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1,2-Phenylenediamine (o-PDA) is a well-known fluorescent dye
that enables the decoration of next-generation chemotherapeu-
tics. A novel o-PDA-functionalized maleic anhydride-allyl phenyl
ether (poly(MA-alt-APE)/o-PDA conjugate) was successfully
synthesized according to the Ringsdorf model, which is the
starting point for macromolecular prodrugs. Functional poly-
meric-carriers were prepared by free-radical polymerization in
butyl acetate with azobisisobutyronitrile (AIBN) radical-initiator
at 70 °C. The conjugation was carried out at 40 °C in N,N-
dimethylformamide (DMF) using triethylamine (Et3N) as the
conjugation catalyst. Characterization was performed by Atte-
nuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR),
Nuclear Magnetic Resonance (1H-NMR), UV-Vis and Fluorescence
Spectroscopy. Weight average molecular weight (Mw), number

average molecular weight (Mn) and polydispersity index (PDI)
(Mw/Mn) were calculated using gel permeation chromatography
(GPC). The surface morphology was also elucidated by Trans-
mission Electron Microscopy (TEM). Evaluation of antimicrobial
activity against two Gram-positive bacteria (Staphylococcus
aureus, Bacillus cereus), two Gram-negative bacteria (Escherichia
coli, Pseudomonas aeruginosa) and one yeast Candida albicans
was performed using the broth microdilution method according
to Clinical Laboratory Standards Institute (CLSI) criteria. Interest-
ingly, S. aureus was found to be more sensitive to polymer-
based samples and, in particular, the minimum inhibitory
concentration (MIC) of the conjugate was lower than that of
ciprofloxacin used as a control compound.

Introduction

The discovery and development of targeted biologically active
compounds has recently attracted scientists. The synthesis of
heterocyclic compounds and the generation of serial derivative
molecules is a very powerful approach in the field of drug
development. In particular, heterocyclic compounds with five-
membered rings are of considerable importance both in
chemistry and in biology.[1] Heterocycles are generally classified
according to both the size of the heterocyclic ring (number of
atoms) and the type and number of heteroatoms. The most
commonly used heterocyclic compounds in synthesis are those
with five- and six-membered rings containing two or more
different types of heteroatoms such as nitrogen (N), oxygen (O),
and sulfur (S) in the ring. The most commonly used simple
aromatic heterocyclic compounds are pyridine, pyrrole, furan,
and thiophene, each of which has a five-membered ring
composed of four carbon atoms and each one nitrogen,
oxygen, or sulfur atom.[2,3] In addition, the most well-known six-
membered heterocyclic aromatic structures are piperidine,

pyridine, pyrimidine, pyridazine, pyrazine, and triazine.[4] Organ-
ic compounds derived from heterocyclic skeletons are widely
available naturally and synthetically, and also their pharmaceut-
ical applications in medicinal chemistry are crucial to human
life.

Although heterocyclic compounds are found in the struc-
ture of many pharmacologically active molecules, they also play
an important role in biological activity. Ring-opening and ring-
closing reactions initiated with five-membered furan molecules
encompass several important methods for the construction of
bioactive components.[4] For example, in this study, the five-
membered furan derivative 2,5-furandione, also commonly
known as maleic anhydride (MA), was used as a precursor
molecule for the synthesis of the vinyl-based copolymerization
of maleic anhydride-allyl phenyl ether copolymer. Reactions by
charge transfer complexes (CTCs) play a very important and
active role in the synthesis of polymers with the desired
structure and potential.[5]

In this study, the poly(maleic anhydride-alt-allyl phenyl
ether) copolymer was synthesized via the CTCs method.[5] The
heterocyclic furan-2,5-dione ring is sequentially arranged in a
regular distribution on the copolymer backbone, and this ring is
formed by binding with an active molecule of o-PDA in terms of
conjugation of drugs and proteins to the polymer conjugate
materials linked by a nucleophilic ring opening reaction.[6–8]

Depending on the nature of the nucleophile, binary amide/ester
and carboxylic acid groups are formed as a result of the ring-
opening reaction with the amine (RNH2) or alcohol (ROH) group
respectively for each anhydride moiety. The carboxyl functional
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group plays an important role in pharmaceuticals. Providing a
biologically active compound with carboxylic acid functionality
is a parameter that positively affects the water solubility of the
compound. In addition, the acidic character of carboxylic acid
functions is the crucial factor for pharmacophores. As a stable
and neutral functionality, amides play a crucial conformational
role by providing a three-dimensional framework necessary for
optimal binding of the active molecule to the target enzyme by
binding acidic and amide groups to each other.[9] Amides, as
stable and relatively neutral carboxylic acid derivatives, play an
important role in providing a three-dimensional scaffold
necessary for optimal binding of the drug to the target enzyme
through the linking of complex acid and amide moieties. Amide
bonds [� C(=O)NH� ] are an important functional group found in
the backbone of organic molecules and biomolecules such as
peptides, proteins, DNA and RNA. The unique feature of amide
bonds is their ability to form resonant structures. Therefore, and
hence they are very stable and prefer specific three-dimensional
(3D) structures, which are responsible for their functionality.[10]

As recently noted by Noro and co-workers, the in vivo stability
of amide-linked prodrugs relies on their hydrolysis by
carboxylesterases,[11] peptidases, or proteases.[12] For example,
proteases are enzymes that are commonly used to hydrolyze
amide bonds between two amino acids.[13]

Anhydride-containing copolymers have a wide range of
uses for specific applications, notably as water solubility
enhancers, starting materials for the formation of nanoparticles,
surface chemical modification capabilities, synthetic macro-
molecular carrier system capacities, dental implants, and are
effective agents in medical/diagnostic imaging.[14] Their current
formulations in the field of biomedical application can be listed
as polymer-based conjugates, micelles, nanoparticles, nano-
capsules, nanogels, liposomes and dendrimers.

