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Abstract: Several studies have been conducted on polymerisation of drug units using spacers 

or other polymeric units. In order to study the importance of spacers in drug polymers, we 

designed polymers with and without spacers. As a proof of concept, herein, we present a 

comparative study on the efficacy of antibacterial activity using a polymeric biocide (PB) C0P1 

having no spacer (0%) and two other PBs with varied spacer content (C2P2:29%, C10P3:53%). 

We considered C0P1 as a potential new type of PB generated from a widely used 

fluoroquinolone antibiotic, ciprofloxacin 1, by a simple self-condensation activation with 

thionyl chloride. Monomer 2 (formylated methyl ester of 1) was polymerised with 

ethylenediamine (C2) and 1,10-diaminodecane (C10) to provide C2P2 and C10P3, respectively. 

The trend for minimum inhibitory concentration study against Escherichia coli (E. coli) and 

Staphylococcus aureus (S. aureus) was observed as 1>C0P1>C2P2=C10P3>>2. Further, after 

coating on nylon threads, the non-spacer polymer C0P1 showed enhanced zone of inhibition 

(ZOI) than monomer 1 as well as the spacer polymers owing to its superior coating ability and 

sustained drug release capabilities. Thus, this study clearly states that the bio-efficacy of a drug-

polymer could be retained and enhanced in the absence of non-bioactive spacer units. 

 

ü Spacer effect 

ü New Polymeric Biocides (no spacer)

ü 2 fold higher biocidal activity (ZOI) 
than ciprofloxacin

ü Uniform and smooth coating

ü Sustained drug release

ü Prodrug (next generation antibiotic)

Sampl
es

Spacer 
(%)

MIC*
(µg/mL)

Normalized 
ZOI* (mm2)

C0P1 0 0.5 185.2

C2P2 29 1.8 113.7

1 - 0.25 92.4

C10P3 53 1.7 0

Drug/ Monomer A True Drug Polymer 
without spacer

Drug Polymers with Spacers

vs vs vs
C0P1 C2P2 C10P31

*S. aureus; arrow indicates biocidal activity

Spacer Effect in Drug Polymers
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1. INTRODUCTION 

The current COVID-19 pandemic reaffirmed that prevention from pathogenic microorganisms 

(PM) is a serious challenge modern science faces to safeguard millions of lives worldwide.1–7 

The possible causes for infections by PM is mainly due to healthcare-associated infections and 

unhygienic environments.8,9 The ongoing antimicrobial crisis has increased the gap between 

existing antimicrobials and resistant microbial strains.10–13 Since discovering new 

antimicrobials is expensive and time-consuming, an alternate approach would be favorable to 

improve the antimicrobial effect of existing antibiotics. One such approach is polymerizing 

existing antimicrobials to obtain antimicrobial polymers (AMP) with enhanced activity.14,15 

The previously reported AMPs are generally grouped into three categories such as a) biocidal 

polymer (BP), b) polymeric biocide (PB), and c) biocidal releasing polymer (BRP) (Figure 1). 

They involve antimicrobial polymers consisting of various biocide units i) polymers holding 

the biocide as terminal projecting part, ii) biocide unit linked to a polymeric backbone, and iii) 

physical encapsulation of biocide encapsulated nanocomposite/polymer cluster.15–23 

Interestingly, all cases known so far contain at least a significant volume of non-drug spacer 

units present in addition to the biocidal unit.  

 
Figure 1. Schematic representation of types of previously known AMPs and a new kind of true 

PB without the spacer (blue and green arrows indicate releasing of biocidal- and spacer-units, 

respectively. 

The polymerisation of medicinally essential molecules like drugs and antimicrobial 

agents to obtain PBs has been used as prodrugs to prevent infections by coating medical 

devices, hospital surfaces, etc.24–26 PB has recently earned increasing attention from academic 

and industrial research. Usually, they perform better than their monomer analogs by possessing 

b) Polymeric biocides c) Biocide-releasing polymersa) Biocidal polymers 
Reported Antimicrobial Polymers

This work

vs.

