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The increasing prevalence of multidrug-resistant bacteria necessitates innovative antibiotic strategies
beyond the discovery of new active compounds. Here, we report N-(2-hydroxypropyl)methacrylamide
(HPMA)-based polymer—ciprofloxacin conjugates combining controlled drug release with siderophore-
mediated targeting via a deferoxamine—Fe** (DFX-Fe) complex. The conjugates differed in linker type
(non-cleavable amide vs. reductively cleavable disulfide) and in the presence of the DFX-Fe targeting
unit. Non-cleavable conjugates showed strongly reduced antibacterial activity, whereas disulfide-linked
systems enabled the release of chemically intact and biologically active ciprofloxacin under reducing con-
ditions. DFX—Fe targeting significantly enhanced the efficacy of non-cleavable conjugates, while modulat-
ing drug release kinetics in cleavable systems due to the redox activity of Fe3*. Antibacterial activity
against Escherichia coli and Staphylococcus aureus strongly depended on the conjugate structure and
bacterial species. Importantly, in a macrophage intracellular infection model, stimuli-responsive conju-
gates exhibited high bactericidal activity, reducing intracellular bacteria to below 1% at a 2x MIC concen-
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tration. This observation indicates the great potential of these nanotherapeutics in the treatment of chal-
lenging bacterial infections. All systems showed good biocompatibility toward human fibroblasts. Overall,
this study highlights the critical roles of linker cleavability and siderophore-mediated targeting in the
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1. Introduction

The increasing prevalence of multidrug-resistant bacterial
strains represents one of the greatest challenges for modern
medicine.”® Traditional strategies based on the discovery of
new antibiotics face limitations in the rate of innovation and
high development costs, while multidrug resistance (MDR)
often emerges shortly after the introduction of a new agent
into clinical practice.® As a result, growing attention has been
directed toward alternative approaches that do not rely on
entirely new molecules but instead on innovative delivery
systems for existing antibiotics, with the goal of enhancing
their efficacy and prolonging their clinical lifetime.*>

One such approach is the conjugation of antibiotics with
water-soluble polymers.>” Polymer-drug conjugates offer
several advantages, including improved solubility and stability
of the active compound, a prolonged circulation half-life, the
ability to accumulate at the site of infection, and, importantly,
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design of polymeric antibiotics for intracellular bacterial infections.

the possibility of controlled drug release.® A key parameter is
the nature of the linkage between the antibiotic and the
polymer carrier. While non-cleavable linkages typically result
in permanent inactivation of the drug, the introduction of
cleavable linkers, particularly disulfide bonds, enables selec-
tive release of the active molecule within the reducing environ-
ment of the bacterial cytoplasm.’

Ciprofloxacin (Cip) is a fluoroquinolone antibiotic with
broad-spectrum activity against both Gram-positive and Gram-
negative bacteria.’®"" Although ciprofloxacin remains a corner-
stone of clinical practice, the increasing prevalence of MDR
and its limited intracellular penetration in certain pathogens
restrict its therapeutic effectiveness.”>"® Conjugation of cipro-
floxacin to a polymer carrier through an appropriately
designed linker therefore provides a promising strategy to over-
come these limitations while preserving biological activity.*

Another strategy to enhance antibiotic efficacy is sidero-
phore-mediated transport.">'® Bacteria have evolved sophisti-
cated mechanisms to acquire iron from their environment,
producing siderophores—Ilow-molecular-weight Fe** chelators
—that are actively imported by specific membrane transpor-
ters."” This pathway offers a “Trojan horse” mechanism for tar-
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geted antibiotic delivery.'® However, most natural siderophores
are species-specific, which limits their broader application.
Deferoxamine (DFX), a clinically used iron chelator, is in con-
trast recognized as a xenosiderophore, internalized by trans-
port systems of a wide range of bacterial species."® Owing to
this universality, DFX-Fe is a suitable candidate for targeting
polymer conjugates, enabling efficient intracellular uptake
across diverse pathogens.

By combining ciprofloxacin and DFX-Fe in a polymer-based
system (Fig. 1), a multifunctional therapeutic conjugate can be
designed: the polymer carrier provides prolonged circulation
and controlled release, while the targeting unit enhances intra-
cellular uptake across a broad spectrum of bacteria.'® Such
systems hold potential clinical utility, for example, in the treat-
ment and post-therapy of sepsis,”® where sustained antibiotic
exposure without frequent administration and minimized side
effects are highly desirable.

The aim of this study was the design, synthesis, and com-
prehensive characterization of N-(2-hydroxypropyl)methacryla-
mide (HPMA)-based polymer-ciprofloxacin  conjugates
differing in the type of bond between the antibiotic and the
polymer (cleavable vs. non-cleavable) and the presence of a
DFX-Fe targeting unit. The study focuses on evaluating the
impact of these parameters on drug release behavior, the anti-
bacterial activity of the conjugates, and differences in efficacy
against model representatives of Gram-positive Staphylococcus
aureus (S. aureus) and Gram-negative Escherichia coli (E. coli)
bacteria.

cleavable
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@_

Jargeting

@ Inhibition
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death
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Fig. 1 Schematic illustration of the concept and the anticipated mode
of action of the HPMA copolymer—ciprofloxacin conjugates bearing the
DFX—Fe unit. Ciprofloxacin (Cip) is attached to the polymer backbone
either through a reducible disulfide linker (cleavable conjugate) or via a
stable non-cleavable linkage. The DFX—Fe moiety is designed to mimic
bacterial siderophores and promote interaction of the conjugate with
bacterial cells. After contact with the bacterial surface and/or in the sur-
rounding reducing environment, ciprofloxacin may be released from the
cleavable conjugate and inhibit bacterial DNA replication, leading to
bacterial cell death.