In synthetic functional polymeric materials, the interaction
between polymer and active small molecule is discussed in
particular in terms of polymer-drug conjugates. It was the first
method proposed for the rational design of polymer-based
prodrugs to develop new polyanhydride-based formulations in
1975.[15–17] This model introduced the original idea that the
conjugate formed as a result of a covalent bond between the
drugs or small molecules and a polymer backbone via a
physiologically labile bond, which carry the drug or pharma-
ceutically active substances such as proteins, peptides, hor-
mones, growth factors, enzymes, etc. are generally covalently
linked to the macromolecular backbone.[18] Covalently linked
polymer-drug conjugates are one of the most specialized types
of drug delivery systems (DDS). They have a number of
advantages over the traditional parent drug they contain, such
as: fewer side effects, improved therapeutic efficacy, easier drug
administration and improved patient compliance.[19] In addition,
polymeric prodrugs can be produced easily and cheaply under
mild reaction conditions, are easily soluble in water and show
no toxic and non-immunogenic behavior.[20]

Scientists have paid more attention to polymer-drug
conjugates due to the disadvantages associated with nano-
capsule loading. It has previously been reported that a
polymer-protein-drug conjugate is being used in clinical trials in

Japan.[21,22] As reported by Tong et al. the first interesting system
was developed by Duncan and Kopecek in the late 1970s as an
N-(2-hydroxypropyl)methacrylamide (HPMA) polymer-drug con-
jugate as an anticancer agent, which also earned a candidate
for clinical trials.[22–23] Others polymer-drug conjugates reported
by Davis Laboratory (IT-101)[24,25] and Frechet et al.[26,27] were
camptothecin conjugated with cyclodextrin-based polymers or
dendritic polyester-drug conjugates.[28] Additionally, among the
water-soluble polymer conjugates, polyethylene glycol (PEG) is
widely used for drug delivery and is also approved by the Food
and Drug Administration (FDA) for applications in pharmaceut-
ical activity research.[29,30]

Phenylenediamine (PDA) molecule is a disubstituted
benzene derivative that has three isomers as o-, m- and p-
phenylenediamine. In this study, the o-PDA molecule was
chosen as a conjugation agent for rational alternating con-
jugate design because of its precursor role in dye preparation
and organic synthesis. It is an aromatic six-membered ring
structure, also classified as an aniline derivative, which has
enabled the development of various heterocyclic compounds
as sulfur dispersants, fungicides, corrosion inhibitors, and
pharmaceuticals.[31] For example, o-PDA can be used in the
synthesis of various benzimidazole derivatives, which are major
structural units of several biologically active drug substances
and also pigments.[32] Shehta and co-workers proposed a simple
laboratory strategy for the practical synthesis of some fused
heterocyclic systems by cyclization of o-PDA with various
reagents. This study also paved the way for the synthesis of
other fused nitrogen-containing heterocyclic compounds with a
broad spectrum of bioactivity.[33] For example, benzofused core
heterocyclic compounds have many biological properties such
as antitumor[34] and antirotaviral[35] activities. The reactions of o-
PDA as a binucleophilic nitrogen system have been studied in a
variety of ways to derive seven-, six-, and five-membered
heterocyclic compounds.[36,37]

Polymer-mediated materials are well-established biomateri-
als for controlled and targeted drug delivery/uptake systems
and advances in biomedical applications. Materials science
specifically aims to develop multifunctional materials in a single
fabric. In fact, these materials are designed as a combination of
several desired properties for a specific application. As the
scaffold for o-PDA surface conjugation, water-soluble poly[MA-
alt-APE] copolymer was chosen for its unique polyanionic
character to yield a biologically active compound. As men-
tioned above, PDA is an amino-disubstituted benzene molecule
that has attracted attention in recent years, particularly for its
potential use in a sensitive immune sensor for cancer
biomarkers.

No similar study on the conjugation of poly[MA-alt-APE]
copolymer with any chemical agent or o-PDA molecule was
found during the literature search, hence this study is unique
due to its novelty in its chemical structure. The designed
conjugate was synthesized inexpensively and under very mild
conditions, and has a unique chemical structure with important
advantages due to the listed properties: 1) it has a mechanism
involving heterocyclic structure modification, 2) it is nano-
material-sized, 3) it has amide and carboxylic acid functionality
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with regular polyanionic distribution and, 4) has the ability to
dissolve in water. Given the above results of both structural
characterization and antimicrobial evaluations, the p[MA-alt-
APE/o-PDA] composite requires further analysis to better assess
its potential biological importance (e.g. fluorescent probe
capacity).

Experimental section

Materials

Maleic anhydride (MA, prior to copolymerization a further purifica-
tion procedure by recrystallization from dry benzene was used),
butyl acetate and propyl alcohol were supplied by Merck
(Schuchardt, Germany). The fluorescent 1,2-phenylenediamine (o-
PDA) molecule and allyl phenyl ether (APE) were provided by Merck
(Darmstadt, Germany). Azobisisobutyronitrile (AIBN) was supplied
by Peaxnm (Russia). Ethanol (95%) was provided by Carlo-Erba
(Rodano, Italy). The reagents and chemicals used for the copoly-
merization, modification and purification steps were of analytical
grade.

Instrument

The FTIR spectrum of poly(MA-alt-APE) copolymer and poly(MA-alt-
APE)/o-PDA conjugate was recorded using an FTIR spectrophotom-
eter (Bruker Mode: Tensor II) at 400–4000 cm� 1. Nuclear magnetic
resonance, 1H-NMR spectra were measured at 400 MHz (JEOL, JNM-
ECZ400S/L1). NMR analyses were performed after 6 mg of the
samples were taken and dissolved in 0.8 mL chloroform-D. UV-Vis
(Shimadzu 3600 spectrophotometer) and fluorescence spectro-
scopy (Agilent Technologies Cary Eclipse Fluorescence) were also
used for surface morphology of the samples and examined with
Transmission Electron Microscopy (TEM) (FEI/Tecnai G2 Spirit TWIN/
BioTWIN CTEM a 20120 kV/LaB6). The number average (Mn), weight
average (Mw) molecular weights and polydispersity index (PDI) of
the samples were calculated using gel permeation chromatography
(GPC) as a measure of the width of the molecular weight
distribution.

