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Abstract
Treating urinary tract infections (UTIs) effectively is a difficult task due to the emergence of antibiotic-resistant 
bacteria and limited antibiotic access to intracellular bacteria within the bladder lining. Numerous studies of the 
antibiotics-nanodiamonds (NDs) synthesis and their inhibitory effect on bacteria have been performed previously. 
However, their effectiveness and toxicity in cell-based and animal infection models remain unclear. In this study, 
we presented the utilization of biopolymer-coated nanodiamonds for the delivery of tetracycline (TET) to the 
intracellular bacterial communities within the bladder cells using an intravesical delivery approach, aiming to 
effectively treat UTIs. Compared with antibiotics alone, the TET-loaded ND-based carrier system significantly 
improved the clearance of intracellular bacteria in the infected cell and animal models. Moreover, the intravesical 
delivery avoids the potential toxic effects from NDs accumulation in the organs, and minimizes the loss of 
the drugs during delivery. These results offer a promising strategy to treat chronic infections and prevent the 
recurrence of urinary tract infections (rUTIs).
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Introduction
Urinary tract infections (UTIs) are the second most 
common infection worldwide [1, 2], with an estima-
tion of 400 million global cases per year [3] (more than 
404.6 million in 2019; 95% UI 359.4-446.5 [4]), resulting 
in a total expense of six billion dollars in healthcare of the 
United States [5] and United Kingdom [6]. Nowadays, 
antibiotics remain the mainstay of the patient treatment, 
although the vaccine for UTI has been recently devel-
oped. However, the clinical values of conventional anti-
biotics have been alleviated dramatically because of the 
emergence of drug-resistant bacteria. Moreover, the poor 
accessibility of the drugs to the intracellular bacteria and 
the recurrence of UTI further enhance the difficulty of 
the treatment [7].

Uropathogenic Escherichia coli (UPEC) is the predomi-
nant causative agent that accounts for approximately 
80% of UTIs [8]. It encodes a number of virulence factors 
that are responsible for the establishment of infection 
in the urinary tract. The internalized UPEC can rapidly 
proliferate within the cells to form transient biofilm-
like intracellular bacterial communities (IBCs) or enter 
a quiescent state in which they form quiescent intracel-
lular reservoirs (QIRs) for later re-emergence [9–11]. 
These subcellular structures of bacteria in umbrella cells 
can provide a shelter to protect the internalized UPEC 
from bladder immune response, such as the phagocytic 
activity by neutrophils and macrophages. Moreover, the 
subtherapeutic concentration in the cell due to the low 
penetrating power of the drugs reduces the efficiency of 

the antibiotic treatment and the clearance of intracellu-
lar UPEC, resulting in the promotion of recurrent UTI 
(rUTI) as well as the emergence of antibiotic resistance 
[9, 12]. Nowadays, the gold standard preventative treat-
ment for rUTI in adult women is the continuous long-
term low-dose antimicrobial therapy [13]. This antibiotic 
prophylaxis, according to a meta-analysis conducted by 
the Cochrane Collaboration, could effectively reduce up 
to 80% of rUTIs [14]. However, the prolonged subthera-
peutic exposure often results in the development of anti-
microbial resistance of causative bacteria or commensal 
flora [13, 15], making it difficult to be used as a common 
practice in clinical treatment.

Over the past few decades, nanotechnology has made 
significant advancements in the field of medicine [16–
19]. Nanoparticles have been extensively utilized in the 
development of nanomedicines and delivery systems for 
therapeutic purposes, including tumor destruction [20], 
pathogen detection [21], and gene therapy [22–24]. In 
the case of treating UTIs, nanoparticle-based therapeu-
tics offer a promising strategy to target drug-resistant 
bacteria [25, 26]. By improving drug solubility and cel-
lular uptake [27, 28], nanoparticles have the potential to 
enhance the effectiveness of antimicrobial treatments 
and show antibacterial activity against various types of 
bacteria, including most Gram -positive and -negative 
bacteria and some drug-resistant strains of bacteria [29, 
30]. For example, Malarkodi et al. utilized copper sul-
fide nanoparticles as an antibacterial agent to treat UTI 
in vitro caused by E. coli, K. pneumoniae, P. vulgaris, 
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and S. aureus [31]. The group of Padhy determined the 
antibacterial properties of silver nanoparticles to eleven 
uropathogens isolated from UTI patients [32]. The work 
of Ahmad et al. discovered that biogenic zinc oxide 
nanoparticles synthesized from Mentha piperata could 
effectively suppress the growth of multi-drug resistant 
strains of Proteus mirabilis and Pseudomonas aerugi-
nosa isolated from UTI patients [33]. Despite the signifi-
cant and promising results obtained from these studies, 
the clinical applications of nanoparticles are hindered by 
their potential toxicity [34]. For instance, silver nanopar-
ticles release toxic ions that can damage cellular compo-
nents and induce apoptosis [35], showing toxicity toward 
mammalian cell lines [36] and zebrafish embryos [37]. 
Similarly, zinc oxide nanoparticles cause pulmonary tox-
icity and oxidative stress [38]. These studies highlighted 
the adverse effects of metal-based nanoparticles on living 
organisms, emphasizing the importance of investigat-
ing options with reduced cytotoxicity for antibacterial 
therapy.