2126 | Biomater. Sci, 2026, 14, 2125-2136

View Article Online

Biomaterials Science

2. Experimental section

2.1. Materials

tert-Butyl N-[2-(2-hydroxyethyldisulfanyl)ethyl]carbamate (Boc-
NH-SS) and 2-(2-(9-9H-fluoren-9-ylmethyl N-[2-(2-hydroxyethyl-
disulfanyl)ethyl]carbamate)) (Fmoc-NH-SS) were purchased
from Iris Biotech. N-(1,4,12,15,23,26,34-Heptaoxo-
5,11,16,22,27,33-hexaaza-11,22,33-trihydroxypentatriacontane)-
5-azadibenzocyclooctyne (DFX-DBCO) was purchased from
Macrocyclics. Ciprofloxacin (Cip), iron(ur) chloride hexahydrate
(FeCl;-6H,0), diisopropylethylamine (DIPEA), tetramethylurea
(TMU), trifluoroacetic acid (TFA), dimethylformamide (DMF),
dimethylacetamide (DMA), methanol (MeOH), dichloro-
methane (DCM), tert-butanol (¢-BuOH), acetone, diethyl ether,
tris(2-carboxyethyl)phosphine (TCEP), reduced glutathione
(GSH), tris(hydroxymethyl)aminomethane hydrochloride (Tris-
HCl), and all other reagents and solvents were purchased from
Merck and used as received unless stated otherwise.

2.2. Synthesis of the disulfide ciprofloxacin derivative (SSCip)

The compound 7-[4-[2-(2-aminoethyldisulfanyl)ethoxycarbo-
nylpiperazin-1-yl]-1-cyclopropyl-6-fluoro-4-oxo-quinoline-3-car-
boxylic acid (SSCip) was synthesized via a three-step procedure
without isolation of intermediates (Fig. 2). Only the final
product SSCip was isolated and characterized.

SSCip derivatives were synthesized via two different
approaches using either Fmoc or Boc protecting groups. The
derivative obtained from Boc-NH-SS was synthesized according
to the following procedure: Boc-NH-SS (99.2 mg, 3.9 x 107*
mol) was reacted with phosgene in toluene (2 mL, 20% solu-
tion) at 25 °C for 10 h. After evaporation of the solvents and
redissolution in DCM (3 mL), ciprofloxacin (129.1 mg, 3.9 x
10* mol) in TMU (3.5 mL) and DIPEA (81.9 pL, 4.7 x 10~*
mol) were added. The reaction was continued for 12 h at
25 °C. For removal of the Boc protecting group, TMU was evap-
orated and TFA (4 mL) was added. The mixture was purified by
preparative HPLC to obtain SSCip as a TFA salt (140 mg,
70.3%). An alternative synthetic approach starting from Fmoc-
NH-SS was also evaluated; however, it resulted in significantly
lower yields and was therefore not pursued further. The struc-
ture and purity of SSCip were confirmed by 'H NMR
spectroscopy.

'H NMR (400 MHz, d6-DMSO): § = 1.18 (m, 2H, CH,-cyclo-
propyl); 1.32 (m, 2H, CH,-cyclopropyl); 2.93 (t, 2H, CH,S); 3.03
(t, 2H, CH,S); 3.11 (m, 2H, CH,N-linker); 3.33 (m, 4H, CH,N-
piperazine); 3.62 (m, 4H, CH,N-piperazine); 3.82 (septet, 1H,
CH-cyclopropyl); 4.30 (t, 2H, CH,O-linker); 7.58 (d, 1H, arom);
7.87 (br, 3H, NH;"); 7.94 (d, 1H, arom-CHCF); 8.68 (s, 1H,
arom-CHN); 15.17 (br, 1H, COOH) ppm (Fig. S1)) The *C NMR
spectrum and HRMS data of SSCip are provided in the SI
(Fig. S2 and S3).

2.3. Synthesis of the monomers

HPMA and 3-(3-methacrylamido-propanoyl)thiazolidine-2-
thione (Ma-f-Ala-TT) were synthesized according to previously
reported procedures.”!

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Three-step synthesis of SSCip using Boc or Fmoc protective groups.

2.4. Synthesis of the chain transfer agent and functionalized
initiator

The chain transfer agent N-(3-azidopropyl)-4-cyano-4-ethylsul-
fanyl-carbothioylsulfanyl-pentanamide (TTC-N;) and the func-
tionalized azoinitiator N-(3-azidopropyl)-4-[3-(3-azidopropyl-
carbamoyl)-1-cyano-1-methylpropylazo]-4-cyano-4-methyl-
butyramide (AIBIK-N;) were prepared according to procedures
described in the literature.***?

2.5. Synthesis of polymers (P1-P3)

2.5.1. P1. Polymer precursor P1 based on HPMA and Ma-
B-Ala-TT was synthesized by RAFT (reversible addition-frag-
mentation chain-transfer) polymerization, using the functiona-
lized CTA (chain transfer agent) TTC-N; and the azoinitiator
AIBIK-N; in two steps as follows (Fig. 3). HPMA (700 mg, 4.89
x 107* mol) was dissolved in +BuOH (6.2 mL) and added to
Ma-f-Ala-TT (140 mg, 5.43 x 10~* mol) dissolved in DMA
(1 mL), giving a comonomer molar ratio of 90:10. The
initiator AIBIK-N; (5.49 x 107 g, 1.23 x 107> mol) dissolved in
DMA (225 pL) and the chain transfer agent TTC-Nj; (8.53 x 107>
g, 2.47 x 10> mol) dissolved in DMA (225 pL) were then added
(the molar ratio of monomer: CTA: initiator was 440:2:1).
Prior to polymerization, the reaction mixture was bubbled with
argon for 10 min. Polymerization was carried out under an
inert atmosphere at 70 °C for 20 h. The reaction mixture was
precipitated into an acetone:diethyl ether mixture (2:1),
reprecipitated from methanol into the same mixture and dried
under vacuum. Yield: 575 mg (68%).

To remove the terminal trithiocarbonate (TTC) groups, the
precursor (575 mg) was dissolved in DMA (5 mlL), and
AIBIK-N; (120 mg, 2.67 x 10~* mol) in DMA (750 pL) was
added. Prior to the reaction, the mixture was bubbled with
argon. The reaction was then carried out in a polymerization
ampoule under an inert atmosphere at 80 °C for 3 h. After
cooling, the product was precipitated into acetone :diethyl
ether (2:1), reprecipitated from methanol into the same
mixture and dried under vacuum. Yield: 550 mg (95%).