True Polymeric Biocide without Spacer                   with Spacer 

d)
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enhanced antimicrobial activity, reduced toxicity, minimized environmental hazards, 

sustained-release activity, and addressing antimicrobial resistance.27–31  

One of the drug/antibiotic molecule widely used for synthesizing PB is the second-

generation fluoroquinolone 1-cyclopropyl-6-fluoro-4-oxo-7-piperazine-1-ylquinoline-3-

carboxylic acid (ciprofloxacin) because of its broad-spectrum activity and relatively low 

cost.26,32 For example, Woo et al. synthesised a biodegradable polymer of ciprofloxacin using 

1,6-hexanediisocyanate (HDI), polycaprolactone diol (PCL) as the non-drug-polymer 

backbone as a spacer. However, the degradation products, i.e., ciprofloxacin and ciprofloxacin 

bonded to fragments of PCL and HDI had exhibited both active and inactive forms, 

respectively.33 This study suggests that releasing the actual drug unit upon degradation without 

conjugating the non-drug counterpart is pertinent. Similarly, Parwe et al. synthesised with 

increasing ciprofloxacin content in conjugated polylactic acid (PLA) based nonwoven 

nanofiber mat using telechelic (two-, three-, four-, six-arm, and star-shaped) PLA polymer as 

a starting material.34 They observed that the ciprofloxacin release rates from the PLA conjugate 

nonwoven nanofiber mat could be controlled by the drug loading content and the release 

medium, indicating that drug content plays a critical role in achieving the higher antibacterial 

activity. Boyer, Wong, and co-workers have demonstrated that sequence effect in synthetic 

AMPs could tune the antimicrobial activity.35 Further, Dizman et al. have prepared 

homopolymer with a new methacrylate monomer containing norfloxacin as a pendant group 

by free radical solution polymerisation and found that the resulting drug-polymer was stable 

even at high temperature than the monomer.36 However, all these examples demonstrate clearly 

that non-drug content has significant consequences on the activity of the drug. Therefore, to 

the best of our knowledge, far less attention has been given to develop self–polymerised/homo-

polymerised drugs/biocide monomers, at least of the molecules comprising AB monomer, as 

shown in Figure 1d. Hence, we investigated this study to find answers to the questions such as 

i) whether the non-drug spacers used to polymerize the biocide monomer would enhance or 

reduce the efficacy compared to the drug-polymer per se, i.e., without a spacer, ii) can we self-

polymerize the currently used antimicrobial drug, and iii) since the new polymeric biocide 

having no spacer is structurally different from its monomer, can it be regarded as a prodrug and 

in turn whether this would lead to new drug discovery. Upon screening the literature on the 

drug’s list, we envisaged that ciprofloxacin, a drug molecule with a secondary amine and a 

carboxylic acid as end functional groups, can be self-sufficient for polymerisation without the 

need for linkers/ spacers or any polymeric unit.37,38  
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While the self-condensed polymer of ciprofloxacin is unprecedented, the dimer of 

acetylated ciprofloxacin was reported by Turos and co-workers in a patent and demonstrated 

its activity against drug-resistant bacteria (Faculative Intracellular Bacteria); however, there 

was no mention of polymerisation by covalent bonding or self-condensation reaction.39 

Similarly, Fisher and co-workers have also demonstrated that dimers of ciprofloxacin 

derivatives synthesised using aryl and alkyl linkers effectively target the gyrase enzyme in 

streptococcus pneumonia.40 Mesallati and Tajber reported that it is possible to increase the 

solubility of ciprofloxacin through polymer assisted amorphous salt solid dispersions via non-

covalent interactions.41 On that account, covalently linked homopolymer of ciprofloxacin or 

even an oligomer of ciprofloxacin without any linker has not been reported yet. Although 

several reports have incorporated the spacers with antimicrobials,42–44 the concept of the spacer 

effect on the activity of drug-polymer has not been investigated in detail. Here we tried to 

examine the same and found that the non-drug spacer length in drug-polymer is inversely 

proportional to the biocidal activity of polymer, at least in the present case. 

Here we report the synthesis of a new kind of PB for the first time, i.e., C0P1 

ciprofloxacin polymer having no spacer unit via self–condensation polymerisation. For 

comparison purposes, we have also synthesised two other polymers C2P2 and C10P3, with 

increased spacer content using N-formylated 1 (2) and bis–amines. These three polymers were 

studied for their antibacterial activity against Escherichia coli (E. coli) and Staphylococcus 

aureus (S. aureus), both solution and in the suture coating, and the results are discussed below. 