Synthesis of poly(MA-alt-APE) carrier

Poly(maleic anhydride-alt-allyl phenyl ether) [Poly(MA-alt-APE)]
[Ratio of monomer units ratio in copolymer (m1 :m2)=1 :1] was
traditionally synthesized by initiating a free radical initiator
(azobisisobutyronitrile, AIBN (0.1%)) via charge transfer complex
polymerization (CTC), 50/50 in butyl acetate, at 70 °C under a
nitrogen atmosphere (Scheme 1) (Table 1).[ 38] The monomers MA
and APE were reacted by dissolving 4.9 g of the monomer MA in
10 mL of butyl acetate in a 100 mL flask in a molar ratio of about
1 :1 and then adding 4.63 mL of APE. The total volume was made
up to 25 mL by adding 15 mL of butyl acetate, and a homogeneous
mixture was obtained with constant shaking at room temperature.
The reaction mixture was continuously purged with nitrogen gas
and the polymerization reaction was terminated after 1 hour and
cooled to room temperature. The product was purified by
precipitation in propyl alcohol and washed several times with
propyl alcohol to remove residual monomers and dried at room
temperature after filtering through analytical filter paper using a
vacuum filtration system.[5] The precipitate, poly(MA-alt-APE), was
purified by drying in a vacuum oven at 55 °C for 24 h to remove the
solvents used in the synthesis and precipitation.[39]

o-PDA surface functionalization of poly(MA-alt-APE) carrier

By modifying poly(MA-alt-APE) copolymer with fluorescent o-PDA
dye molecule at a 1 :1 molar ratio, in dimethylformamide (DMF)
and utilizing triethylamine (Et3N) as a conjugation catalyst for 6 h at
40 °C (Scheme 2), a poly(MA-alt-APE) copolymer-based conjugate
was created (Table 1).[7] In order to obtain a homogenous solution,
the poly(MA-alt-APE) copolymer powder (0.5 mmol, 116.12 mg) was
thoroughly dissolved in 3 mL of well-stirred DMF. The well-mixed
poly(MA-alt-APE)-DMF solution was then gently added to the Et3N
(15 μL). The fluorescent dye molecule o-PDA (0.5 mmol, 54.07 mg)
was dissolved in DMF (2 mL) and then added carefully into the
previous solution of poly(MA-alt-APE) at room temperature.[7] The
final mixture was collected in a 250 mL two-necked Radleys flask
with a reflux condenser, and the viscous solution was produced
after 6 hours of stirring by shaking in the dark at 40 °C. The
resultant precipitate was then separated from the viscous solution
by centrifugation for five minutes at a speed of 6000 rpm. The
viscous solution was then repeatedly rinsed with excess cold diethyl
ether. The poly(MA-alt-APE)/o-PDA precipitate was ground into a

Scheme 1. Polymerization reaction of the poly(MA-alt-APE) copolymer.[5]

Table 1. Reaction conditions for the poly(MA-alt-APE) copolymer and the
poly(MA-alt-APE)/o-PDA conjugate.

Sample Molecular pro-
portions

Initiator/
catalyst

Solvents Time
(h)

p(MA-alt-APE) MA :APE
1 :1

AIBN[a] Butyl
acetate

1

p(MA-alt-
APE)/o-PDA

Poly(MA-alt-
APE):o-PDA
1 :1

Et3N
[b] DMF[c] 6

[a] AIBN: azobisisobutyronitrile. [b] Et3N: triethylamine. [c] DMF: N,N-
dimethylformamide
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powder and dried for 24 h at 50 °C in a vacuum incubator to
produce a pure conjugate form.

Characterization

Attenuated total reflectance-fourier transform infrared
spectroscopy (ATR-FTIR) measurement

ATR-FTIR spectra of the samples were recorded with a Bruker Mode:
Tensor II spectrophotometer in the range of 400 to 4000 cm� 1 in
4 cm� 1 increments.

Nuclear magnetic resonance (1H-NMR) analysis
1H-NMR spectra were measured at 400 MHz (JEOL, JNM-ECZ400S/
L1). Samples were prepared by dissolving 6 mg of copolymer,
conjugation agent, and conjugate in 0.8 mL of chloroform-D.

UV-Visible spectral analysis

All samples in dried powder form were fresh, daily prepared
solutions of 1 mg/mL ethyl alcohol and were monitored at wave-
lengths from 190 to 900 nm in 25 nm steps by scanning the
maximum absorption bands with a UV-Vis spectrophotometer
(Shimadzu 3600) absolute ethyl alcohol at room temperature as
solvent and reference.

Fluorescence spectral analysis

All samples in dried powder form were freshly prepared daily
solutions of 3 mg/10 mL dimethyl sulfoxide (DMSO) and were
monitored at wavelengths from 400 to 800 nm with a fluorescence
spectrophotometer (Agilent Technologies Cary Eclipse
Fluorescence) at room temperature using DMSO as the solvent and
reference.

Transmission electron microscopy (TEM)

Nanoscale structures of anhydride-containing copolymers and o-
PDA-conjugated samples were studied using a high-resolution TEM
called FEI/Tecnai G2 Spirit BioTWIN equipped with a single-slope
tomography holder for morphology identification. All samples were
suspended in distilled water, dropped onto carbon film-coated
copper grids, and dried at room temperature, and measurements
were made at 120 kV.

Gel permeation chromatography (GPC)

The average molecular weight distribution of poly(MA-alt-APE) and
poly(MA-alt-APE)/o-PDA was determined by a refractive index gel
permeation chromatography (GPC) system. The ratio of Mw to Mn is
also used to calculate the polydispersity index (PDI) of the polymer-
based samples, which provides an indication of the molecular
weight range of the materials. The analysis conditions are set as
follows: VE 3580 RI detector, TGuard+2xT6000M column, solvent:
tetrahydrofuran (THF), detector temperature: 35 °C, column temper-
ature: 35 °C, injection volume: 100 μL, flow rate: 1 mL/min and
analysis time: 40 min/per sample.