2.5.2. P2. Polymer precursor P2 was obtained in two steps
from P1 (see Fig. 3). In the first step, precursor P1 (200 mg, 1.2
x 10~* mol TT) was dissolved in MeOH (1 mL) and added to a

This journal is © The Royal Society of Chemistry 2026
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solution of DBCO-DFX (9.04 mg, 1.07 x 10~° mol) dissolved in
DMA (0.5 mL). After 0.5 h, the synthesized polymer containing
the DFX group was precipitated into acetone:diethyl ether
(2:1), reprecipitated from MeOH into the same mixture, and
dried under vacuum.

The product (200 mg) was then redissolved in MeOH
(2 mL), and FeCl;-6H,0 (78.5 mg, 2.90 x 10~° mol) was added.
The solution immediately developed a dark-red color. The pre-
cursor, containing the DFX-Fe complex, was precipitated into
diethyl ether, dried under reduced pressure, and finally puri-
fied by chromatography on a PD-10 column (Sephadex G-25,
H,0), followed by lyophilization.

2.5.3. P3. Control polymer P3 was obtained from precursor
P2 (100 mg, 6 x 10> mol TT) dissolved in MeOH (1 mL) by reac-
tion with 1-aminopropan-2-ol (10 pL, 1.28 x 10~* mol). After
0.5 h, the polymer was precipitated into diethyl ether (20 mL),
dried under vacuum, dissolved in water, purified on a PD-10
column and lyophilized. The procedure is depicted in Fig. 3.

2.6. Synthesis of polymer conjugates with ciprofloxacin
bound via non-degradable linkage (PNC)

Polymer precursor P1 was used for the preparation of non-tar-
geted polymer-ciprofloxacin conjugates (PNC and PC), whereas
precursor P2 bearing terminal DFX-Fe units was employed for
the synthesis of targeted conjugates (PNC-Fe and PC-Fe).

2.6.1. PNC. Ciprofloxacin (7.73 mg, 2.33 x 10> mol) was
dissolved in DMF (4 mL) at 80 °C and subsequently mixed at
25 °C with precursor P1 (76.6 mg, 4.6 x 10~> mol TT) dissolved
in methanol. After 12 h, 1-aminopropan-2-ol (10 pL, 1.28 X
10~* mol) was added to block residual TT groups and the reac-
tion mixture was stirred for an additional 30 min. The mixture
was then evaporated to dryness, and the residue was dissolved
in water and purified by size-exclusion chromatography
(Sephadex G-25, H,0). The procedure is depicted in Fig. 3.
Yield: 80.3 mg (95%).

2.7. Synthesis of polymer conjugates with cleavable
ciprofloxacin (PC)

2.7.1. PC. SSCip (7 mg, 1.37 x 10> mol) was dissolved in
DMA (100 pL) and mixed with precursor P1 (73.2 mg, 4.39 x

Biomater. Sci, 2026, 14, 2125-2136 | 2127
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Fig. 3 Synthesis of polymers P1-P3, PNC, PC, PNC-Fe and PC-Fe.

107> mol TT) dissolved in DMA (100 uL). To convert the amino
group of SSCip into the free base, DIPEA (4 pL, 2.3 X 10~ mol)
was added. After 1 h, 1-aminopropan-2-ol (6 pL, 7.68 x 107>
mol) was introduced in order to block residual TT groups and
the reaction mixture was stirred for an additional 30 min. The
reaction mixture was precipitated into diethyl ether and dried
under vacuum. The precipitate was redissolved in water, puri-
fied by size-exclusion chromatography (Sephadex G-25, H,0)
and lyophilized. The synthetic procedure is illustrated in
Fig. 3. Yield: 78 mg (97%).

2.8. Synthesis of polymer conjugates with the targeting unit
DFX-Fe

Targeted polymer-ciprofloxacin conjugates containing a DFX-
Fe targeting unit were prepared in both cleavable (PC-Fe) and
non-cleavable (PNC-Fe) variants.

2128 | Bjomater. Sci., 2026, 14, 2125-2136

2.8.1. PNC-Fe. Ciprofloxacin (5.46 mg, 1.65 x 10~° mol)
was dissolved in DMF (3 mL) at 80 °C and subsequently added
at 25 °C to a solution of precursor P2 (57.3 mg, 3.44 x 107>
mol TT) in DMF (1 mL). After 12 h, 1-aminopropan-2-ol (5 pL,
6.4 x 107> mol) was added in order to block residual TT
groups and the reaction mixture was stirred for an additional
30 min. The solvent was then evaporated, and the oily residue
was dissolved in water, purified by size-exclusion chromato-
graphy (Sephadex G-25, H,O) and lyophilized. The procedure
is depicted in Fig. 3.

2.8.2. PC-Fe. SSCip (6 mg, 1.18 x 10™> mol) was dissolved
in DMA (85 pL) and added to a solution of precursor P2
(56 mg) in MeOH (1.5 mL). To convert the amino group of
SSCip into the free base, DIPEA (4 uL, 2.3 x 10~° mol) was
added. After 1 h, 1-aminopropan-2-ol (6 pL, 7.68 x 10~ mol)
was introduced in order to block residual TT groups and the

This journal is © The Royal Society of Chemistry 2026
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reaction mixture was stirred for an additional 30 min. The
reaction mixture was then precipitated into diethyl ether and
dried under vacuum. The precipitate was dissolved in water,
purified by size-exclusion chromatography (Sephadex G-25,
H,0) and lyophilized. The procedure is depicted in Fig. 3.

2.9. Analytical methods and physicochemical
characterization

2.9.1. High-performance liquid chromatography (HPLC).
Analytical HPLC was performed using an LC-20 HPLC system
(Shimadzu, Japan) equipped with a photodiode array detector
(SPD-M20A) and a Chromolith® High Resolution RP-18e
column. Elution was carried out using a linear gradient of
mobile phase A (water/acetonitrile 95/5, v/v) and mobile phase
B (acetonitrile/water 95/5, v/v), either with or without the
addition of 0.1% trifluoroacetic acid (TFA), from 0 to 100% B
at a flow rate of 4 mL min~". Analytical HPLC was used for
monitoring reaction progress and for assessing the purity of
the synthesized compounds.

Preparative HPLC was carried out using a PrepChrom C-700
flash chromatography system (Biichi, Switzerland) equipped
with a photodiode array (PDA) detector. Separation was per-
formed at a flow rate of 60 mL min~" using a linear gradient
from 0 to 100% B over 15 min (mobile phase A: water/aceto-
nitrile 95/5, v/v; mobile phase B: acetonitrile/water 95/5, v/v).
PDA detection was performed in the range of 200-400 nm.
Preparative HPLC was employed for the isolation and purifi-
cation of the disulfide ciprofloxacin derivative (SSCip).