 

2. RESULTS AND DISCUSSION 

Synthesis and Characterisation of Polymeric Biocides and their Monomers. Three 

polymeric biocides such as C0P1, C2P2, and C10P3 were designed with the varied ratio of non-

drug content of 0, 29, and 53%, respectively, to assess the role/importance of spacer/non-drug 

content in drug-containing polymers. The general scheme for the synthesis of these three 

polymers is shown in Scheme 1. The synthesis of C0P1 polymer having no spacer was achieved 

using commercially available ciprofloxacin 1 via self-condensation between carboxylic acid 

and secondary amine activated by SOCl2 and further heating the reaction mixture at 150 °C in 

DMSO and Et3N (1 equivalent (equiv.)) for 48 h to afford C0P1 in 55% yield. Whereas to 

synthesize spacer polymers C2P2 and C10P3 with varying spacer lengths, ciprofloxacin 1 was 

derivatised to obtain 2 (N-formyl and methyl ester functionalised ciprofloxacin) by following 

reported protocols,[44] to couple via imine and amide formation reactions in one pot with bis-
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amines such as ethylenediamine (C2) and 1,10-diaminodecane (C10), respectively. The alkyl 

chains C2 and C10 were chosen because they have marked mass differences and minimal/no 

antimicrobial activity. For instance, 1,4-diaminobutane is known to have significant 

antimicrobial activity and toxicity.45 

Scheme 1. Synthesis of polymers of ciprofloxacin 1 with- and without-spacersa   

 
aReagents and conditions: (i) 1. SOCl2, CH2Cl2, 40 °C, 6 h, Et3N, 2. DMSO (10 mL), 150 °C, 

48 h, 55% (C0P1); (ii) ethylenediamine (2 equiv.), CH3OH, 50 °C, 72 h, 54% (C2P2); (iii) 1,10-

diaminodecane (2 equiv.), CH3OH, 50 °C, 96 h, 27% (C10P3). 

 
The synthesised polymers were characterised by Fourier-transform infrared (FT-IR), 

nuclear magnetic resonance (NMR), and size exclusion chromatographic (SEC) techniques. 

The FT-IR spectra of polymer C0P1, its precursor 1 and the spacer polymers C2P2, C10P3, and 

their precursor 2 were provided in Figure 2 for comparison purposes. The newly formed peak 

at 1680 cm–1 corresponding to amide carbonyl (C=O stretching) and the reduction in peaks at 

3388 and 3239 cm–1 corresponding to carboxylic acid (O–H stretching) and amine (N–H 

stretching), respectively in C0P1 indicate the formation of amide bonds. The spectra of C2P2 

and C10P3 spacer polymers featuring a new merged peak for imine (C=N) and amide (C=O) at 

~1660 cm–1 and disappearance of the characteristic carbonyl peak for ester and N-CHO at 1724 

and 1614 cm–1, respectively, suggest the formation of both amide and imine bonds. More 

importantly, this indicates that the terminal groups are amine in both cases. 
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Figure 2. FT-IR spectra of a) monomer 1, b) non-spacer polymer C0P1, c) monomer 2, spacer 

polymers d) C2P2, and e) C10P3. 

 

The formation of all polymers was further characterised by NMR spectroscopy and the 

overlay of 1H NMR spectra provided in Figure 3. The peaks were assigned based on the 

literature values as well as COSY and ROESY spectra (Section B, Supporting 

Information).46– 48 1H NMR spectrum of C0P1 in Figure 3a shows not only the characteristic 

signals with quite broadened nature, which is probably due to large-molecular-weight as 

corroborated by SEC data (vide infra). In contrast, C10P3 polymer showed quite sharp signals 

relative to C0P1 and C2P2 owing to the low molecular weight nature (Figure 3c). The complete 

absence of methyl ester signal at ~3.9 ppm and the simultaneous appearance of amide 

(9.92-9.99 ppm) and imine (~8.0-8.12 ppm) protons signals in C2P2 and C10P3 with almost 

equal intensities are affirmative of formation of alternative amide and imine bonds in both the 

polymers. Interestingly, the absence of additional methylene protons corresponding to amide-

amide or imine-imine coupling suggests the observation of orthogonal reactions for both amine 

ends. The quite downfield shifted amide protons at 9.95 ppm indicate the presence of an H-

bonded network. While increasing oligomeric size due to a higher H-bonded network, it has 

been observed that the amide protons tend to shift towards the downfield region.49 It was 

observed that, unlike C0P1, the C2P2 had shown partial hydrolysis due to weak imine bond, 
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thus producing aldehyde and ethylene diamine at 8.11 and 2.63 ppm, respectively. Since the 

IR spectrum did not feature N-CHO stretching at 1614 cm–1. We infer that partial hydrolysis is 

because of the water content present in DMSO-d6 solvent and rested for 24 h. Further, the 

minimal water content in C10P3 did not result in considerable hydrolysis, though detectable 

hydrolysed products were present (Figure 3c).  

 
Figure 3. 1H NMR spectra of polymers a) C0P1 (500 MHz), b) C2P2  (400 MHz), and c) C10P3 

(500 MHz) in DMSO-d6 at 298 K. 

 Size exclusion chromatography (SEC) was performed, and the results are provided in 

Table 1 to support the observation of different molecular weights ranges of the polymers as 

observed by NMR studies. Though C2P2 and C10P3 are soluble in many organic solvents (like 

MeOH, CH3CN, THF, DMF and DMSO, etc.), C0P1 solubility is limited with DMF and DMSO 

probably due to high molecular weight nature. Hence, the SEC was accomplished using DMF 

as solvent at 50 oC for all polymers. The SEC analysis revealed that the average molecular 

weight (Mw) of polymers C0P1, C2P2, and C10P3 were 973.27, 9.61, and 3.74 kDa, respectively. 

Further, the C0P1 polymer is 42 and 128 fold larger in size than C2P2 and C10P3, respectively. 

The polydispersity index (PDI) values for C0P1, C2P2 and C10P3 were found to be 2.72, 1.13 

and 1.29, respectively, indicating the spacer polymers exhibit narrow molecular weights as 

compared to C0P1.  
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Table 1. Molecular weights (Mw) and polydispersity index (PDI) of polymers as determined 

by SEC analysis using DMF at 50 oC and calibrated with linear polystyrene standards. 

Polymer RT (min)a Mn (Kg/mol)b Mw (Kg/mol)c Mw/Mn (PDI) 

C0P1 09.72 357.9 973.27 2.72 

C2P2 11.34 8.5 9.61 1.13 

C10P3 11.41 2.8 3.74 1.29 
aRT = retention time, bMn = number average molecular weight (Da), cMw = weight average 

molecular weight (Da). 

 

2.2. Antibacterial Activity. The antimicrobial activity study was performed against Gram-

negative and Gram-positive strains such as Escherichia coli (E. coli) and Staphylococcus 

aureus (S. aureus), respectively. The experimental details are described in material and 

methods (Section C, Supporting Information).50,51 The screening was done to estimate drug 

activity changes to unravel the role of spacer (non-drug unit) upon introducing different spacers 

in drug-polymers. First, a solution-based minimum inhibitory concentration (MIC90) 

determination study was performed via the turbidity assay method (Table 2). Different doses 

of treatment were used from the stock solutions obtained from 0.1 to 10 µg/mL of all 

compounds in DMSO. Since the ciprofloxacin monomer is responsible for the antibacterial 

activity, for a fair comparison, to maintain the number of drug units same for all polymers, the 

monomer unit in C0P1 was normalized with the repeating unit in spacer polymers for C2P2 and 

C10P3 (Table 2). To do that, the normalization factor (NF) was introduced to calculate the 

molecular weight difference ratio in the repeating unit drug vs non-drug content. The NF values 

were calculated to be 1, 1.4, and 2.1 for polymers of C0P1, C2P2, and C10P3, respectively. The 

MIC values for C0P1 PB exhibited 50% reduced activity than the ciprofloxacin 1 against both 

E. coli (1: 0.5 mg/mL, C0P1: 1 µg/mL) and S. aureus (1: 0.25 µg/mL, C0P1: 0.5 µg/mL). This 

reduction in activity could be attributed to the end-group modification of ciprofloxacin and the 

slow hydrolysis nature of C0P1 with stronger tertiary amide bonds as interlinking functional 

groups. However, it was found that the 0% spacer polymer, i.e., C0P1, showed ~1.8 times 

increased biocidal activity against E. coli whereas ~3.6 times against S. aureus as compared to 

the spacer polymers of C2P2 and C10P3. 
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Table 2. Minimal inhibitory concentration (MIC in µg/mL) of compounds (C0P1, C2P2, C10P3, 

1, 2, and 3) against panels of Gram-negative (E. coli) and Gram-positive (S. aureus) bacterial 

strains. 

ent
ry 

Sampl
es 

Repeating 
unit 

molecular 
formula 

Repeating 
unit/ 

monomer 
molecular 

weight 
(Daltons) 

Norm
alizati

on 
factor 
(NF)a 

E. coli S.aureus 
MIC 
(µg/ 
mL) 

Normaliz
ed MICb 

(µg/ mL) 

MIC 
(µg/ 
mL) 

Normalize
d MICb 

(µg/ mL) 

1 1 C17H18FN3O3 331.4 1.0 0.5 0.5 0.25 0.25 

2 C0P1 C17H16FN3O2 313.3 1.0 1.0 1.0 0.5 0.5 

3 C2P2 C22H26FN7O2 439.5 1.4 2.5 1.8 2.5 1.8 

4 C10P3 C38H58FN7O2 663.9 2.1 4.0 1.9 3.5 1.7 

5 2 C19H20FN3O4 373.4 1.0 NAc NAc NAc  NA 

6 3 C18H18FN3O4 359.4 1.0 2.0 2.0 1.5 1.5 
a Normalization Factor (NF) = molecular weight of monomer unit of C2P2 or C10P3/molecular 

weight of monomer of C0P1; bNormalized MIC = MIC/NF; c NA = No activity up to 10 µg/mL 

addition. 

 

While similar activity trends were observed for both E. coli and S. aureus, interestingly, in 

solution, both C2P2 and C10P3 have shown similar activity of 1.7-1.9 (MIC) for S. aureus and 

E. Coli. In contrast, C0P1 has shown significantly increased 0.5 (MIC) activity for S. aureus 

over 1.0 (MIC) for E. Coli. This may be because C0P1 contains 100% drug content, whereas 

the spacer polymers include additional alkyl chains, thus featuring the significantly higher 

hydrophobic character, which helps the spacer polymers penetrate the hydrophobic regions of 

bacterial cell wall mediated by hydrophobic effect, thus facilitating membrane disruption. 

Similar hydrophobic effect observation has been reported, for e.g., Yao and co-workers have 

observed that S. aureus has a higher hydrophobic surface than E. coli which helps in the 

degradation of the hydrophobic compound diethylphthalate.52 The starting material monomer 

2 having formyl and ester functional groups was tested as a positive control sample and found 

no activity. We inferred that upon hydrolysis of C0P1, the polymer catalysed either by acid or 

enzyme, and the hydrolysed product would be the monomer 1, which makes the C0P1 regarded 

as a prodrug. Whereas for the spacer polymers, if both amide and imine hydrolysis occurs, the 

end hydrolysed product would be 3, i.e., N-formyl and carboxylic acid functionalised 

ciprofloxacin. For this purpose, compound 3 was synthesised by following the reported 
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protocol for formylation norfloxacin,53 which was adopted for 1 and characterised.54 Upon 

testing the monomer 3, found that it retained similar moderate activity against E. coli (2.0 

µg/mL) and slightly better activity against S. aureus (1.5 µg/mL) compared to the spacer 

polymers C2P2 and C10P3, indicating the end functional group do have a role in biocidal activity 

as observed for monomer 2 (entry 6, Table 2). Overall, according to this study, the trend 

observed was 1>C0P1>3>C2P2=C10P3>>2. These results show that the increasing amount of 

non-drug spacer content in the polymeric biocides reduces the biocidal activity, at least in the 

present case.  

 
Figure 4. SEM images of nylon sutures coated with a) ciprofloxacin 1, b) C0P1, c) C2P2, and 

d) C10P3 (inset: zoom scale of X65 showing inter twinning of yarn). 

 

After successfully demonstrating antibacterial activities in solution for polymers with 

varied spacers, we then tested its antibacterial effect on surgical devices since medical device-

based infections majorly (60–70%) belong to hospital-acquired infections.55,56 Post-surgical 

incisions can attract bacteria, in particular, via suture materials that can lead to bacterial 

colonization. To test the efficacy of our polymerised biocides, we coated nylon thread-based 

sutures with solutions of polymers and monomers and used them as samples for disc diffusion 

assay. Scanning electron microscopy (SEM) was performed for ciprofloxacin and polymers 

coated sutures to investigate the coating nature (Figure 4). SEM images of 1 and C2P2 show 

a) b)

c) d)
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smooth individual nylon fibers indicating either an insubstantial coating layer or imperfect 

coating nature. 

In contrast, a thick coating layer was observed on the C0P1 and C10P3, wherein 

individual nylon fibers were not visible. However, C0P1 polymer with no spacer showed a 

pretty smooth and continuous surface, while C10P3 polymer displayed a porous and rough 

texture. Further, breakage in the coating was also observed between the inter twinning of yarn 

in spacer polymer C10P3 (Figure 4d inset). The SEM study suggests that the polymer C0P1 has 

better coating efficiency and a uniform coating on the nylon sutures, indicating that C0P1 is 

more favorable than spacer polymers C2P2 and C10P3 as well as ciprofloxacin itself. A more 

uniform coating of C0P1 on nylon thread is possibly due to its high viscous nature owing to its 

larger molecular weight (973.27 kDa). Thus, it appears promising for further coating 

applications in medical devices.  

 
Figure 5. Antimicrobial activity of polymers and monomers coated nylon thread against a) E. 

coli. b) S. aureus. 

 

Since S. aureus is the common bacteria that infect post-surgical procedures57,58 and 

ciprofloxacin 1 is a broad-spectrum antibiotic, the latter derivatives were tested against both E. 

coli and S. aureus bacteria. Figures 5a and 5b shows inhibition of E. coli and S. aureus, 

respectively, for the polymers and monomers coated sutures placed in the agar plates. The 

antibacterial activity results of the coated sutures were obtained as the area of the zone of 

inhibition (ZOI, mm2) and the corresponding data are summarized in Table 3. Interestingly, the 

results from the ZOI studies were different from the solution-based MIC determination trend. 

Figure 5a shows the E.coli growth inhibition profile on the coated sutures for polymers and 

monomers after incubation for 24 h and their corresponding normalized ZOI values are 468.7 

C0P1 C10P3 1 C2P2
Blank 3 2

C0P1 C2P2 1 C10P3 3 2Blank

a)

b)



 12 

mm2 (C0P1), 321.9 mm2 (C2P2), and 216.1 mm2 (C10P3) and monomers 300.2 mm2 (1), 0 mm2 

(2), and 166.5 mm2 (3). Similarly, Figure 5b shows the S. aureus growth inhibition profiles on 

the polymers and monomers after incubation for 24 h and their corresponding normalized ZOI 

values are 185.2 mm2 (C0P1), 113.7 mm2 (C2P2), and 2.1 mm2 (C10P3) and monomers 92.4 

mm2 (1), 0 mm2 (2), and 42.3 mm2 (3). It was found that the area of the ZOI for C0P1 polymer 

having no spacer was the most significant 469 and 185 mm2 for E. coli and S. aureus, 

respectively, whereas for C10P3 (216.1 and 2.1 mm2 for E. coli and S. aureus, respectively) was 

the lowest for both types of bacteria. At the same time, 2 did not show any significant activity 

even when twice the amount was added than other compounds. The trend for ZOI 

determination for E.coli and S. aureus was observed as C0P1>C2P2>1>3>C10P3>2. Notably, a 

couple of interesting facts were observed from this study, i) C0P1 exhibited remarkable activity 

over both bacteria compared to all PBs as well as the monomers including ciprofloxacin itself, 

ii) Spacer polymer C10P3 exhibited significant activity for E.coli, but almost no activity was 

observed for S.aureus, iii) There is a clear and distinct activity trend was observed among the 

polymers, i.e., increasing the spacer content led to reduction of inhibiting activity. These 

observations support the hypothesis that drug-polymers without the spacer can greatly alter the 

drug activity. More importantly, in this case, it is possible to obtain better antibacterial activity 

than the parent ciprofloxacin itself. Thus, this study may open up a new window in drug-

polymers and may provide the opportunity to discover a new generation of antibiotics that the 

world is currently looking for, especially in this pandemic time. 

Table 3. Zone of inhibition (ZOI in area mm2) of compounds (C0P1, C2P2, C10P3, 1, 2, and 3) 

against panels of gram-negative (E. coli) and gram-positive (S. aureus) bacterial strains.a 

S.No. Samples Spacer 

content 

(%) 

Normaliza

tion factor 

(NF)b 

E. coli S.aureus 

ZOI 

(mm2) 

Normalizedc 

ZOI (mm2) 
ZOI 

(mm2) 

Normalized
c 

ZOI (mm2)  

1 C0P1 0 1.0 468.7 468.7 185.2 185.2 

2 C2P2 29 1.4 229.9 321.9 81.2 113.7 

3 C10P3 53 2.1 102.9 216.1 0 <2.1d 

4 1 - 1.0 300.2 300.2 92.4 92.4 

5 2 - 1.0 0 0 0 0 

6 3 - 1.0 166.5 166.5 42.3 42.3 
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aAll samples were coated (4 mg/mL); bNormalization Factor (NF) = molecular weight of 

monomer of C2P2 or C10P3/molecular weight of monomer of C0P1; cNormalized ZOI = 

ZOI´NF; dIf activity considered to be 1. 

 

2.3. Hydrolysis study of Polymers. The hydrolysis study for PBs such as C0P1, C2P2, and 

C10P3 was performed by using the HPLC–LCMS technique employing CH3CN/H2O 1:1 with 

a flow rate of 1 mL per minute (min) associated with other parameters such as column 

temperature (25 °C), sample temperature (37 °C), injection volume (20 µL) and monitored with 

photodiode array (PDA) detector (for details see Section D, Supporting Information). Since 

C0P1 non-spacer polymer does not hydrolyze at neutral pH significantly due to stronger tertiary 

amide bonds, the release of the drug has been observed by altering the pH into acidic (pH = 3) 

using 1% (v/v) formic acid addition into all polymer solutions (100 µg/mL for C0P1, 1 mg/mL 

for C2P2 and C10P3) and the release profiles of all polymers are shown in Figure 6.  

  
Figure 6. Acid-catalysed hydrolysis of a) C0P1, b) C2P2, and c) C10P3 to release the percentage 

of drug ciprofloxacin 1 and 3, respectively, via under the condition of acidic buffer solution of 

formic acid (0.024 M, pH 3), at 37 °C with sampling intervals 0.08, 6,12, and 24 h. Note: the 

inset shows the initial 0–0.08 h was under sonication and the rest of the time with stirring only. 

 

The LC-MS profiles (Figure S24–S31, Supporting Information) indicated the release of 

ciprofloxacin (RT = 3.70 min) and monomer 3 (RT = 5.93 min) from C0P1 and spacer polymers 

(C2P2 and C10P3), respectively, has been observed over time. However, the same rate of release 

has not been observed with C2P2, and the appearance of some new peaks has been observed, 
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which indicates that some degradation or fragmentation occurred due to fast hydrolyzing imine 

bonds (Figure S26, Supporting Information).  

The spacer polymers C2P2 and C10P3 were studied by 1H NMR to further quantify the 

hydrolysis reaction (Figures S32 and S33, Supporting Information). The 1H NMR data of C2P2 

and C10P3 indicated sharp decrease of the amide peaks at 9.90 – 10.05 ppm, i.e., up to 96 and 

98%, respectively within 24 h, though 95% of acid-catalysed hydrolysis occurred within 2 h. 

Whereas, only partial imine hydrolysis was observed as indicated by the appearance of 

aldehyde proton at 8.35 ppm which showed 10 and 8% for imine hydrolysis after 24 h for C2P2 

and C10P3, respectively. We infer that the hydrolysed amine is in equilibrium with imine due to 

the presence of acid.59 

According to our hypothesis, since homo-polymerisation of 1 by a condensation 

reaction to synthesize C0P1 does not involve functional group modification on ciprofloxacin, 

the released monomer would act similar to the established mechanism of ciprofloxacin. The 

hydrolysis study results do suggest that monomer ciprofloxacin is being released from the 

polymer C0P1. The mechanism of biocidal activity of ciprofloxacin is well-studied and it is 

believed to inhibit DNA replication by promoting cleavage of bacterial DNA in the DNA–

enzyme complex such as DNA–gyrase and DNA–type IV topoisomerase.60 This further 

corroborates the lower activity observed in the solution study for C0P1 compared to 1 

presumably due to slow-release behaviour/sustained drug release, i.e., even at pH = 3 only 69% 

release was achieved after 24 h (Figure 6). 

 
Figure 7. Biocompatibility study (MTT assay) of monomers (1, 2, and 3) and polymers (C0P1, 

C2P2, and C10P3) on mouse fibroblast cell line (L929). The concentration of all compounds 

was 1 µg/mL. 
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2.4. Biocompatibility Assay. Ciprofloxacin is not toxic to eukaryotic cells at low 

concentrations.61 However, to rule out the possibility of cytotoxicity of the synthesised 

biocides, biocompatibility (MTT) assay was carried out using a mouse fibroblast cell line 

(L929). The anti-proliferative effects were assessed employing EZcountTM MTT cell Assay Kit 

by treating monomers (1, 2, and 3) and polymers (C0P1, C2P2, and C10P3). The assay was 

performed in triplicate with various test compounds (1µg/mL). Figure 7 displays the cell 

viability (%) after 48 h exposure to the newly synthesised polymers of ciprofloxacin 

derivatives. The data revealed that the polymers were more biocompatible than its monomers. 

It was further found that spacer polymers showed significantly higher biocompatibility than 

C0P1, presumably due to the weaker hydrolysable imine and primary amide bonds than 

relatively stronger tertiary amide bonds in C0P1. 

 

3. SUMMARY AND CONCLUSION 

To unravel the role of the spacer effect, we have designed and synthesised a new type of 

polymeric biocides (PB) C0P1, which we refer to as a true drug-polymer because upon 

hydrolysis/degradation, only the monomer drug units are released with no other extra mass. 

This not only enables more drug release in lesser amounts but also obviates the toxicity of non-

drug parts. As a proof of concept, a well-known antibiotic molecule having AB-type monomer, 

i.e., ciprofloxacin, was polymerised for the first time to obtain a large molecular weight (973.27 

kDa) PB having 0% non-drug content. This true drug-polymer was compared with two other 

new polymers C2P2 and C10P3, with increased non-drug spacer content of 29 and 53%, 

respectively. Antibacterial inhibition studies by both solution and suture coating revealed a 

clear trend, i.e., improved activity when the non-drug spacer content decreased even when the 

activity was normalized with the spacer content ratio. Spacer polymers exhibited comparatively 

lower activity even with fast releasing capability due to imine and primary amide bonds. 

Interestingly, though the non-spacer polymer C0P1 showed decreased activity in solution 

against monomer 1 probably due to the slow hydrolysis nature, whereas increased activities of 

1.5 and 2.2 times for E.coli and 1.6 and 88 times for S. aureus against spacer polymers C2P2 

and C10P3, respectively, were observed in suture coating application. The uniform coating 

ability for C0P1 to adhere nylon thread was achieved effectively using polymerisation, without 

which monomer 1 suffers with poor solubility and coating ability. The hydrolysis study 

suggests that the C0P1 polymer shows sustainable monomer release over the other two spacer 
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PBs due to stronger tertiary amide bonds. As evidenced by the higher melting point (409 °C), 

better biocompatibility and excellent coating ability on nylon thread, we expect C0P1 is a 

promising candidate for advanced biomaterial and medical applications such as coating of 

suture and other surgical devices. As we have checked only one application for the true drug-

polymer (C0P1), i.e., coating on surgical nylon sutures, there is no doubt that the true-drug 

polymer of antimicrobials can open a wide range of new applications, including activity against 

drug-resistant bacteria. Our lab is currently exploring this direction of research. 
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TOC 

Unravelling the effect of non-drug spacers on a true drug-polymer and a comparative 

study of their antimicrobial activity 

 
A true drug-polymer comprising of 100% drug units was found to show enhanced biocidal 

activity and the polymerization helped to achieve better physical property, which is friendly 

for suture coating application. 

 

ü Spacer effect 

ü New Polymeric Biocides (no spacer)

ü 2 fold higher biocidal activity (ZOI) 
than ciprofloxacin

ü Uniform and smooth coating

ü Sustained drug release

ü Prodrug (next generation antibiotic)

Sampl
es

Spacer 
(%)

MIC*
(µg/mL)

Normalized 
ZOI* (mm2)

C0P1 0 0.5 185.2

C2P2 29 1.8 113.7

1 - 0.25 92.4

C10P3 53 1.7 0

Drug/ Monomer A True Drug Polymer 
without spacer

Drug Polymers with Spacers

vs vs vs
C0P1 C2P2 C10P31

*S. aureus; arrow indicates biocidal activity

Spacer Effect in Drug Polymers