General test for water solubility

The copolymer (0.1 g) and the solvent (10 mL, water was chosen as
the solvent) were placed in a 10 mL airtight glass vial and shaken at
about 25 °C at a constant speed for 1 hour. This experiment for the
copolymer was repeated for the conjugate under the same
conditions. In this experiment; observation of a single-phase, clear,
gel-free solution is considered soluble in the solvent used.[40]

Antimicrobial activity

Broth microdilution method

Antimicrobial activity of p[MA-alt-AFE], o-PDA and p[MA-alt-AFE]/o-
PDA against two Gram-positive bacteria (Staphylococcus aureus
ATCC 29213, Bacillus cereus ATCC 11778), two Gram-negative

Scheme 2. Schematic representations of the o-PDA surface functionalization
reaction of the poly(MA-alt-APE) copolymer.
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Bacteria (Escherichia coli ATCC 25922, Pseudomonas aeruginosa
ATCC 27853) and one yeast Candida albicans ATCC 10231 were
evaluated using the broth microdilution method according to
Clinical Laboratory Standards Institute (CLSI) criteria with some
modifications.[41,42] Samples were dissolved in DMSO (o-PDA, p[MA-
alt-AFE] and p[MA-alt-AFE]/o-PDA as 20 mg/ml). In this study,
Mueller Hinton Broth (Accumix®AM1072) and Sabouraud Dextrose
Broth (Himedia ME033) were used as medium for bacteria and
yeast, respectively. In the experiment performed in a 96-well
microplate, 90 μL of the medium was added to the 1th column and
50 μL of the medium to the 2 th to 10th columns. 10 μL of the
chemical compounds were added to column 1 and two-fold serial
dilutions were made. 50 μL of bacteria and yeast were added such
that the final concentration was 5×105 CFU/mL for bacteria and
0.5–2.5×103 CFU / mL for yeast in each well. Only 100 μL of medium
were added to the 11th column for sterilization control. 50 μL of
microorganism and 50 μL of broth were added to the 12th column
as a reproduction control. The concentration of chemical com-
pounds in the wells ranged from 1 to 0.00195 mg/mL (o-PDA,
p[MA-alt-AFE] and p[MA-alt-AFE]/o-PDA). The microplates were
incubated at 35 °C for 48 h for Candida albicans ATCC 10231 and at
37 °C for 24 h for the bacteria. After incubation, the lowest
concentration that inhibits the growth of bacteria and yeast was
accepted as the minimum inhibitory concentration (MIC) value.[41,42]

Results and discussion

Attenuated total reflectance-fourier transform infrared
spectroscopy (ATR-FTIR) measurement

According to the information data literature review, the infrared
absorption bands of o-phenylenediamine have the peak assign-
ments (s: sharp, m: medium, w: weak, b: broad, and sh: shoulder)
depicted in Figure 1a. bending deformation of the -NH frag-
ment in primary aromatic amines at 461 cm� 1 (m), bending
deformation out of the plane of the -CH moiety in the 1,2-
disubstituted benzene ring at 743 cm� 1 (b), deformation out of
plane in the benzene ring associated with the disubstitution at
804 cm� 1 (s), characteristic plane -CH deformation of 1,2-
disubstitution of the benzene ring at 1057 cm� 1 (m) and

1116 cm� 1 (s), symmetric stretching vibration for the aromatic
C� C ring at 1498 cm� 1 (s) and stretching of the C� N or
combination band stretching for protonated primary aromatic
amine at 1590 cm� 1 (s), � NH deformation of secondary amine at
1628 cm� 1 (s), symmetrical N� H stretch at 3027 cm� 1 (sh) and
symmetric=CH stretch at 3363 cm� 1 (s).[43,44]

The copolymer (Figure 1b) had the anhydride ring at 1847
and 1776 cm� 1, which are expected to belong to the symmetric
and asymmetric carbonyl stretches (� C=O) of maleic anhydride
(MA), respectively.[45,46] Strong, broad CO� O� CO skeletal vibra-
tions of the anhydride ring were recorded at 1031 and
929 cm� 1.[47] The characteristic C� C ring stretching was observed
at 1597 cm� 1 and 603 cm� 1, and C� H stretching was also
observed at 2939 cm� 1.[48–50] In the spectrum, the peaks appear
at 690 and 751 cm� 1 in the aromatic region can be assigned to
the out-of-plane =CH bend of the monosubstituted benzene
moiety.[51,52] In addition, characteristic C� H (aromatic ring) bands
were observed at 3362 and 3384 cm� 1.[6] The peak at about
1230 cm� 1 of the spectrum is believed to belong to the
stretching vibration of the C� O and C� C groups.[53] Finally,
considering the main chemical structure of the poly(MA-alt-
APE) copolymer given in Scheme 1, it was concluded that all
peak assignments observed in the spectrum were compatible
with this structure.

According to the structures of the poly(MA-alt-APE) copoly-
mer and the poly(MA-alt-APE)/o-PDA conjugate shown in
Scheme 2, aromatic peaks originate from both monosubstituted
benzene rings in the spectrum found the copolymer backbone
and the disubstituted benzene ring in o-PDA (Figure 1c). The
peaks appearing at 690 and 750 cm� 1 in the aromatic region are
attributed to out-of-plane =CH bending of the monosubsti-
tuted benzene ring.[51,52] Bending deformation of the -NH group
of the primary aromatic amine detected at 468 cm� 1 (m). The
symmetric stretch for the aromatic C� C ring occurred at
1495 cm� 1 (s) and the C� N stretch (or combination band for
protonated primary aromatic amine) was found at 1597 cm� 1 (s)
and 1586 cm� 1 (s).[43,44] On the left side of the spectrum, some
characteristic low peak intensity peaks related to the N� H

Figure 1. FTIR spectra of the copolymer, o-PDA, and o-PDA modified copolymer: (a) poly(MA-alt-APE), (b) o-PDA, and (c) poly(MA-alt-APE)/o-PDA.
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stretching vibration of the o-PDA molecule in the region of
3300–3400 cm� 1 were observed, but the peaks could not be
identified will definitely. Stretches in the range of 690–930 cm� 1

are characteristic substitutions on the aromatic ring. In addition,
another important vibration of the disubstituted ring can be
assigned to the sharp peak at 809 cm� 1.[54,55] Characteristic
symmetric and asymmetric absorption bands of the anhydride
stretches of the copolymer backbone observed at 1859 cm� 1 for
C� O-C and 1783 cm� 1 for C=O, were completely converted to
� C� N� due to the formation of amides and free acid[56,57] giving
to the � C� N stretch at 1033 cm� 1[58,59] and the � NH vibration
band at 809 cm� 1.[48] These frequencies were generated by a
-NH bend and a � CN stretch (C� N� H),[60] indicating the
monosubstituted amide bond � CONHR (Figure 1c).

The remaining peaks were assigned as follows: a C� C at
1236 cm� 1,[53] strong O� H stretching of the carboxylic acid
(� COOH) at 2930 cm� 1 (b), as in the O� H bending range of
3300–2500 cm� 1 expected of the carboxylic acid at 1390 cm� 1

(m) and � C� N stretch of the aromatic amine at 1348 (s).
Therefore, given the data obtained from the peaks observed in
the spectrum, it is believed that all peak assignments are
related to the poly(MA-alt-APE)/o-PDA conjugate and that the
conjugate was successfully synthesized.

Nuclear Magnetic Resonance (1H-NMR) Analysis

As expected, the characteristic aromatic ring protons on o-PDA
formed a sharp peak at 6.75 and 7.2 ppm (Figure 2).[7,61–63]

Hydrogen from CH groups on the aromatic phenyl ring is
observed as a broad peak at ~3 ppm.

Chemical shifts for the copolymer backbone assigned to
related signals as follows: monosubstituted aromatic benzene

ring peaks detected at 7.02 ppm (in low intensity) and
6.48 ppm for the 2,4,6-position, at 7.25 ppm for the 3- and 5-
positions, broad overlapping peaks between 1.2-1.35 ppm and
2.1, 2.6 and 2.9 ppm are due to methylene/methine protons of
the ally phenyl ether and the anhydride ring.[7,64] Methine
protons of the anhydride ring also appeared as a multiplet
between 3.6 and 3.8 ppm.[64] The 1H-NMR results confirmed the
assignment of the FTIR peaks for the poly[MA-alt-APE)]
copolymer (Figure 3).

According to the conjugation component shown in
Scheme 2 in the structure of the poly[MA-alt-APE)]/o-PDA
conjugate (Figure 4), in addition to the functional group peaks,
both the copolymer backbone and the conjugating agent,
amide and carboxylic acid functionality, formed after conjuga-
tion are also expected. The characteristic anhydride peak of
poly[MA-alt-APE)] observed at 2.2 and 2.8–2.9 ppm is assigned
to the � CH protons of the anhydride of the MA unit.[65] As a
methylene bridge, CH2 peaks of the APE unit were observed in
the range of 1–2 ppm.[66,67] The characteristic aromatic ring
protons on both APE (monosubstituted) and o-PDA (disubsti-
tuted) overlapped at 7.2 ppm and formed a sharp signal.[7,64]

Confirmation of the mechanism of the conjugation reaction for
poly[MA-alt-APE)]/o-PDA was performed by detecting the
expected peak in the 5.0–8.5 ppm range due to the amide � NH
(� CONH� ) in addition to other peak assignments. Group of low-
intensity protons at 8 ppm in the spectrum.[6] No significant
integrated carboxylic acid peak could be observed due to the
possibility of intramolecular hydrogen bonding with � NH
(amide) and � OH (carboxylic acid). Considering all the peak
assignments, it can be said that the presence of characteristic
copolymer/conjugating agent/amide bond peaks for poly[MA-
alt-APE)]/o-PDA occurred in the ring-opening reaction and the
conjugation was also successful.[68]

Figure 2. 1H-NMR spectrum of o-PDA. Figure 3. 1H-NMR spectrum of poly(MA-alt-APE) copolymer.

Wiley VCH Freitag, 29.09.2023

2337 / 322466 [S. 311/318] 1

ChemistrySelect 2023, 8, e202301866 (6 of 13) © 2023 Wiley-VCH GmbH

ChemistrySelect
Research Article
doi.org/10.1002/slct.202301866

 23656549, 2023, 37, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/slct.202301866 by C
um

huriyet U
niversity, W

iley O
nline L

ibrary on [26/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



UV-Visible spectral analysis

A comparison of the absorption spectra of poly(MA-alt-APE)/o-
PDA with two similar materials, poly(MA-alt-APE) and o-PDA
(Figure 5), shows that they have specific corresponding wave-
lengths of visible light have absorbing chemical structure for
their absorption. Measurements in ethyl alcohol showed that
poly(MA-alt-APE) and poly(MA-alt-APE)/o-PDA had a peak
maximum at about max=210 and 270 nm, while o-PDA
appeared at λmax=294, 240, and 210 nm.

The UV-Vis spectra of o-PDA (Figure 5, red color) with two
absorption bands appear at λmax=210 nm and 240 nm, which
can be detected at the p–pS transition of the disubstituted
benzene ring and another absorption band at ~294 nm due of
the benzene ring transition.[43] In summary, the absorption
behavior of poly(MA-alt-APE) (Figure 5 blue color) and poly(MA-
alt-APE)/o-PDA (Figure 5, green color) is in shape and very
similar in intensity.

The peak of the carbonyl groups (C=O) originating from the
anhydride ring in the main chain of the copolymer in the
conjugate was observed at λmax=270 nm (weak n-pS transition
of C=O) in the spectrum of both the copolymer and the
conjugate.[69] On the other hand, since the conjugation agent in
o-PDA has no carbonyl group (C=O), no absorption peak was
observed in the spectrum. The band with a longer wavelength
and weaker intensity belongs to the n!π* transition of
nonbonding electrons of the carbonyl group (for � COOH or
� CONH2) located on the oxygen atom.

Ultraviolet-Vis spectroscopy (UV-Vis) is one of the important
tools for the structural characterization of polymer-based
materials to confirm their chemical structure and elucidate their
properties for their physical behavior.[70] It can be said that the
conjugation was successful because both the carbonyl group
absorption band, which is believed to belong to the anhydride,
carboxyl, and amide groups, and the absorption bands of the
conjugating agent and the aromatic ring in the carrier in the
designed conjugate were observed.

Fluorescence spectral analysis

Scanning the absorption spectrum to record the emission
intensity of the fluorescent chemical compound at a single
wavelength with maximum emission intensity produces the

Figure 4. 1H-NMR spectrum of poly(MA-alt-APE) /o-PDA conjugate.

Figure 5. UV- visible spectra for poly(MA-alt-APE) copolymer, o-PDA, and poly(MA-alt-APE)/o-PDA conjugate.
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excitation spectrum. That is, excitation of the compound at a
single maximum absorption wavelength while scanning the
emission wavelengths illuminates the emission spectral profile.

The measurement of the fluorescence emission spectrum of
the copolymer, the conjugation agent and the conjugate (in
DMSO, c=3.0×10� 1 g·L� 1) (Figure 6) was recorded in the wave-
length range 400–800 nm. According to the results obtained by
scanning the spectrum in the UV-visible region; 210, 240, about
270 and about 294 nm were chosen as the excitation wave-
lengths since these were peaks in the spectral scan. Since the
excitation wavelength corresponds to the highest absorbance
of the fluorescence measurement, no significant peak was
observed for the maximum emission wavelength of o-PDA, but
only a small shoulder at 471 nm. On the other hand, it was
observed that the maximum emission wavelength of poly(MA-
alt-APE) and poly(MA-alt-APE)/o-PDA was 585 nm and 587 nm,
respectively, with a small shift.

It was observed that the spectral emission behavior of
poly(MA-alt-APE) (Figure 6, blue color) and poly(MA-alt-APE)/o-
PDA (Figure 6, red color) was quite different in shape and
intensity. The decrease in intensity for the poly(MA-alt-APE)/o-
PDA conjugate and the blue shift in the emission wavelength
indicates that the conjugation of the poly(MA-alt-APE) copoly-
mer with the o-PDA is novel molecule formation was successful.
The sharpness of the emission peak for poly(MA-alt-APE) and
poly(MA-alt-APE)/o-PDA indicates that the molecular weight of
the molecule is increasing and the desired structure is being
formed. In summary, the o-PDA molecule acquires a
fluorescence-active property by being conjugated to the
poly(MA-alt-APE) backbone.

It is known that the bathochromic effect (spectral shift to
longer wavelengths or red shift) is observed by increasing the
number of acidic groups (� COOH) increasing the fluorescence
intensity.[71] On the contrary, the interaction of aromatic
compounds with the target molecule leads to a drastic decrease
in the fluorescence intensity.[72] On the other hand, in the
excited state, polar solvents such as DMSO activate the
probable intermolecular charge transfer from one part (donor)
of the molecule to the other (acceptor). In addition, the
conjugated form contains two N� H moieties that serve as H-
bond donors and the copolymer form contains two carbonyl

groups that serve as H-bond acceptors. Considering all the
factors affecting the fluorescence intensity, it can be said that
after conjugation, the five-membered ring of the starting
molecule was opened and the carbonyl groups (� C=O) were
replaced by carboxyl functional groups (� COOH) and amide
bonds [� C(=O)NH� ]. Although the decrease in intensity and the
blue shift in emission wavelength for the poly(MA-alt-APE)/o-
PDA conjugate (Scheme 2) are due to different causes, it is
believed that the main reason is the increase in the number of
aromatic rings.

Transmission electron microscopy (TEM)

A nanocomposite consists of distinct phases with multiple
dimensions less than 100 nm or repeating spaced nanoscale
structures between the phases of the material. The nanoscale
structures and surface properties of the anhydride-containing
copolymer and its o-PDA conjugate were compared using
transmission electron microscopy considering the size scale in
Figure 7 (Figure 7a–b, Figure 7c–d, and Figure 7e–f) to identify
the morphology. In the TEM images, samples were taken at
different magnifications such as 100, 50, 200 and 500 nm. For
comparison, the size scale of the conjugate was studied to be
about five times larger than that of the copolymer.

Samples show nanomaterial properties with a length of
100–300 nm, with the size of the copolymer being about
117 nm (Figure 7e), while the size of the conjugate was around
230 and 280 nm (Figure 7f) at 50 or 200 nm magnification.
Conjugates show good dispersion and also form nanocompo-
site products showing a homogeneous and compatible distri-
bution of the o-PDA molecule in MA including the copolymer
matrix.[73,74] It was found that the size of the conjugate was
larger than that due to the size of the copolymer stronger
interaction between the copolymer and the conjugate due to
the good o-PDA compatibility (Figure 7e–f). The final product
becomes more uniformly spherical and grows compared to the
unmodified form because the surface of the copolymer has
been changed from a partially hydrophobic to a hydrophilic
character, which is consistent and more prominent with the
increasing water-solubility behavior in the conjugation
process.[73] It is clear that the o-PDA molecule is covalently
bonded directly to the copolymer surface. Conjugation is also
directly affected by the morphological parameters of the initial
copolymer matrix.[74] The structure of the conjugate was
observed to be similar to that of the copolymer and the
spherical (o-PDA drug-loaded surface) shaped nanostructure
was well compatible with the dimensions of the nanomaterial,
and some non-spherical, irregular shapes were also observed at
a low rate.[73]