2.9.2. Determination of molar masses and hydrodynamic
diameters of the polymers. An HPLC system equipped with a
photodiode array with a UV-VIS detector (SPD-M40, Shimadzu,
Japan), a refractometric detector (Optilab, Wyatt, Germany),
and an 18-angle static light scattering detector (DAWN II,
Wyatt, Germany) was used for the analysis. The separation was
performed on a Superose 6 Increase 10/300 GL column (GE
Healthcare, Chicago, Illinois, USA) in 0.05 M phosphate buffer
with 0.15 M NaCl (pH 7.4 at a flow rate of 0.5 mL min~"). The
measured data were processed using ASTRA 8.1 software
(Wyatt) and LabSolutions 5.106 (Shimadzu). The refractive
index increment value dn/dc was 0.167 mL g~ .

Hydrodynamic particle diameter (Dy) of the samples P1-3,
PNC, PNC-Fe, PC and PC-Fe was measured by dynamic light
scattering (DLS) (Fig. S5) using a Zetasizer Ultra instrument
(Malvern Panalytical, UK) at a laser wavelength of A = 632.8 nm
and a scattering angle of § = 173°. The data were evaluated
using ZS Xplorer software. All samples were measured at a con-
centration of 3.0 mg mL ™" in PBS (pH 7.4).

2.9.3. Determination of TT group content. The content of
TT groups was determined spectrophotometrically from the
absorbance of TT in DMSO using the Lambert-Beer law. A
molar absorption coefficient of ery = 11400 L mol™ cm™
(Amax = 305 nm) was applied for the calculation.

2.9.4. Determination of DFX and chelated iron content.
The total DFX content on the polymer precursor was deter-
mined after the formation of the DFX-Fe complex in water.
Polymer precursor P2 (1 mg) and FeCl;-6H,0 (13.1 mg) were

This journal is © The Royal Society of Chemistry 2026
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dissolved in 1 mL of water, transferred to a cuvette, and the
absorbance of the solution was measured at 432 nm immedi-
ately after mixing. A molar extinction coefficient of 26 966 L
mol™" em™" was used for the calculation.

Given the high chelating affinity of deferoxamine for iron
and the large excess of FeCl;-6H,0 used, it was assumed that
the molar amount of bound DFX corresponded to the molar
amount of complexed iron. This assumption was subsequently
confirmed by elemental analysis performed by a service
laboratory.

2.9.5. Determination of ciprofloxacin content. The conju-
gated ciprofloxacin content was determined using 'H NMR in
d6-DMSO using the following equation:

feip 100
Icip + Iupma
where Ig;, is the integral of the ciprofloxacin proton signal at
8.68 ppm (s, 1H) and Iypma is the integral of the HPMA back-
bone signal at 4.7 ppm (br, 1H).

2.9.6. Determination of the release rate of ciprofloxacin.
Polymer conjugates PC and PC-Fe (corresponding to 100 pM
ciprofloxacin) were dissolved in 75 mM Tris-HCI buffer (pH
7.4) with 1 mM of GSH. The reaction mixture (450 pL) was
incubated at 25 °C. At defined time intervals, 10 pL aliquots
were withdrawn, and the reaction was quenched by adding
5 pL of 6% aqueous TFA. Ciprofloxacin release was monitored
by HPLC (Fig. S6).

To determine 100% release, the same procedure was
applied, replacing GSH with TCEP at equimolar concen-
trations. The reaction was monitored over time by HPLC. The
peak area of ciprofloxacin at the point where no cleavage inter-
mediates were detectable in the mixture was taken as 100%
released ciprofloxacin. At early stages, additional peaks were
observed, which gradually converted into a single peak corres-
ponding to ciprofloxacin.

The procedure was
described in ref. 24.

adapted from the methodology

2.10. Biological characterization

2.10.1. Minimum inhibitory concentration (MIC). MIC is
the lowest concentration of an antibacterial agent expressed in
pg mL~', which, under strictly controlled in vitro conditions,
completely prevents visible growth of the test strain of an
organism.>

MIC was determined by microdilution of samples in liquid
Mueller-Hinton broth (MH; 0.25 pg Fe mL ™" as quantified by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS)). An
overnight culture of S. aureus CCM4516 and E. coli CCM4517
was aerobically cultivated in MH broth at 34 °C on a shaker
(130 rpm) and was adjusted to 0.5 McFarland and diluted in
MH broth to a final inoculum of 10> CFU mL™". The culture
was seeded onto non-surface-treated 96-well plates (SPL,
Korea), 100 pL per well. Samples of the ciprofloxacin deriva-
tives were added (10 pL) in serial dilutions starting at 250 pg
mL™" of ciprofloxacin equivalent. Non-treated wells and wells
treated with ampicillin (150 pg mL™") were used as controls.

Biomater. Sci, 2026, 14, 2125-2136 | 2129
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Plates were incubated at 34 °C for 24 hours without shaking;
then, absorbance at 600 nm (ODggo) was measured. MIC was
determined as the concentration of the drug in wells with
absorbance equal to that in control wells with ampicillin (with
no visible bacterial growth). All tests were performed in tripli-
cate in three independent experiments. Results are shown as
means + standard error. All MIC values for polymer conjugates
are reported as ciprofloxacin-equivalent concentrations.

2.10.2. Cytotoxicity evaluation in human fibroblasts. To
assess the cytotoxicity of SSCip, Cip, PC, PC-Fe, PNC, and
PNC-Fe, a PrestoBlue assay (Invitrogen, Thermo Fisher
Scientific) was performed using a human fibroblast cell line
(HF; kindly provided by the Institute of Experimental Medicine
of the Czech Academy of Sciences). The PrestoBlue assay is
based on the reduction of resazurin to resorufin in metaboli-
cally active cells, enabling fluorescence-based quantification of
cell viability.