Nanodiamonds (NDs) have recently gained increas-
ing interest as a theranostic tool in antibacterial therapy 
because of their chemical inertness, diverse surface func-
tionalization, minimal cytotoxicity in mammalian cells 
and animals, and high loading capacity of antibiotics 
through physical adsorption [39, 40]. Bare NDs possess 
natural antibacterial properties, effectively eliminat-
ing both Gram -positive and -negative bacteria by using 
reactive acid anhydride groups on ND’s surface [41]. 
Additionally, fully oxidized NDs can reduce intracellular 
bacteria without harming T24 bladder cells [42]. How-
ever, the antibacterial activity of bare NDs is only achiev-
able at high concentrations, particularly in conditions 
free of proteins or media. Indeed, various strategies have 
been explored to enhance the antimicrobial properties of 
NDs including active molecules or antibiotics incorpora-
tion. For example, the surface of NDs can be complexed 
with amikacin/levofloxacin [39] or conjugated with man-
nose [43] or menthol [44] to inhibit biofilm formation, 
substantially improved the antimicrobial activity of NDs 
against Escherichia coli (E. coli) and/or Staphylococcus 
aureus (S. aureus). Rouhani et al. developed a targeted 
drug delivery system by loading amoxicillin onto poly-
ethyleneimine-functionalized ferromagnetic material-
based ND [45] and demonstrated the effective release 
of the drug at specific sites for the treatment of UTIs. 
Ho’s group also incorporated amoxicillin-ND complexes 
into gutta-percha for bacterial eradication during root 
canal therapy [46], showcasing the biocompatibility and 
safety of NDs [47]. These findings demonstrated the high 
potential of NDs complexed with antibiotics as a poten-
tial antibacterial treatment in clinical applications.

Here, we developed an ND-based delivery system car-
rying antibiotic tetracycline (TET) for UTI treatment. 

We constructed the biocompatible TET-loaded bovine 
serum albumin (BSA) coated-NDs (TET-BSA-NDs) and 
investigated the therapeutic potency as the intracellular 
antibacterial drug in both UPEC-infected T24 bladder 
cells and UTI mouse models. The TET-BSA-NDs pos-
sessed high colloidal stability in different pH buffer sys-
tems, which are beneficial for improving drug delivery 
efficiency and therapeutic outcomes [48, 49]. Moreover, 
TET-BSA-NDs showed better and significant bacteri-
cidal effects on the intracellular bacteria in both in vitro 
and in vivo models when compared with the equivalent 
concentration of either TET or NDs alone. Besides, the 
cellular viability of infected cells after the treatment of 
TET-BSA-NDs was significantly improved, indicating 
the therapeutic potential of our ND-based delivery sys-
tem. In addition, we adapted the procedure of intravesi-
cal administration that is often utilized in bladder cancer 
patients to deliver TET-BSA-NDs for the treatment of 
UTI in a mouse model, eliminating the potential accumu-
lation of NDs in the liver, spleen, and lung. In summary, 
our study demonstrated how antibiotic-loaded nanodia-
monds deliver and function in infected models and the 
potential usage of the intravesical delivery of antibiotic-
functionalized NDs targeting IBCs for UTI therapy.

Results and discussion
Synthesis and characterization of TET-BSA-NDs
The problem of aggregation in physiological buffers 
hinders the loading and delivery efficiency of currently 
available NDs [49], leading to misinterpreted antibacte-
rial effects [50]. Achieving monodispersity is crucial for 
using NDs as antibacterial carriers. As BSA has been 
identified as an excellent stabilizer against ND aggre-
gation [51, 52], we have successfully developed an ND 
system coated with a layer of a BSA-derived biopoly-
mer, not only facilitating efficient drug loading but also 
demonstrating high colloidal stability in various buffers 
[53]. The BSA-derived biopolymer (cBSA-PEG) was syn-
thesized by covalently conjugating BSA with ethylenedi-
amine and polyethylene glycol (PEG) chains as shown in 
Scheme 1. Under our reported reaction conditions [53], 
∼ 48 ethylenediamine molecules were attached to each 
BSA molecule, which was characterized by the mass dif-
ference between raw BSA and cBSA via matrix-assisted 
laser desorption ionization-time of flight (MALDI-TOF) 
mass spectroscopy studies (Figure S1-2). Subsequently, 
∼ 6 polyethylene glycol (PEG) chains with an average 
molecular weight of 5000 g/mol were successfully conju-
gated to the amino groups of cBSA to afford PEGylated 
cationized BSA (cBSA-PEG) via N-hydroxysuccinimide 
(NHS) chemistry (Figure S3). Additionally, we per-
formed Fourier-transform infrared spectroscopy (FT-IR) 
to analyze the chemical composition of modified BSA 
and NDs. In the FT-IR spectra of proteins, raw BSA, 
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cBSA, and cBSA-PEG exhibited characteristic absor-
bance at 1661  cm− 1 and 1543  cm− 1, corresponding to 
amides I and II bands (Figure S4). The broad absorption 
peak at 3301  cm− 1 indicated the stretching of O-H and 
N-H groups. Notably, the FT-IR spectrum of cBSA-PEG 
showed a significant increase in absorption at 2879 cm− 1 
and 1113  cm− 1, attributed to the stretching of C-H and 
C-O-C, respectively (red curve in Figure S4). This con-
firmed the successful conjugation of PEG chains to cBSA 
molecules. After denaturation, fluorescein (FAM) was 
attached through a thiol-maleimide reaction, resulting in 
dcBSA-PEG-FAM (Figure S5).