Given spectroscopic measurement results; although the
conjugate is observed to be mostly surrounded by the main
chain of the copolymer, it can be said that the conjugation with
the amide bond occurs through the ring opening reaction as a
result of the modification of the anhydride ring on the
copolymer surface with amine groups of the o-PDA.Figure 6. Fluorescence emission spectra for poly(MA-alt-APE) copolymer, o-

PDA, and poly(MA-alt-APE)/o-PDA conjugate.
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Gel permeation chromatography (GPC)

The molecular weight distribution of the poly(MA-alt-APE)
copolymer and the poly(MA-alt-APE)/o-PDA conjugate (10%),
the number average molecular weight (Mn) and the weight
average molecular weight (Mw) were measured (Da) (Figure 8)
and the polydispersity index (PDI) as a result of the Mw/Mn ratio
were calculated using a refractive index gel permeation
chromatography (GPC) system. Mw and PDI of the samples were
summarized in Table 2 as follows: MAAPE: 20.889×104 Da
(PDI=1126) and MAAPE/o-PDA: 43.648×104 Da (PDI=
1428).[6,8,40]

Polydispersity arises due to size distribution or agglomer-
ation/aggregation in a sample. The PDI is a size-based measure
of the heterogeneity of a sample that the higher the PDI, the
broader the molecular weight distribution.[75] While the PDI
value of the synthesized copolymer was about 1.13 in this
study, it increased significantly to about 1.43 for the conjugate
due to the o-PDA modification.[76] According to the literature
review, the best controlled synthetic polymers have a PDI of
1.02–1.10 and chain growth polymerization gives PDI values in
the range of 1.520.[76] International standardization organiza-
tions (ISOs) have stated that a PDI value of less than 0.05 is
more common for monodisperse samples, while a value above
0.7 is appropriate for a broad (e.g. polydisperse) particle
distribution (ISO ISO 22.412 :2017 and ISO 22.412: 2017
standards).[75] As a result, the conjugate (~1.43 compatible with
the PDI value corresponding to chain growth polymerization)
grows due to the increase in molecular weight of the molecule
compared to the pre-modification (~1.13 compatible with the
PDI value of most controlled synthetic polymers) and at the
same time, after o-PDA surface modification, it was observed
that the heterogeneity based on size increased. Since the data
obtained by GPC chromatographic analysis supported the

Figure 7. TEM images of for poly(MA-alt-APE) copolymer and poly(MA-alt-
APE)/o-PDA conjugate.

Figure 8. Gel permeation chromatogram (GPC) of poly(MA-alt-APE) copoly-
mer and poly(MA-alt-APE)/o-PDA conjugate.

Table 2. Molecular weights (MW) and PDI values of Poly(MA-alt-APE)
copolymer and the poly(MA-alt-APE)/o-PDA conjugate.

Sample Mw
[a]

(104, Da)
Mn

[b]

(104, Da)
PDI[c]

(Mw/Mn)

p(MA-alt-APE) 20.889 18.545 1.126

p(MA-alt-APE)/o-PDA 43.648 30.566 1.428

[a] Mw : Weight-average MW. [b] Mn : Number average MW. [c] Da: Dalton.
PDI: Polydispersity index.
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results of spectroscopy (FTIR, 1H-NMR, UV-Vis and fluorescence
analysis) and morphology analysis (TEM), it was concluded that
the surface modification of the copolymer with the o-PDA
molecule was successfully achieved.

General Test for Water Solubility

The water solubility test was performed according to the
general solubility test. Briefly, the copolymer (or conjugate) was
dissolved in water at 25 °C for 1 hour. In this experiment;
observation of a single-phase, clear, gel-free solution is assumed
to be soluble in the solvent used.[40] The conjugate was
considered water soluble because a single phase, clear, gel-free
solution was observed, and on the other hand, the copolymer
was considered partially water soluble because of the cloudy
appearance in solution.[40]

Proposed reaction mechanisms for carrier and o-PDA
functionalized conjugate

Copolymerization reaction of maleic anhydride and allyl phenyl
ether depicted in Scheme 1. The reaction of acid anhydrides
with amines (Scheme 2) to form the corresponding amides is
represented by a four-step mechanism (Scheme 3):[6,77] 1)
nucleophilic attack of the anhydride group by the aromatic
amine molecule, 2) ring-opening reaction, 3) deprotonation by
aromatic amine after nucleophilic attack, and 4) proton transfer/
intramolecular assembly, each as per spectroscopic measure-
ment and water-solubility test results for the structural charac-
terization of the designed alternating copolymer and the
fluorescent dye-functionalized conjugate. The ring-opening
reaction occurred after nucleophilic acylation of a symmetrical
carboxylic acid anhydride group, which undergoes a nucleo-
philic acyl substitution reaction, resulting in an amide (neutral
carboxylic acid derivative).

The results of the spectroscopic analysis and the water
solubility of the poly(MA-alt-APE)/o-PDA conjugate confirmed
that the conjugation proceeded successfully after the ring-
opening reaction via the amide mechanism.

Antimicrobial activity

Broth microdilution method

Antimicrobial activity of p[MA-alt-AFE], o-PDA, and p[MA-alt-
AFE]/o-PDA against two gram-positive bacteria (Staphylococcus
aureus ATCC 29213, Bacillus cereus ATCC 11778), two gram-
negative bacteria (Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 27853) and one yeast Candida albicans ATCC
10231 were evaluated using the broth microdilution method
according to Clinical Laboratory Standards Institute (CLSI)
criteria with some modifications.[41,42] Antimicrobial activities
against four bacteria and C. albicans from poly(MA-alt-APE),
poly(MA-alt-APE)/o-PDA, and o-PDA were observed in the

concentration range of 0.001–1 mg/mL, the minimum inhibitory
concentration (MIC) of the samples is also summarized in

Scheme 3. Schematic representations of the o-PDA surface functionalized-
poly(MA-alt-APE) reaction mechanism.
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Table 3. o-PDA was found to have a more potent MIC value
(0.25 mg/mL) in E. coli than poly(MA-alt-APE) and poly(MA-alt-
APE)/o-PDA (>1 mg/ml). Among the microorganisms tested, S.
aureus was found to be more sensitive to poly(MA-alt-APE),
poly(MA-alt-APE)/o-PDA than the o-PDA. Interestingly, the MIC
value of the conjugate (0.001 mg/l) in S. aureus was lower than
that of the copolymer (0.003 mg/l) and moreover the values
obtained were also lower than those of ciprofloxacin (0.25 mg/
ml) used as a control compound. It was found that S. aureus
more sensitive to the synthesized samples than the other
bacteria and C. albicans. However, the o-PDA, the poly(MA-alt-
APE), and the poly(MA-alt-APE)/o-PDA showed relatively the
same antimicrobial effect on the other microorganisms tested
(1 or >1 mg/ml).

The fact that the synthesized polymer samples are specific
only for S. aureus is due to the similarity of the amide
functionality in their structures to the lactam. The amide
functional group in the lactam is in the ring while the amide
group is in the straight chain on the conjugate surface.
Monobactams, penicillins, cephalosporins, and carbapenems
are beta-lactam antibiotics that contain a beta-lactam ring (β-
lactam, known as a cyclic amide). These are bactericidal
antibiotics that inhibit penicillin-binding proteins (PBPs)
through covalent binding and inhibit bacteria in the cytoplas-
mic membrane. It was concluded that the conjugate, like
antimicrobials, is particularly sensitive to S. aureus species as its
MIC value is lower than that of ciprofloxacin. This sensitivity can
be explained in particular by newly formed functional groups
on the surface of the polymer-based conjugate. As shown in
Scheme 2, in the conjugated form there are amide bonds and
carboxylic acids, which are believed to be functional groups
that cause bacterial susceptibility. Furthermore, increasing the
alkyl chain length and hydrophobicity of the polymer-based
material increases its affinity for binding to the lipid membrane,
leading to cell death after membrane rupture. Furthermore,
polymers with amphiphilic and cationic groups first destroy the
bacterial membrane through electrostatic interaction, killing the
bacterial cell and reducing the resistance of the bacteria by
invading the lipid regions of the membrane[78,79] Finally,
considering the studies on antimicrobial polymers, the bacter-
icidal mechanism of the conjugate, which contains an extended
alkyl chain in addition to amide and carboxylic acid functional
groups, can be explained in two ways:[80] 1) electrostatic
interaction between polymer-based samples and bacterial cell

wall, and 2) polymer-based structures targeting the cytoplasmic
membrane.

Conclusions

According to the literature search, no similar study on the o-
PDA surface derivatization of the maleic anhydride allyl phenyl
ether copolymer has been found so far, except for the
copolymer synthesis by Zengin et al.[5] This study is based on
the preparation of a new copolymer and copolymer-anchored
conjugate design, the characterization of these structures using
current spectroscopic, morphological and chromatographic
methods, and the investigation of the antimicrobial activity
potential. The chemical process of the synthesized products
involved the preparation of the functional and water-soluble
MA-based copolymer and the nucleophilic ring opening of the
anhydride units on the copolymer backbone by the fluorescent
dye molecule (o-PDA). Spectroscopic analysis and water
solubility results confirmed that derivatization was successfully
achieved via the amide mechanism. In the results of TEM and
GPC analysis, it was also emphasized that in the o-PDA
substitution on the conjugated surface, the copolymer back-
bone grew about twice after the conjugation, and it was
concluded that this growth was homogeneous, and a uniformly
distributed structure was achieved.

The designed conjugate can be evaluated from two
perspectives: 1) o-PDA is an aromatic disubstituted amino
precursor molecule to produce many heterocyclic compounds
and can also be easily oxidized by various oxidizing agents to
produce fluorescent compounds, promoting its use as a cancer
biomarker in the sensitizing immune sensor has recently
attracted attention. 2) Aromatic rings are widely used as an
important part of drug design in medicinal chemistry to enable
fragment-based drug design (FBDD).[81] Particularly preferred
the bulk structure of drugs because of their known synthetic
pathways and modification mechanisms.[82] These are the main
contributions of our proposed design that there are many
aromatic rings arising both from the copolymer and from the
conjugate‘s own backbone and the attached o-PDA molecule
(Scheme 1 and 2). On the other hand, the antimicrobial activity
assessment promised that S. aureus was more sensitive to
polymer-based samples and, in particular, the minimum inhib-

Table 3. MIC[a] values of synthesized compounds on microorganisms (mg/mL).

Sample E.coli.
ATCC25922

S.aureus
ATCC29213

P.aeruginosa
ATCC27853

B.cereus
ATCC11778

C.albicans
ATCC10231

o-PDA 0.25 1 >1 >1 1

p(MA-alt-APE) >1 0.003 >1 1 1

p(MA-alt-APE)/o-PDA >1 0.001 >1 1 1

Ciprofloxacin 0.0156 0.25 1 0,125 –

Amphotericin B – – – – 0.25

[a] MIC: Minimum inhibition concentration.
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itory concentration (MIC) of the conjugate was lower than that
of ciprofloxacin used as a control compound.

It is believed that the synthesized conjugate can be func-
tional and useful materials that have the potential to be used as
a controlled-release nanocomposite, especially in antimicrobial
treatment, and that aromatic rings also occupy a significant
part of the molecule and functional drugs and prodrugs
structures play a role in the synthesis. Therefore, it is
hypothesized that the synthesized carrier and conjugate can
structurally serve this research area and be redesigned accord-
ing to the desired properties.

Supporting Information Summary

Some of the experimental details such as ATR-FTIR spectroscopy
measurements and transmission electron microscopy (TEM)
images have been provided in the Supporting Information.
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