HF cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Thermo Fisher Scientific) sup-
plemented with 10% fetal bovine serum (FBS; Sigma-Aldrich)
and 1% penicillin/streptomycin (P/S; Gibco, Thermo Fisher
Scientific) at 37 °C under a humidified atmosphere containing
5% CO,. Passages 3 to 10 are used for experiments. The cells
were seeded in 96-well plates (4000 cells per well in 100 pL;
TPP, Switzerland) and incubated overnight. Samples were
added in serial dilutions (10 pL) starting with a concentration
corresponding to 75 pg mL™" of ciprofloxacin equivalents.
Wells treated with PBS only served as untreated controls.

After 72 h of incubation, 10 pL of PrestoBlue reagent was
added to each well, followed by incubation for an additional
4 h. Fluorescence was measured at an excitation wavelength of
560 nm and an emission wavelength of 590 nm using a Tecan
Spark® microplate reader. Cell viability was expressed as a per-
centage relative to untreated control cells.

2.10.3. Macrophage infection with E. coli and evaluation of
intracellular antibacterial activity. To assess the antibacterial
activity of ciprofloxacin and its derivatives (Cip, SSCip, PC,
PC-Fe, PNC, and PNC-Fe) against intracellular bacterial infec-
tion, a macrophage infection model using E. coli CCM4517
was employed. Murine alveolar macrophages MH-S (Sigma-
Aldrich) were cultured in complete RPMI 1640 medium sup-
plemented with 10% fetal bovine serum (FBS), 1% penicillin/
streptomycin, 2 mM r-glutamine and 0.05 mM 2-mercap-
toethanol at 37 °C under a humidified atmosphere containing
5% CO,. E. coli CCM4517 was cultured overnight in Mueller-
Hinton broth at 37 °C under aerobic conditions with shaking
(120 rpm).

For the infection experiments, MH-S cells (passages 3 to 5)
were seeded at a density of 2 x 10° cells per well in 500 pL of
complete RPMI medium in 24-well plates and incubated over-
night. The cells were subsequently infected with E. coli using 2
x 10° CFU per well, determining the initial multiplicity of
infection (MOI) to be 10, in CO,-independent medium sup-
plemented with 5% FBS (without antibiotics) and incubated
for 2 h at 37 °C. The infected cells were washed 3x with PBS
and incubated for 1 h in 500 pL of CO,-independent medium
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containing gentamicin (100 ug mL™") to eliminate extracellular
bacteria. Cells were washed 3x in PBS and the medium was
then replaced with 500 pL CO,-independent medium sup-
plemented with 5% FBS and gentamicin (2 pg mL ™).

After 24 h, the medium was replaced with 500 pL of fresh
CO,-independent medium containing 5% FBS, and Cip, SSCip,
PC, PC-Fe, PNC, or PNC-Fe was added at concentrations corres-
ponding to 0.5x, 1x, and 2x MIC values determined as
described above (see section 2.10.1). The plates were incubated
for an additional 24 h at 37 °C in a CO,-independent atmo-
sphere. The cells were then washed 3x in PBS and lysed using
0.1% Triton™ X-100 for 10 min, and the resulting lysates were
serially diluted and plated on Mueller-Hinton agar plates.
After 24 h of incubation at 37 °C, the bacterial colonies were
counted to determine the number of intracellular viable
bacteria.

All experiments were performed in duplicate in three inde-
pendent experiments.

Results were analyzed using GraphPad Prism software and
are presented as the mean + standard error of the mean (SEM)
from at least three independent experiments. Statistical signifi-
cance was defined as P < 0.1 (*) and P < 0.05 (**).

3. Results and discussion

The aim of the study was to design effective targeted polymer
nanotherapeutics and to evaluate how the linker degradability
and siderophore-mediated targeting influence the antibacterial
activity against S. aureus and E. coli. We designed a series of
HPMA-based polymer-ciprofloxacin conjugates differing in the
linker degradability and in the presence of a DFX-Fe targeting
unit.

3.1. Synthesis of the polymer precursors

The polymer precursor P1 was synthesized by controlled RAFT
polymerization of HPMA and Ma-f-Ala-TT using AIBIK-N; as
the initiator and TTC-N; as the chain transfer agent, which
enabled the introduction of a single azide group at the
polymer chain end. The monomer:CTA:initiator ratio was
selected to target a molar mass below the renal filtration
threshold, thereby allowing renal clearance of the polymer
carrier after fulfilling its function as a delivery vector in vivo.
Removal of the TTC end group from the polymer chain was
carried out by reaction with AIBIK-N3, thereby introducing an
azide function at the opposite chain end as well. Thus, a tele-
chelic polymer with both main chain ends terminated with
azide groups was formed. The polymer precursor was isolated
in 68% yield and exhibited a molar mass and hydrodynamic
radius (Fig. S5) consistent with the intended design for renal
excretion (Table 1).

The targeting moiety was introduced into polymer precur-
sor P1 by attaching DFX-Fe units to the polymer chain ends,
thus forming the polymer precursor P2. The DFX-Fe complex
was selected because deferoxamine acts as a xenosiderophore,
capable of promoting siderophore-mediated targeting and
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Table 1 Physicochemical characterization of polymer precursors and
polymer—ciprofloxacin conjugates

Sample  Cip content® (wt%) M, °(gmol™")  p® Dy, ¢ (nm)
P1 — 27 800 1.15 8.0
P2 — 25000 1.42 9.0
P3 — 28 000 1.18 9.0
PNC 9.65 36 000 1.40 8.0
PNC-Fe 8.20 34400 1.19 9.0
PC 3.09 31400 1.24 10.0
PC-Fe 3.86 34000 1.44 10.0

“Determined by 'H NMR. ?Determined by SEC/MALS in PBS.
¢ Determined by DLS in PBS.

uptake across a broad spectrum of bacterial species. The tar-
geting moieties were attached using the selective strain-pro-
moted cycloaddition of terminal azide groups with DBCO-
DFX, a reaction that proceeded rapidly and quantitatively
under mild conditions. Subsequent addition of FeCl;-6H,0O
afforded the desired DFX-Fe complex, while careful purifi-
cation ensured removal of the excess of iron. The course of the
conjugation reaction was monitored by HPLC, which con-
firmed complete conversion within a short time frame. This
synthetic approach thus provided stable, well-defined targeted
precursor P2 that could be further employed for covalent
attachment of ciprofloxacin or its disulfide derivative. The
functionality of the polymer precursor P2 was determined
spectrophotometrically based on the absorbance of the DFX-
Fe complex and corresponded to an average of 1.7 targeting
units per polymer chain. This is in accordance with the iron
content of 0.028 wt% determined by elemental analysis.
Introduction of the DFX-Fe targeting unit had only a minor
effect on the molar mass and hydrodynamic radius of the con-
jugates (Table 1).