The carboxyl-NDs obtained after acid oxidation of raw 
NDs were then coated by stirring them in a solution of 
dcBSA-PEG-FAM. The resulting BSA-coated NDs (BSA-
NDs) were purified and washed. Results of transmission 
electron microscopy (TEM) imaging revealed the change 
in agglomeration of NDs in the buffer after coating 
with the biopolymer. Uncoated carboxyl-NDs exhibited 
severe aggregation under 1X Phosphate buffered saline 
(PBS), while BSA-NDs still appeared in discrete particles 
(Fig. 1A). This confirmed that the coating of BSA-derived 
biopolymer was essential for maintaining the disper-
sity of NDs in physiological buffers. Dynamic light scat-
tering (DLS) analysis results also showed an agreement 
with TEM imaging. The results from the DLS analysis 
presented in Fig.  1B and Table S1 demonstrate that the 
average size of the NDs increased from 43.47 ± 1.06 nm to 
76.42 ± 4.32 nm in water after being coated with dcBSA-
PEG-FAM. Additionally, the zeta potential increased 
from − 70.5 ± 13.7 mV to -33.4 ± 2.2 mV, as shown in 
Fig.  1C. These findings confirm that the biopolymer 
coating provided protection to the NDs in Luria-Bertani 

(LB) medium. In contrast, carboxyl-NDs without the 
biopolymer coating formed micron-sized clusters 
(2.71 ± 0.69  μm) in LB medium, as indicated in Figure 
S6 and Table S1. We further characterized the modified 
NDs by FT-IR. In the FT-IR spectra of NDs (Fig.  1D), 
both raw NDs and carboxyl-NDs exhibited absorbance 
at 1792  cm− 1, corresponding to C = O vibration. The 
absorption peaks at 3438  cm− 1 and 1633  cm− 1 were 
assigned to O-H stretching and bending, respectively. 
The main feature in the FT-IR spectrum of carboxyl-NDs 
was the reduced intensity at 1095  cm− 1, indicating the 
removal of ether groups after acid oxidation. However, 
BSA-NDs showed higher absorption at 1111  cm− 1 due 
to the presence of PEG from dcBSA-PEG coated on the 
surface. The FT-IR spectrum of TET-BSA-NDs exhibited 
a significant absorption peak of PEG at 1111 cm− 1, con-
firming the presence of dcBSA-PEG. On the other hand, 
a bicinchoninic acid (BCA) assay was used to quantify 
the amount of BSA coated onto the surface of NDs. Fol-
lowing the standard protocol of the BCA assay kit, the 
BSA functionalized on NDs was quantified with different 
amounts of NDs applied (31.25, 62.5, and 125 µg) based 
on the standard BSA calibration curve (Figure S7A). The 
protein quantification increased with the amount of NDs 
applied, and a linear correlation was observed with NDs 
under different dilutions (Fig.  1E and S7B). In contrast, 
negligible absorbance was detected in bare NDs, con-
firming that NDs had little interference with the protein 
determination. Through calculation, it was determined 
that 82.6 ± 6.9 µg of dcBSA-PEG was coated on 100 µg of 
NDs.

TET is known to exist as a zwitterion in neutral aque-
ous solution [54]. The protonated dimethylammonium 

Scheme 1  Synthetic scheme of biopolymer-coated NDs loaded with tetracycline
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group confers a positive charge, while the loss of proton 
from the phenolic diketone moiety results in a negative 
charge. This zwitterionic nature enables TET to engage 
in electrostatic interaction with charged amino groups 
present in BSA. The loading method of TET to BSA-NDs 
can be referred to our previous study with a comparable 
design [55], TET was physically adsorbed onto BSA-NDs 
by mixing them for 48  h. Excess TET was removed by 

centrifugation, and the resulting TET-BSA-NDs were 
washed with 1X PBS as shown in Scheme 1. TET typically 
displayed absorption peaks at 276  nm and 365  nm, as 
shown in Figure S8A. The concentration of TET remain-
ing after the reaction was quantified by Ultraviolet–vis-
ible (UV-Vis) absorption, and the calibration curve was 
determined in Figure S8B. The quantification of unbound 
TET revealed that 0.42 ± 0.13  mg of TET was absorbed 

Fig. 1  Characterization of modified NDs. (A) TEM images of carboxyl-NDs, BSA-NDs and TET-BSA-NDs in 1X PBS, inset are the zoomed images of ND 
samples. The scale bars correspond to 200 nm. (B) Size distribution and (C) zeta potentials of carboxyl-NDs, BSA-NDs and TET-BSA-NDs in water. (D) FT-IR 
spectra of raw NDs, carboxyl-NDs, BSA-NDs, TET-BSA-NDs and TET. (E) Protein quantification of carboxyl-NDs and BSA-NDs by BCA assay. (F) Release kinetic 
of TET from BSA-NDs incubated in buffer with pH 6.0 at a concentration of 1 mg/mL for 0, 2, 4, 6, 12, 18 and 24 h. The release of TET over different time 
points was presented as a percentage relative to the amount of TET loaded onto the NDs. 1 mg/mL of TET-BSA-NDs was equivalent to 1.12 mg/mL of TET. 
Error bars in (B), (E) and (F) represent the mean ± standard error of the mean (SEM) of three independent experiments (n = 3). Data are analyzed using an 
unpaired t-test (two-tailed: *p < 0.05, ** p < 0.01, ***p < 0.0001)
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onto 0.5 mg of BSA-NDs. The monodispersity and mor-
phology of TET-BSA-NDs were similar to BSA-NDs in 
1X PBS as shown in TEM imaging (Fig. 1A). According 
to DLS analysis, no significant differences were observed 
when comparing the size and zeta potential of TET-BSA-
NDs with those of BSA-NDs in water (Fig.  1B and C). 
This suggests that the presence of TET did not affect the 
size or zeta potential of the NDs in the presence of the 
biopolymer coating. Furthermore, when examining the 
behavior of the NDs in LB medium, both the BSA-NDs 
and TET-BSA-NDs maintained similar sizes and dis-
played high monodispersity with a polydispersity index 
(PDI) of approximately 0.2 (Figure S6 and Table S1). 
FT-IR analysis revealed the successful adsorption of TET 
onto BSA-NDs. The FT-IR spectrum of TET-BSA-NDs 
showed a similar complexity to that of TET in the range 
of 450 cm− 1 to 1800 cm− 1, with both exhibiting absorp-
tion peaks at 1458 cm− 1 and 1537 cm− 1. These observa-
tions are in good agreement with the reported study [40]. 
Fluorescence analysis revealed that the emission of FAM 
in BSA-NDs was not altered after the immobilization of 
TET (Figure S9). To investigate the drug release capability 
of our ND system, we examined the release of TET from 
BSA-NDs by incubating them in buffers at different pH 
values. 1 mg/mL of TET-BSA-NDs in buffer solutions at 
pH 6.0, 7.4, and 8.0 were prepared and incubated at 37 °C 
for 24 h. The release of TET at pH 7.4 and 8.0, which rep-
resent the pH values of commonly used biologically rel-
evant media, was very low, with release percentages of 
2.3% and 2.6%, respectively (Figure S10). The release of 
TET in cell lysate was also low, approximately 2.5%, con-
sidering that the pH of the cytosol is known to be around 
7.2. In contrast, the amount of TET released increased 
significantly, up to approximately 15.0%, when incubated 
in a buffer solution at pH 6.0. Furthermore, we observed 
that the release percentage increased with longer incuba-
tion time, reaching a plateau after 12  h (Fig.  1F). These 
results are consistent with a study conducted by Giam-
marco et al. [40], confirming that TET remains adsorbed 
to the NDs under conditions similar to biological media 
(e.g., slightly alkaline conditions), while the drugs dis-
sociate from BSA-NDs under acidic conditions. This 
property prevents drug desorption before cellular inter-
nalization and allows release in slightly acidic organelles 
such as endosomes [56–58], which have pH values rang-
ing from 5.5 to 6.5 [59]. In acidic conditions, the phenolic 
diketone group of TET undergoes protonation, leading 
to TET carrying a positive charge instead of its zwit-
terion form. Meanwhile, the carboxyl groups of amino 
acids within the BSA molecule also get protonated in 
an acidic environment. This protonation process dimin-
ishes the electrostatic interaction between BSA-NDs and 
TET, facilitating an acid-responsive release. Moreover, in 
comparison to the study by Giammarco et al., where less 

than 10% of TET was released from carboxyl-NDs at pH 
4.09 over one-day incubation period, our BSA-NDs dem-
onstrate exceptional carrier capabilities. Our BSA-NDs 
effectively protect against TET dissociation initially, and 
subsequently, approximately 25% of TET was released in 
a buffer system at pH 4.5 within a relatively short incuba-
tion time of 24 h (Figure S10).

Antibacterial effect of TET-BSA-NDs
To investigate the antibacterial effect of TET-BSA-NDs, 
we measured the minimum inhibitory concentrations 
(MIC) of TET-BSA-NDs and BSA-NDs against UPEC 
CFT073 [60, 61]. BSA-NDs were used as a control to 
rule out the potential intrinsic antibacterial properties of 
the nanocarrier itself. The bacteria were directly treated 
with the increasing concentrations of each compound in 
LB broth (pH 7.0), and the viability of bacteria was mea-
sured. As shown in Fig.  2A, the nanocarrier BSA-NDs 
did not exhibit any inhibitory effect in bacterial growth 
by itself. In contrast, 5  µg/mL of TET-BSA-NDs dem-
onstrated a 30% reduction in the cell viability. Assum-
ing that the bactericidal activity of TET-BSA-NDs was 
attributed to the released TET as the nanocarrier has no 
antibacterial effect (Fig.  2A), the effective concentration 
of TET to kill the bacteria should be equal to the con-
centration of released TET. Since the percentage of TET 
released from TET-BSA-NDs was 2.3% at pH 7.4 (Sup-
plementary Figure S10B), the effective concentration of 
TET is [TETrelease] = 2.3% × [TET-BSA-NDs]. To compare 
the antibacterial activity of TET-BSA-NDs with free TET, 
the effective concentrations of TET and the free TET was 
plotted against the viability of bacteria (Fig. 2B). The MIC 
of TETrelease and free TET was 0.8  µg/mL and 1.1  µg/
mL respectively, suggesting the loading of TET into the 
ND nanocarrier did not reduce the antibacterial activity. 
Noteworthy, the amount of TET released increased sig-
nificantly, up to approximately 15.0% and 25% under pH 
6.0 and 4.5 respectively, which is similar to the conditions 
of endosome environments.

The bactericidal effects of TET-BSA-NDs on intracellular 
Bacteria of infected bladder cells
To evaluate the therapeutic potency of TET-functional-
ized NDs, cellular uptake and bactericidal effect on the 
intracellular bacteria were measured in CFT073-infected 
T24 bladder cells according to the study by Subramaniam 
et al. [62]. The UPEC strain CFT073 carrying mCherry 
fluorescent protein (CFT073-mCherry) was generated 
as the marker to identify the UPEC-infected host cells 
(Fig.  3A). TET-BSA-NDs were also labeled with FAM, 
which emits strong fluorescence at 520  nm, for tracing 
the localization of the NDs in the cells. BSA-NDs and 
TET were used as controls. To ensure that only intracel-
lular bacteria were tested in our experiments, the infected 
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T24 bladder cells were first treated with gentamicin to 
eliminate all extracellular bacteria. They were then puri-
fied based on the mCherry fluorescent signal using a flow 
cytometer (Fig. 3A and S11). As shown in Fig. 3A, sub-
stantial amounts of TET-BSA-NDs were internalized into 
the bladder cells after the treatment of the infected T24 
cells (green dot). Moreover, intriguingly, some TET-BSA-
NDs even colocalized with the bacteria in the cytoplasm 
of the infected T24 bladder cells.

To assess the antibacterial activity of TET-BSA-NDs, 
the viability of intracellular bacteria in the infected cells 

was determined and compared with the control treat-
ments (equivalent amounts of free TET and BSA-NDs). 
The colony-forming unit (CFU) was used to measure 
the bacterial viability in the cells after 24 h of treatment. 
As depicted in Fig. 3B, no significant difference between 
the control (no treatment) and TET-treated samples was 
observed, suggesting that the current dosage of TET is 
not enough to diffuse into the infected T24 cells. Con-
versely, treatment with TET-BSA-NDs significantly 
reduced the intracellular bacteria compared to the con-
trols (approximately 60%.), indicating that BSA-NDs 

Fig. 2  Bactericidal effect of the BSA-NDs, TET-BSA-NDs and TET on uropathogenic Escherichia coli CFT073. The bacteria was treated with increasing con-
centrations of BSA-NDs, TET-BSA-NDs and Free TET overnight at 37 °C in LB broth at pH 7.0. The optical density at 600 nm (OD600), which represents the 
bacterial growth, was measured after incubation. The OD600 of the sample without any treatment was set as 100% viability. The results were expressed 
as the means of at least three independent experiments. Error bars present the mean ± SEM of at least three independent experiments (n ≥ 3). Data 
are analyzed using an unpaired t-test (two-tailed: *p < 0.05, ** p < 0.01; ***p < 0.0001). (A) The percentage of bacterial viability was plotted against the 
concentration of NDs. (B) The percentage of bacterial viability was plotted against either the free TET or the calculated release of TET [TETrelease] = 2.3% × 
[TET-BSA-NDs] where 2.3% is the experimentally pre-determined percentage value of TET release from TET-BSA-NDs at pH 7.4 (Figure S10)

 

Fig. 3  Effect of the TET-BSA-NDs treatment in intracellular uropathogenic Escherichia coli CFT073. T24 bladder cells were incubated with CFT073-mCherry 
for 1 h. The cells were then washed with PBS and treated with 150 µg/mL of gentamicin for 1 h to kill extracellular bacteria, the E. coli mCherry + infected 
cells were sorted out and followed by incubation of 5 µg/mL of free TET, BSA-NDs only, TET-BSA-NDs and co-treatment of free TET with BSA-NDs for 24 h 
in a completed McCoy’s 5 A medium modified with 10 µg/mL of gentamicin, respectively. 5 µg/mL of TET-BSA-NDs is equivalent to immobilized with 
4.22  µg/mL of TET. (A) Immunofluorescence analyses characterizing the localization of FAM-labelled TET-BSA-NDs and CFT073-mCherry in T24 cells. 
TET-BSA-NDs and CFT073-mCherry (red) showed some of which colocalized each other in T24 bladder cells. The scale bars correspond to 25 μm. (B) The 
infected cells were lysis and intracellular CFT073-mCherry were enumerated after 24 h of treatment. The CFU count for the bacteria control sample was 
determined as 100%. The CFU count for the different treatment samples was normalized to the bacteria control sample. The result was expressed as the 
means of at least three independent experiments. Error bars present the mean ± SEM of three independent experiments (n = 3). Data are analyzed using 
an unpaired t-test (two-tailed: *p < 0.05, ** p < 0.01, ***p < 0.0001)
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serve as an excellent carrier to deliver the drugs into 
cells efficiently and target the intracellular bacteria below 
the MIC of free TET (4.22 µg/mL). Moreover, when we 
compared individually the antibacterial effect of free 
BSA-NDs or free TET, we found that BSA-NDs con-
tributed better in the clearance of intracellular bacteria 
than TET. Although the percentage release of TET from 
the ND carrier was determined to be 15% under acidic 
environments, the drug efficacy could still be significant, 
especially in scenarios where there are an average of 1 
to 2 bacteria present within a T24 cell [63]. Since small 
sized-NDs have been reported to possess the bactericidal 
effect [41, 42], we also tested the antibacterial activity of 
BSA-NDs as well as the mixtures of TET and BSA-NDs 
to eliminate the possibility of additive effects. As shown 
in Fig.  3B, treatment with BSA-NDs or BSA-NDs/TET 
cannot provide the same or similar antibacterial activ-
ity as TET-BSA-NDs at the equivalent concentrations, 
indicating the potency of TET-BSA-NDs as the drug to 
deliver TET to target intracellular bacteria. Provided that 
the cytotoxicity of TET-BSA-NDs was very low (Figure 
S12), NDs serve as biocompatible tools for delivering 
therapeutic drugs to eliminate the intracellular bacte-
ria of UTIs, potentially alleviating the recurrence of the 
infection.

Recurrence or the chronic nature of infections presents 
significant challenges in clinical treatment, largely due to 
the presence of IBC. Additionally, many antibiotics are 
not specially designed to penetrate cell membranes and 
are susceptible to degradation by enzymes in the cytosol 
[64–66]. High doses of antibiotics are often required to 
compensate for their low penetration power into cells to 
target these bacteria; however, this approach is accom-
panied by encountered toxicities, side effects, and the 
enhanced potential of developing antibiotic resistance 
[67–73]. Currently, there is no specific drug or molecule 
that effectively targets IBC. In our study, we focused on 
the formulation development of drugs to reach intracellu-
lar bacteria using a specific carrier which brings the anti-
biotics into the cells. TET is a broad-spectrum antibiotic 
active against a wide range of bacterial infections, such as 
acne, plague, UTIs, and other infections caused by sus-
ceptible Gram-negative bacteria [74]. A pilot clinical trial 
results supported that 66.7% (8 out of 12) hospitalized 
patients with UTIs were successfully treated with TET 
without regard to disk sensitivity. These findings sug-
gested that TET may be an acceptable empiric approach 
to treating UTIs in non-septic hospitalized patients [75]. 
Besides, a comparative study by Rosenstock, J., et al. eval-
uated single-dose TET to conventional therapy of UTI. 
The result demonstrated that the cure rate by the treat-
ment of single-dose TET (2 g), multi-dose TET (500 mg 
four times/ day, for 10 days), and single-dose amoxicil-
lin (3  g) in women with UTIs were 75%, 94%, and 54%, 

respectively. This finding suggested that single-dose 
TET demonstrates comparable efficacy to other antibi-
otic regimens regardless of the susceptibility of the ini-
tial pathogen and has minimal toxicity. These promising 
results/ potential advantages warrant further investiga-
tion of TET as a single-dose therapy for uncomplicated 
UTIs [76]. While TET has shown therapeutic potential 
for UTIs, its poor urinary excretion limits its clinical util-
ity as a first-line UTIs treatment [74, 77]. For this reason, 
our intravesical delivery approach may represent a prom-
ising solution that could overcome this pharmacological 
challenge (enhanced localized antibiotic concentration 
and improved intracellular penetration), potentially mak-
ing TET a more effective option for chronic UTIs man-
agement and preventing rUTIs in the future.

While we have attempted to load other antibiotics, 
such as Fosfomycin, onto BSA-NDs carrier, their loading 
efficiency is inferior to that of TET (unpublished data). 
Also, the loading of Fosfomycin causes the aggregation 
of nanoparticles, which is not feasible for drug delivery. 
Nevertheless, our intravesical delivery approach, com-
bined with the TET-BSA-NDs system, has demonstrated 
promising results against IBC in both in vivo infected 
T24 bladder cell models and mouse models. Although 
TET is not a first-line antibiotic treatment for UTIs and 
resistance remains a concern, this proof-of-concept study 
highlights the potential of our combined delivery strat-
egy to deliver low concentrations of antibiotic(s) to enter 
the host cells and kill the intracellular bacteria. Impor-
tantly, the NDs platform can be adapted to carry other 
antibiotic(s) for against IBC treatment, though further 
optimization is needed.

Indeed, several studies suggested that TET synergy 
with other antibiotics could revitalize its clinical utility. 
A study investigated the synergistic effects of combining 
TET with other antibiotics against multidrug-resistant 
Gram-negative bacteria (E.coli, Pseudomonas aeruginosa, 
Klebsiella pneumoniae etc.) The results revealed that 
TET effectively synergized with various antibiotics, 
particularly ampicillin (AMP), cloxacillin (CLX), and 
chloramphenicol (CHL), at sub-inhibitory concentra-
tions (MIC/5–MIC/10 of TET). This combination sig-
nificantly reduced the minimum inhibitory concentration 
(MIC) up to 1024-fold compared to monotherapy. This 
study concluded that TET combined with other antibi-
otics could potentially restore antibiotic efficacy against 
multidrug-resistant Gram-negative bacteria strains [78]. 
Moreover, amoxicillin, a first-line antibiotic for treat-
ing urinary tract infections (UTIs), demonstrated strong 
synergy (87.5%) against various bacteria when combined 
with TET. These combinations were effective against 
Gram-negative and Gram-positive bacteria, including 
strains resistant to amoxicillin alone. This indicated that 
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TET-amoxicillin combination therapy may be far more 
effective than either antibiotic used alone [79].

For the purpose of proof-of-concept, TET-BSA-NDs 
which were utilized as carriers [67, 80, 81] to deliver low 
concentrations of antibiotics to enter the host cells and 
kill the intracellular bacteria. Based on the results of the 
release kinetics and colocalization test (Figs. 1F and 3A), 
there are two possible mechanisms that can describe the 
antibacterial functions of TET-BSA-NDs, (1) TET was 
released during the endosomal retention of TET-BSA-
NDs after cellular uptake through clathrin-mediated 
endocytosis and micropinocytosis [82]. (2) The close 
contact of TET-BSA-NDs with bacteria also contrib-
utes to the release of TET and boosts antibiotic efficacy 
[83, 84]. Indeed, TET-BSA-NDs provide a more prom-
ising approach to treat chronic infections and prevent 
the recurrence of UTIs compared to other inorganic 
nanoparticles. For example, Rahuman et al. reported an 
antibacterial effect using silver nanoparticles capped with 
antimicrobial C. carandas leaf extract at a concentration 
of 40 µg/mL [85], while Ahmad et al. reported the anti-
bacterial impact of Mentha piperata-derived zinc oxide 
nanoparticles at a minimum concentration of 25 µg/mL 
[33]. Our designed ND carrier has shown remarkable 
drug efficacy in UTI treatment at a low concentration 
applied.

Recovery of infected bladder cells by TET-BSA-NDs
Host cells act as a protective refuge to shield internal-
ized UPEC from being attacked by the immune response. 
Moreover, the low penetrating power significantly 
reduces the effective concentration of the drugs, causing 
insufficient clearance of UPEC that leads to the failure of 
the medical treatment. The surviving bacteria will repli-
cate inside the host cell and induce cell death by produc-
ing bacterial toxins or expressing virulence factors. The 
released bacteria from the death cells will re-enter infec-
tious cycles and perpetuate the infection [9, 86–88]. We 
previously demonstrated that TET-BSA-NDs can enter 
the infected T24 cells and co-localize with the intracel-
lular bacteria. To determine the therapeutic efficacy of 
TET-BSA-NDs, we examined the cell viability of the 
infected cells upon treatment. The bladder cells were 
first infected with the CFT073 bacteria, then underwent 
daily treatment with equivalent amounts of free TET, 
BSA-NDs or TET-BSA-NDs for the next four consecu-
tive days (Fig.  4A i). A single dosage administered after 
24  h of infection, followed by daily replacement with 
fresh medium, was also investigated (Fig. 4A ii). Infected 
cells incubated with a culture medium were only used 
as a control (bacteria control). As shown in Fig. 4B and 
C, both multiple dosages and single dosage of TET-
BSA-NDs treatment improved cell viability by 2.5-fold 
and 2-fold, respectively, when compared to the bacteria 

control groups. These results suggested that no addi-
tional positive effect was achieved by multiple dosages. 
Noteworthy, an equivalent amount of TET only partially 
protected the infected cells. These results strongly sug-
gest the significant role of NDs as efficient carriers to 
transport TET into cells, thereby achieving an effective 
concentration of antibiotics intracellularly to eliminate 
the bacteria inside the host cells, rescuing the bladder 
cells from apoptosis during UTI. On the other hand, 
free TET cannot efficiently penetrate into the host cells, 
resulting in the reduced effectiveness of the clearance of 
intracellular bacteria, increasing the risk of developing 
chronic infections.

Evaluation of antibacterial potency of TET-BSA-NDs in UTI 
mouse model
In vitro studies of TET-BSA-NDs demonstrated that NDs 
effectively brought the TET into the cells and killed the 
intracellular bacteria, improving the viability of the host 
cells. To further investigate the impact of TET-BSA-
NDs on IBC proliferation and their effects on immune 
response in the bladder, a UTI mouse model was estab-
lished. First, we induced UTI in C57BL6 mice by trans-
urethral inoculation of CFT073-mCherry for 6  h, and 
then administrated the equivalent amount of TET, BSA-
NDs or TET-BSA-NDs transurethrally. Infected mice 
treated with PBS were used as controls. Effective drug 
delivery remains a significant challenge in the therapeu-
tic development of NDs, as they often accumulate in the 
liver, spleen, and lungs [89, 90]. To tackle this issue, we 
employed urethral catheterization as a delivery method 
for introducing the NDs directly to the bladder for UTI 
therapy. This approach has several advantages. Firstly, 
it extends the duration of NDs’ presence in the bladder, 
enhancing their therapeutic potential. Secondly, it mini-
mizes the toxic effects associated with off-target biodis-
tribution in the host. This assumption is supported by a 
study conducted by Miao et al., where the distribution of 
nanoparticles in different organs was investigated post-
intravesical delivery [91]. Their findings revealed a signif-
icant concentration of particles fluorescence signal in the 
bladder, with negligible presence in organs like the liver, 
kidney, and spleen. Additionally, this technique helps 
to mitigate possible losses during delivery, ensuring the 
maintenance of effective drug concentrations and achiev-
ing the desired therapeutic outcome. Consequently, this 
approach holds promise as a generic method for deliver-
ing NDs in future applications.

To monitor the infection within the mice’s bladders in-
situ, we captured images using an i imaging system (IVIS 
images) and compared the mCherry signal (as previously 
described) among treatment groups. The antibacterial 
effect of the NDs was determined before and after treat-
ments. As shown in Fig.  5A ii, we found that the mice 
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were able to naturally clear most bacteria in the urinary 
tract and bladders within one day after infection (bacte-
rial control group). Moreover, treatments of neither TET 
nor BSA-NDs (Fig.  5A iii and iv) eradicated the intra-
cellular bacteria (the IBC in the bladder cells). Intrigu-
ingly, on the other hand, TET-BSA-NDs can completely 
remove all the bacteria in the bladders of infected mice 
(Fig.  5A v), demonstrating its excellent antibacterial 
clearance for intracellular bacteria. The fluorescent sig-
nals were quantitated to evaluate the bactericidal effects 
of the compounds (Fig.  5B). Noteworthy, we observed 
swollen and inflamed bladders in all samples except the 
one treated with TET-BSA-NDs when compared to no 
bacteria control (Fig. 5C), suggesting the anti-inflamma-
tory effect of TET-BSA-NDs.

Acute cystitis is a condition caused by excessive inflam-
mation in the urinary bladder, resulting in symptoms such 
as pain, frequent urination and urgency [92]. Immune 
cells, such as neutrophils, monocytes and macro-
phages, are essential elements of the host innate immune 

response to UTIs. Macrophages and uroepithelial cells 
produce pro-inflammatory cytokines and chemokines 
during UTIs to recruit neutrophils to the infection site 
and modulate antimicrobial defenses. In Fig.  5D, qPCR 
analysis that the expressions of pro-inflammatory genes 
interleukin (IL) (IL-1β and IL-6), interferon signal-
ing components (IFNAR and IFNβ), tissue remodeling 
enzymes (COX2 and MMP9), chemokines (CCL2, CCL5, 
CXCL9 and CXCL11), pathogen recognition receptors 
(TLR4), tumor necrosis factor α (TNF-α), and the neuro-
peptide substance P precursor (Pre-SP) in infected mice 
treated with PBS (bacteria control), TET and BSA-NDs 
were substantially elevated in bladder tissue, highlight-
ing a robust macrophage-driven immune response. These 
genes are central to macrophage activation, cytokine pro-
duction, leukocyte recruitment, and tissue inflammation 
[93, 94]. In contrast, the expression levels of IL-1β, IL-6, 
COX2, CCL5, CXCL9, CXCL11, TNF-α, TLR4, and Pre-
SP were significantly lower in the bladder of TET-BSA-
NDs-treated mice compared to other groups. Moreover, 

Fig. 4  Effect of the TET-BSA-NDs treatment in UPEC-infected T24 bladder cells. (A) Experimental timeline scheme for infected T24 bladder cells. T24 
bladder cells were incubated with E. coli CFT073 for 2 h. The cells were then washed with PBS and treated with 150 µg/mL of gentamicin for 2 h to kill 
extracellular bacteria and then incubated with 5 µg/mL of fee TET, BSA-NDs only and TET-BSA-NDs in a completed McCoy’s 5 A medium modified with 
10 µg/mL of gentamicin, respectively. (i) & (B) Infected cells were received multiple doses of treatment in four consecutive days. (ii) & (C) Infected cells 
were received a single dose of treatment on Day 1 and followed by replaced medium daily for the next three days. 5 µg/mL of TET-BSA-NDs is equivalent 
to immobilized with 4.5 µg/mL of TET. No bacteria control and bacteria control served as negative and positive control, respectively. The cell viability for 
no bacteria control sample was determined as 100%, and all other samples were normalized to no bacteria control sample. The result was expressed as 
the means of at least three independent experiments. Error bars present the mean ± SEM of three independent experiments (n = 3). Data are analyzed 
using an unpaired t-test (two-tailed: *p < 0.05, **p < 0.01, ***p < 0.0001)
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Fig. 5  Infection of C57BL6/J female mice with UPEC CFT073-mCherry. 7 weeks old C57BL6/J mice were transurethrally inoculated with 1 × 108 CFU 
CFT073-mCherry for 6 h. At 6 h post-infection, 5 µg/mL of free TET, BSA-NDs and TET-BSA-NDs was injected transurethrally into the bladder, respectively. 
PBS as bacteria control. 5 µg/mL of TET-BSA-NDs is equivalent to immobilized with 4.22 µg/mL of TET. After overnight, the bladder was harvested. (A) Rep-
resentative images were obtained by In vivo Imaging System (IVIS) after being infected with UPEC CFT073-mCherry and after receiving overnight treat-
ment. The pseudo-color scales indicated the radiant efficiency of each mouse. (B) Based on bacteria that expressed the fluorescence protein mCherry, 
the intensity of radiant efficiency emitted from each bladder of mice in (A) was quantified. n = 3 mice/ group. The experiment was performed with 3 mice 
for each group. Error bars present the mean ± SEM of three independent experiments (n = 3). (C) Representative photographs of normal and infected 
mice bladder with or without received treatment. The scale bar corresponds to 1 cm. (D) Analysis of interleukin (IL16 and IL-1β), interferon signaling 
components (IFNAR and IFNβ), tissue remodeling enzymes (COX2 and MMP9), chemokines (CCL2, CCL5, CXCL9 and CXCL11), pathogen recognition 
receptors (TLR4), tumor necrosis factor α (TNF-α), and the neuropeptide substance P precursor (Pre-SP) relative mRNA expression level using qPCR in 
response to different treatments for mice bladders. Error bars present the mean ± SEM of at least three independent experiments (n ≥ 3). (E) