi Hashimoto), and T.H. (Takashi Hayashita); experiments, analyses, and visualiza-
tion, A.M., K.M., and A.Y.; funding acquisition, A.M., Y.T., N.K., T.H. (Takeshi Hashimoto), and T.H.
(Takashi Hayashita). All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a Grant-in-Aid for JSPS Fellows (Grant No. 20J20891), a
Grant-in-Aid for Scientific Research (C) (Grant No. 18K05180), a Grant-in-Aid for Early-Career
Scientists (Grant No. 18K14255), and a Grant-in-Aid for Scientific Research (B) (Grant No. 20H02772)
from the Japan Society for the Promotion of Science (JSPS).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Acknowledgments: A JSPS Research Fellowship for Young Scientists (DC) awarded to A.M. is
gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of compounds are not available from the authors.

References
1. Ventola, C.L. The antibiotic resistance crisis. Pharmacol. Ther. 2015, 40, 277–283.
2. Reardon, S. Antibiotic resistance sweeping developing world. Nature 2014, 509, 141–142. [CrossRef]

http://doi.org/10.1038/509141a


Molecules 2022, 27, 256 13 of 14

3. Jacoby, G.A.; Archer, G.L.N. New mechanisms of bacterial resistance to antimicrobial agents. N. Engl. J. Med. 1991, 324, 601–612.
[CrossRef]

4. Jones, K.E.; Patel, N.G.; Levy, M.A.; Storeygard, A.; Balk, D.; Gittleman, J.L.; Daszak, P. Global trends in emerging infectious
diseases. Nature 2008, 451, 990–993. [CrossRef]

5. Swaminathan, B.; Feng, P. Rapid detection of food-borne pathogenic bacteria. Annu. Rev. Microbiol. 1994, 48, 401–426. [CrossRef]
6. Lazcka, O.; Campo, F.J.D.; Muñoz, F.X. Pathogen detection: A perspective of traditional methods and biosensors. Biosens.

Bioelectron. 2007, 22, 1205–1217. [CrossRef]
7. Mandal, P.K.; Biswas, A.K.; Choi, K.; Pal, U.K. Methods for rapid detection of foodborne pathogens: An overview. Am. J. Food

Technol. 2011, 6, 87–102. [CrossRef]
8. Ray, P.C.; Khan, S.A.; Singh, A.K.; Senapati, D.; Fan, Z. Nanomaterials for targeted detection and photothermal killing of bacteria.

Chem. Soc. Rev. 2012, 41, 3193–3209. [CrossRef]
9. Chen, J.; Andler, S.M.; Goddard, J.M.; Nugen, S.R.; Rotello, V.M. Integrating recognition elements with nanomaterials for bacteria

sensing. Chem. Soc. Rev. 2017, 46, 1272–1283. [CrossRef]
10. Lqbal, S.S.; Mayo, M.W.; Bruno, J.G.; Bronk, B.V.; Batt, C.A.; Chambers, J.P. A review of molecular recognition technologies for

detection of biological threat agents. Biosens. Bioelectron. 2000, 15, 549–578. [CrossRef]
11. Lay, J.O., Jr. MALDI-TOF mass spectrometry of bacteria. Mass Spec. Rev. 2001, 20, 172–194. [CrossRef]
12. Skottrup, P.D.; Nicolaisen, M.; Justesen, A.F. Towards on-site pathogen detection using antibody-based sensors. Biosens. Bioelectron.

2008, 24, 339–348. [CrossRef]
13. Engvall, E.; Perlmann, P. Enzyme-linked immunosorbent assay (ELISA) quantitative assay of immunoglobulin G. Immunochemistry

1971, 8, 871–874. [CrossRef]
14. Liu, Y.; Wang, Y.; Gang, J.J. Challenges of microarray applications for microbial detection and gene expression profiling in food. J.

Microb. Biochem. Technol. 2011, S2, 2. [CrossRef]
15. Call, D. Challenges and opportunities for pathogen detection using DNA microarrays. Crit. Rev. Microbiol. 2005, 31, 91–99.

[CrossRef]
16. Qi, Z.; Bharate, P.; Lai, C.-H.; Ziem, B.; Böttcher, C.; Schulz, A.; Beckert, F.; Hatting, B.; Mülhaupt, R.; Seeberger, P.H.; et al.

Multivalency at interfaces: Supramolecular carbohydrate-functionalized graphene derivatives for bacterial capture, release, and
disinfection. Nano Lett. 2015, 15, 6051–6057. [CrossRef]

17. El-Boubbou, K.; Gruden, C.; Huang, X. Magnetic glyco-nanoparticles: A unique tool for rapid pathogen detection, decontamina-
tion, and strain differentiation. J. Am. Chem. Soc. 2007, 129, 13392–13393. [CrossRef]

18. Kim, D.; Kwon, S.-J.; Wu, X.; Sauve, J.; Lee, I.; Nam, J.; Kim, J.; Dordick, J.S. Selective killing of pathogenic bacteria by antimicrobial
silver nanoparticle-cell wall binding domain conjugate. ACS Appl. Mater. Interfaces 2018, 10, 13317–13324. [CrossRef]

19. Kasai, Y.; Kobayashi, H.; Tsuchido, Y.; Hashimoto, T.; Kanzawa, N.; Hayashita, T. Staphylococcus aureus detection by fluorescent
silica nanoparticles modified with metal dipicolylamine complexes. Chem. Lett. 2016, 45, 749–751. [CrossRef]

20. Lee, J.-J.; Jeong, K.J.; Hashimoto, M.; Kwon, A.H.; Rwei, A.; Shankarappa, S.A.; Tsui, J.H.; Kohane, D.S. Synthetic ligand-coated
magnetic nanoparticles for microfluidic bacterial separation from blood. Nano Lett. 2014, 14, 1–5. [CrossRef]

21. Leevy, W.M.; Lambert, T.N.; Johnson, J.R.; Morris, J.; Smith, B.D. Quantum dot probes for bacteria distinguish Escherichia coli
mutants and permit in vivo imaging. Chem. Commun. 2008, 2331–2333. [CrossRef]

22. Kim, M.J.; Swamy, K.M.K.; Lee, K.M.; Jagdale, A.R.; Kim, Y.; Kim, S.-J.; Yoo, K.H.; Yoon, J. Pyrophosphate selective fluorescent
chemosensors based on coumarin–DPA–Cu(II) complexes. Chem. Commun. 2009, 46, 7215–7217. [CrossRef] [PubMed]

23. Ngo, H.T.; Liu, X.; Jolliffe, K.A. Anion recognition and sensing with Zn(II)-dipicolylamine complexes. Chem. Soc. Rev. 2012, 41,
4928–4965. [CrossRef]

24. Cabral, A.D.; Rafiei, N.; De Araujo, E.D.; Radu, T.B.; Toutah, K.; Nino, D.; Murcar-Evans, B.I.; Milstein, J.N.; Kraskouskaya, D.;
Gunning, P.T. Sensitive detection of broad-Spectrum bacteria with small- molecule fluorescent excimer chemosensors. ACS Sens.
2020, 5, 2753–2762. [CrossRef] [PubMed]

25. Liu, L.; Xu, K.; Wang, H.; Tan, P.K.J.; Fan, W.; Venkatraman, S.S.; Li, L.; Yang, Y.-Y. Self-assembled cationic peptide nanoparticles
as an efficient antimicrobial agent. Nat. Nanotechnol. 2009, 4, 457–463. [CrossRef]

26. Hayden, S.C.; Zhao, G.; Saha, K.; Phillips, R.L.; Li, X.; Miranda, O.R.; Rotello, V.M.; El-Sayed, M.A.; Schmidt-Krey, I.; Bunz, U.H.F.
Aggregation and interaction of cationic nanoparticles on bacterial surfaces. J. Am. Chem. Soc. 2012, 134, 6920–6923. [CrossRef]

27. Dumitriu, S. (Ed.) Polysaccharides: Structural Diversity and Functional Versatility, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2014;
Chapter 1.

28. Bull, S.D.; Davidson, M.G.; van den Elsen, J.M.H.; Fossey, J.S.; Jenkins, A.T.A.; Jiang, Y.-B.; Kubo, Y.; Marken, F.; Sakurai, K.;
Zhao, J.; et al. Exploiting the reversible covalent bonding of boronic acids: Recognition, sensing, and assembly. Acc. Chem. Res.
2013, 46, 312–326. [CrossRef]

29. Wu, X.; Li, Z.; Chen, X.-X.; Fossey, J.S.; James, T.D.; Jiang, Y.-B. Selective sensing of saccharides using simple boronic acids and
their aggregates. Chem. Soc. Rev. 2013, 42, 8032–8048. [CrossRef] [PubMed]

30. Tsuchido, Y.; Horiuchi, R.; Hashimoto, T.; Ishihara, K.; Kanzawa, N.; Hayashita, T. Rapid and selective discrimination of Gram-
positive and Gram-negative bacteria by boronic acid-modified poly(amidoamine) dendrimer. Anal. Chem. 2019, 91, 3929–3935.
[CrossRef]

http://doi.org/10.1056/NEJM199102283240906
http://doi.org/10.1038/nature06536
http://doi.org/10.1146/annurev.mi.48.100194.002153
http://doi.org/10.1016/j.bios.2006.06.036
http://doi.org/10.3923/ajft.2011.87.102
http://doi.org/10.1039/c2cs15340h
http://doi.org/10.1039/C6CS00313C
http://doi.org/10.1016/S0956-5663(00)00108-1
http://doi.org/10.1002/mas.10003
http://doi.org/10.1016/j.bios.2008.06.045
http://doi.org/10.1016/0019-2791(71)90454-X
http://doi.org/10.4172/1948-5948.S2-001
http://doi.org/10.1080/10408410590921736
http://doi.org/10.1021/acs.nanolett.5b02256
http://doi.org/10.1021/ja076086e
http://doi.org/10.1021/acsami.8b00181
http://doi.org/10.1246/cl.160261
http://doi.org/10.1021/nl3047305
http://doi.org/10.1039/b803590c
http://doi.org/10.1039/b913809a
http://www.ncbi.nlm.nih.gov/pubmed/19921034
http://doi.org/10.1039/c2cs35087d
http://doi.org/10.1021/acssensors.9b02490
http://www.ncbi.nlm.nih.gov/pubmed/32803944
http://doi.org/10.1038/nnano.2009.153
http://doi.org/10.1021/ja301167y
http://doi.org/10.1021/ar300130w
http://doi.org/10.1039/c3cs60148j
http://www.ncbi.nlm.nih.gov/pubmed/23860576
http://doi.org/10.1021/acs.analchem.8b04870


Molecules 2022, 27, 256 14 of 14

31. Mikagi, A.; Tsurufusa, R.; Tsuchido, Y.; Hashimoto, T.; Hayashita, T. Fast and sensitive bacteria detection by boronic acid modified
fluorescent dendrimer. Sensors 2021, 21, 3115. [CrossRef]

32. Hua, X.; Bao, Y.; Wang, H.; Chen, Z.; Wu, F. Bacteria-derived fluorescent carbon dots for microbial live/dead differentiation.
Nanoscale 2017, 9, 2150–2161. [CrossRef] [PubMed]

33. Quan, K.; Jiang, G.; Liu, J.; Zhang, Z.; Ren, Y.; Busscher, H.J.; Van der Mei, H.C.; Peterson, B.W. Influence of interaction between
surface-modified magnetic nanoparticles with infectious biofilm components in artificial channel digging and biofilm eradication
by antibiotics in vitro and in vivo. Nanoscale 2021, 13, 4644–4653. [CrossRef] [PubMed]

34. Chen, C.; Chen, J.; Yu, Q.; Zhang, J.; Niu, X.; Hao, L.; Yang, L.; Zhao, Y. Effects of salts on the self-assembly behavior and
antibacterial activity of a surfactant-like peptide. Soft Matter 2018, 16, 9758–9768. [CrossRef] [PubMed]

35. Chen, F.; Yuan, X.; Song, Z.; Xu, S.; Yang, Y.; Yang, X. Gram-negative Escherichia coli promotes deposition of olymer-capped ilver
nanoparticles in saturated porous media. Environ. Sci. Nano 2018, 5, 1495–1505. [CrossRef]

36. Medvedová, A.; Valík, L. Staphylococcus aureus: Characterisation and quantitative growth description in milk and artisanal raw
milk cheese production. In Structure and Function of Food Engineering; Eissa, A.A., Ed.; IntechOpen Limited: London, UK, 2012;
Chapter 3.

37. Wilks, J.C.; Slonczewski, J.L. pH of the Cytoplasm and periplasm of Escherichia coli: Rapid measurement by green fluorescent
protein fluorimetry. J. Bacteriol. 2007, 189, 5601–5607. [CrossRef]

38. De Jonge, R.; Takumi, K.; Ritmeester, W.S.; Van Leusden, F.M. The adaptive response of Escherichia coli O157 in an environment
with changing pH. J. Appl. Microbiol. 2003, 94, 555–560. [CrossRef]

39. Sadekar, S.; Thiagarajan, G.; Bartlett, K.; Hubbard, D.; Ray, A.; McGill, L.D.; Ghandehari, H. Poly(amidoamine) dendrimers as
absorption enhancers for oral delivery of camptothecin. Int. J. Pharm. 2013, 456, 175–185. [CrossRef] [PubMed]

40. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2019. Available online: https://www.R-project.org/ (accessed on 31 December 2021).

http://doi.org/10.3390/s21093115
http://doi.org/10.1039/C6NR06558A
http://www.ncbi.nlm.nih.gov/pubmed/27874123
http://doi.org/10.1039/D0NR08537E
http://www.ncbi.nlm.nih.gov/pubmed/33616592
http://doi.org/10.1039/D0SM01519A
http://www.ncbi.nlm.nih.gov/pubmed/33000840
http://doi.org/10.1039/C8EN00067K
http://doi.org/10.1128/JB.00615-07
http://doi.org/10.1046/j.1365-2672.2003.01865.x
http://doi.org/10.1016/j.ijpharm.2013.07.071
http://www.ncbi.nlm.nih.gov/pubmed/23933439
https://www.R-project.org/

	Introduction 
	Results and Discussion 
	Intermolecular Interactions between Dendrimer Probes and Bacteria 
	Electrostatic Interaction 
	Hydrophobic Interaction 

	dpa-Modified Ditopic Dendrimer Probes 
	Bacterial Recognition by Cu-dpa-B-PAMAM 
	Selectivity toward Gram-Positive Bacteria and Assay for Viability 


	Materials and Methods 
	Reagents and Apparatus 
	Reagents 
	Apparatus 

	Chemical Syntheses 
	Synthesis of B-PAMAMs 
	Synthesis of Bt-B-PAMAM 
	Synthesis of C-PAMAM 
	Synthesis of C-B-PAMAM 
	Synthesis of dpa 
	Synthesis of dpa-PAMAM 
	Synthesis of dpa-B-PAMAM 

	Biological Experiments 
	Cell Culture 
	Bacterial Detection 
	MTT Assay 
	Statistical Analyses of Data 


	Conclusions 
	References