3.2. Synthesis of the polymer-Cip conjugate with a non-
cleavable bond (PNC)

For the synthesis of polymer conjugates with ciprofloxacin
attached through a non-cleavable bond, the TT groups of the
polymer precursor P1 were reacted with the secondary amino
group of ciprofloxacin, resulting in conjugate PNC containing
an amide linkage (Fig. 3). The reaction proceeded quantitat-
ively but markedly slower due to the limited reactivity of the
secondary amine, requiring an extended reaction time of 12 h.
Such behavior is consistent with the steric and electronic pro-
perties of secondary amines, which generally reduce their reac-
tivity compared with the primary analogues.

Determination of ciprofloxacin content by 'H NMR spec-
troscopy in d6-DMSO confirmed successful conjugation and
provided a value of 9.65 wt%, which is sufficient for the follow-
ing biological evaluation. SEC-MALS analysis further demon-
strated that conjugation had no significant effect on molar
mass or hydrodynamic radius, both of which remained com-
parable to those of the polymer precursor (Table 1). These
results demonstrate that the selected approach is suitable for
the synthesis of amide-linked ciprofloxacin conjugates.
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3.3. Design and synthesis of a disulfide-containing
ciprofloxacin derivative (SSCip)

To enable controlled intracellular release of ciprofloxacin, a
strategy based on the introduction of a reductively cleavable di-
sulfide linker was pursued.”® For this purpose, a ciprofloxacin
derivative containing a disulfide bond (SSCip) was prepared,
and the synthetic procedure was optimized to achieve high
yield and suppress the formation of side products. The most
efficient approach employed Boc-NH-SS as the starting
material (see Fig. 2).

In this case, Boc-NH-SS was converted into the corres-
ponding chloroformate by reaction of the hydroxy group with
phosgene and, owing to the high reactivity of the intermediate,
it was used directly without isolation. The resulting chlorofor-
mate reacted readily with ciprofloxacin, which had been con-
verted to its free base by the addition of DIPEA. TMU was
selected as the reaction solvent due to its inertness toward
both phosgene and the chloroformate intermediate, allowing
smooth progression of the coupling step. Subsequent removal
of the Boc protecting group under acidic conditions using TFA
did not promote splitting of the disulfide bond and therefore
effectively suppressed the formation of the symmetric disulfide
byproduct CipSSCip (Fig. S7 and S8). As a result, SSCip was
obtained with a high overall yield of 70%. The structure and
purity of SSCip were confirmed by 'H NMR spectroscopy
(Fig. S1).

For comparison, an alternative synthetic approach based on
Fmoc-NH-SS was also examined. However, deprotection of the
Fmoc group under alkaline conditions led to pronounced for-
mation of the symmetric disulfide CipSSCip, resulting in a
markedly lower yield of the target compound (17%).
Consequently, this route was not pursued further.

3.4. Synthesis of the polymer-Cip conjugate with a cleavable
bond (PC)

SSCip was subsequently used for the synthesis of the cleavable
conjugate (PC). Reaction of the primary amino group of SSCip
with TT groups along the polymer backbone proceeded much
more rapidly than in the case of PNC - complete conversion
was achieved within 1 h, as confirmed by HPLC monitoring
(Fig. S4). The ciprofloxacin content in the resulting polymer
conjugate PC was 3.09 wt%, as determined by 'H NMR spec-
troscopy in d6-DMSO. SEC-MALS analysis further showed that
the conjugation did not significantly alter the molar mass or
hydrodynamic radius, both of which remained comparable to
those of the polymer precursor (Table 1).

3.5. Synthesis of polymer-ciprofloxacin conjugates targeted
with DFX-Fe

Using polymer precursor P2 bearing terminal DFX-Fe units,
two targeted polymer-ciprofloxacin conjugates were prepared,
differing in the structure of the linker connecting ciprofloxacin
to the polymer backbone. Ciprofloxacin was attached either via
a non-cleavable amide bond (PNC-Fe) or through a reductively
cleavable disulfide-containing linker using the SSCip derivative
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(PC-Fe). The conjugation reactions were performed analo-
gously to those of the corresponding non-targeted systems.
Attachment of ciprofloxacin via its secondary amino group pro-
ceeded more slowly and required extended reaction times,
whereas conjugation of SSCip, bearing a primary amino group,
was significantly faster.

Importantly, incorporation of the DFX-Fe targeting unit did
not adversely affect the efficiency of conjugation, nor did it
lead to pronounced changes in molar mass, dispersity, or
hydrodynamic radius of the resulting conjugates (Table 1).

These results indicate that the DFX-Fe targeting motif can
be incorporated into both cleavable and non-cleavable
polymer-ciprofloxacin conjugates without compromising their
physicochemical characteristics, thereby enabling subsequent
evaluation of the influence of the targeting on antibacterial
activity.

3.6. Release of ciprofloxacin from conjugates PC and PC-Fe

Release studies under reducing conditions (1 mM GSH, pH
7.4) revealed marked differences between the cleavable
polymer—ciprofloxacin conjugates PC and PC-Fe. As shown in
Fig. 4, PC exhibited a faster and more complete release of
ciprofloxacin, whereas incorporation of the DFX-Fe targeting
unit significantly slowed down the release process and reduced
the fraction of ciprofloxacin liberated in its native form. These
data confirm that the disulfide linker is chemically cleavable
under reductive conditions, while simultaneously indicating
that the presence of Fe** alters the release kinetics.

To clarify the origin of this behavior, the formation of di-
sulfide-containing byproducts during the release process was
examined (Fig. 5). In parallel with the slowed release of Cip
observed for PC-Fe, a pronounced formation of the symmetric
disulfide derivative CipSSCip was detected, whereas it was con-
siderably less pronounced in the absence of iron. This obser-
vation indicates that Fe** promotes oxidative disulfide scram-
bling, thereby diverting a fraction of the released thiol inter-
mediates into side reactions (Fig. S6). Given the low solubility
of CipSSCip, its formation effectively decreases the amount of
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Fig. 4 Time-dependent release of ciprofloxacin from PC and PC-Fe
conjugates under reducing conditions (1 mM GSH, pH 7.4).
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Fig. 5 Time-dependent formation of the disulfide byproduct CipSSCip
during reductive cleavage of PC and PC-Fe conjugates in the presence
of 1 mM GSH (pH 7.4).

ciprofloxacin available in the solution within the applied
model system.

It should be emphasized that these release experiments
were conducted under static in vitro conditions, which serve as
a simplified model to probe linker cleavability and potential
side reactions. In dynamic biological environments, where
continuous transport, compartmentalization, and regulated
redox processes occur, the extent to which such iron-mediated
side reactions contribute to the overall release profile may
differ. Nevertheless, the combined analysis of ciprofloxacin
release kinetics (Fig. 4) and byproduct formation (Fig. 5)
demonstrates that, beyond linker degradability, the redox
activity associated with targeting motifs can influence drug
release pathways and should therefore be considered in the
design of targeted polymer conjugates.”*

3.7. Antibacterial activity of the polymer-ciprofloxacin
conjugates

The antibacterial activity of the prepared polymer-ciprofloxa-
cin conjugates was evaluated in order to elucidate the influ-
ence of the chemical nature of the linkage between the
polymer carrier and the drug, as well as the effect of the pres-
ence of the DFX-Fe targeting unit, on the resulting efficacy
against E. coli and S. aureus (Fig. 6).

Comparison of the polymer conjugates bearing a non-clea-
vable (PNC) and a cleavable linkage (PC) demonstrates that the
introduction of a reductively cleavable disulfide linker has a
decisive impact on antibacterial activity. While PNC exhibited
only limited activity against E. coli and was ineffective against
S. aureus within the tested concentration range, the cleavable
conjugate PC showed markedly enhanced activity against both
bacterial strains (Fig. 6A and C).

These results clearly demonstrate that the mere presence of
ciprofloxacin covalently bound to a polymer carrier through a
non-cleavable amide bond is not sufficient to retain its biologi-
cal function. The secondary amine of ciprofloxacin, which in

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Minimum inhibitory concentrations (MIC) of polymer conjugates
against E. coli (A and B) and S. aureus (C and D). (A and C) Comparison
of free ciprofloxacin (Cip), disulfide derivative (SSCip), non-cleavable
conjugate (PNC), and cleavable conjugate (PC). (B and D) Targeted con-
jugates bearing DFX—Fe at polymer chain ends (PNC-Fe, PC—Fe).

the case of PNC is involved in conjugation to the polymer
backbone, plays a critical role in the mechanism of action of
the antibiotic, as it participates in the interaction with its enzy-
matic target, DNA gyrase. Blocking this functional group by
the formation of an amide bond prevents proper binding of
ciprofloxacin to the enzyme and thereby suppresses its inhibi-
tory activity.>”*® In contrast, incorporation of a disulfide linker
enables regeneration of native ciprofloxacin under reductive
conditions, which is consistent with the results of the release
studies.

Introduction of the DFX-Fe targeting unit into the non-clea-
vable conjugate resulted in enhanced antibacterial activity.
While PNC was active against E. coli only at higher concen-
trations and showed no detectable activity against S. aureus,
the targeted conjugate PNC-Fe exhibited measurable activity
against both bacterial strains within the tested concentration
range (Fig. 6B and D). This observation indicates that the pres-
ence of the targeting unit can partially compensate for the
absence of a cleavable linker.

Importantly, the polymer precursor P3 bearing only term-
inal DFX-Fe units but no bound ciprofloxacin did not exhibit
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any antibacterial activity against either bacterial strain within
the tested concentration range (data not shown), confirming
that the observed activity originates from ciprofloxacin rather
than from the targeting unit itself.

A different trend was observed for the cleavable conjugates.
Although non-targeted polymer conjugate PC exhibited high
antibacterial activity against E. coli, incorporation of the DFX-
Fe unit led to a reduced efficacy of PC-Fe compared to its non-
targeted analogue (Fig. 6B). This effect correlates with the
release experiments, which demonstrated that the presence of
Fe** slows down reductive cleavage of the disulfide linker and
promotes the formation of the poorly soluble disulfide bypro-
duct CipSSCip. As a result, the fraction of free ciprofloxacin
available during static in vitro testing is reduced, leading to
lower apparent antibacterial activity of PC-Fe against E. coli.

In contrast, for S. aureus, the activity of PC-Fe was slightly
higher than that of PC (Fig. 6D). This difference may be attribu-
ted to differences in the intracellular redox environment
between the two bacterial species. While E. coli contains high
intracellular levels of glutathione, S. aureus lacks glutathione,
which may result in different kinetics of disulfide cleavage and a
reduced contribution of the competing oxidative side reactions.

It should be emphasized that both the release and biologi-
cal experiments were performed under simplified static con-
ditions, which do not fully reflect the dynamic environment of
a living system. Therefore, it cannot be excluded that under
biologically relevant conditions, the observed side processes
would occur to a lesser extent or might not be dominant.

3.8. Activity against intracellular E. coli in infected
macrophages

While MIC assays provide a basic comparison of antibacterial
activity, the macrophage infection model enables the evalu-
ation of bactericidal efficacy under conditions more closely
resembling intracellular infections (Fig. 7). In this model, anti-
bacterial activity was expressed as the percentage of surviving
intracellular E. coli cells, which functionally corresponds to an
assessment of minimal bactericidal concentration (MBC). All
samples were tested at concentrations corresponding to 0.5x,
1%, and 2x their respective MIC values.

For all systems, a clear concentration-dependent antibacter-
ial response was observed, with the lowest efficacy generally
detected at 0.5x MIC. This trend confirms that intracellular
antibacterial activity remains dose-dependent even in the
complex cellular environment of macrophages. An exception
was observed for the disulfide derivative SSCip, which exhibi-
ted antibacterial activity at 0.5x MIC comparable to that at
MIC. This behavior can likely be attributed to its chemical
structure, particularly the presence of a primary amino group,
which may facilitate cellular uptake and enhance intracellular
availability of the antibiotic.

Comparison of the polymer conjugates clearly demonstrates
the critical role of the linker. The cleavable conjugate PC
exhibited higher efficacy at elevated concentrations than its
non-cleavable analogue PNC, confirming the importance of
controlled intracellular release of ciprofloxacin. At the same
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Fig. 7 Intracellular antibacterial activity of ciprofloxacin (Cip), its
disulfide derivative (SSCip), non-cleavable polymer conjugates (PNC and
PNC-Fe), and cleavable polymer conjugates (PC and PC-Fe) in an E. coli-
infected macrophage model (MH-S cells). Data are expressed as the per-
centage of surviving intracellular bacteria relative to the untreated
control (100%). Samples were tested at concentrations corresponding to
0.5%, 1x, and 2x MIC values determined against planktonic E. coli.
Values represent mean + SEM from three independent experiments per-
formed in duplicate.

time, the most important finding of this study is that, at con-
centrations corresponding to MIC, all tested samples exhibited
very similar antibacterial efficacy. This result provides key vali-
dation of the determined MIC values and demonstrates that
they also correspond to biologically relevant concentrations in
the intracellular infection model.

It is essential to emphasize that the absolute concentrations
of ciprofloxacin at MIC differed substantially between individ-
ual systems due to their distinct MIC values. For example, the
non-cleavable conjugate PNC exhibited an MIC of 62.5 pg
mL™", whereas its targeted analogue PNC-Fe showed an MIC of
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only 3.91 pg mL ™. Despite exhibiting comparable intracellular
efficacy at their respective MICs, the ciprofloxacin concen-
tration in the case of PNC-Fe was approximately 16-fold lower.
This result unequivocally confirms the functionality of DFX-
Fe-mediated targeting and demonstrates that active targeting
enables a pronounced increase in efficacy at a substantially
reduced antibiotic dose.

In the case of the cleavable conjugate PC, however, the
introduction of the DFX-Fe targeting unit did not result in a
comparably pronounced enhancement of efficacy, indicating
that the cleavable linker alone already ensures highly efficient
intracellular release of ciprofloxacin. Nevertheless, the combi-
nation of a cleavable linker and active targeting led to the
highest overall efficacy among all tested systems. The PC-Fe
conjugate was the most effective sample, and at a concen-
tration corresponding to 1x MIC, the survival of intracellular
E. coli cells was reduced to approximately 2%; more interest-
ingly, at 2x MIC, the survival of intracellular E. coli cells was
further reduced to approximately 1%. Only Cip and the PC-Fe
conjugate showed a significant difference in efficiency between
concentrations (Cip P < 0.05, PC-Fe P < 0.1).

Overall, these results demonstrate that MIC values alone do
not provide a complete picture of the intracellular behavior of
polymer-ciprofloxacin conjugates. At the same time, they
confirm the validity of MIC determination and highlight the
critical influence of both linker design and targeting units on
biological efficacy across different antibiotic doses.

3.9. Cytotoxicity toward human fibroblasts

The cytotoxicity of Cip, its disulfide derivative (SSCip), polymer
conjugates (PNC and PC), their DFX-Fe-targeted counterparts
(PNC-Fe and PC-Fe), and the polymer control P3 was evaluated
using a human fibroblast cell line (Fig. 8). Cell viability was
assessed by the PrestoBlue assay after 72 h of incubation over a

4.69 2.34 1.17 0.59

Concentration (ug mL’ Cip eq.)

Cip SSCip == PNC mm PC == PNC-Fe == PC-Fe == P3

Fig. 8 Cytotoxicity of Cip, its disulfide derivative (SSCip), polymer conjugates (PNC and PC), their DFX—Fe-targeted counterparts (PNC-Fe and
PC-Fe), and the polymer control P3 toward human fibroblasts, evaluated using the PrestoBlue assay after 72 h of incubation. Cell viability is
expressed as a percentage relative to untreated control cells. Ciprofloxacin concentrations are given as ciprofloxacin equivalents. Data are presented

as mean + SEM from three independent experiments (n = 3).
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concentration
equivalents.

Across the entire tested concentration range, all samples
exhibited high cell viability, with values remaining above 80%,
which is commonly considered a threshold for non-cytotoxic
behavior. No dose-dependent decrease in viability was
observed for any of the polymer conjugates, including the tar-
geted DFX-Fe systems. Notably, the polymer precursor P3
bearing only the targeting unit also showed no detectable cyto-
toxicity, confirming that neither the polymer carrier nor the
DFX-Fe moiety adversely affects fibroblast viability.

These results demonstrate that the introduction of ciprofloxa-
cin, disulfide linkers, and DFX-Fe targeting units does not
induce cytotoxic effects toward human fibroblasts under the
tested conditions. The favorable cytocompatibility of all investi-
gated systems supports their further investigation as antibacter-
ial nanotherapeutics, particularly with respect to applications
requiring prolonged circulation and repeated exposure.

range corresponding to ciprofloxacin or

4. Conclusion

In this work, we successfully designed, synthesized and evaluated
a series of functional HPMA-based polymer-ciprofloxacin conju-
gates. A cleavable linker strategy enabled the controlled release of
ciprofloxacin in its chemically unmodified and biologically active
form, confirming the applicability of this approach for targeted
antibiotic delivery. Furthermore, we showed that siderophore-
mediated targeting via the DFX-Fe complex can enhance antibac-
terial efficacy under selected conditions, with both linker chem-
istry and bacterial strain playing critical roles. The combination
of DFX-Fe targeting and cleavable linker chemistry has potential
in the “realistic” in vivo setup. Such polymer nanomedicines
showed promising activity against intracellular E. coli in infected
macrophages even at a concentration equal to the MIC deter-
mined on the bacterial strain in vitro.

Although the polymer conjugates exhibited lower antibacter-
ial activity in standard MIC assays compared to free ciprofloxa-
cin, this observation reflects the intrinsic design of polymer-
based systems rather than a limitation. The principal benefits of
these conjugates are expected to manifest in vivo, particularly
through prolonged circulation, enhanced accumulation at sites
of inflammation or infection, and the potential to reduce dosing
frequency due to sustained drug availability. Moreover, a moder-
ated antibacterial effect may represent a therapeutic advantage
in severe systemic infections, where excessively rapid bacterial
lysis can trigger undesirable inflammatory responses. Overall,
this study delineates key structure-activity relationships govern-
ing targeted polymer-antibiotic conjugates and provides a foun-
dation for their further development toward in vivo applications.
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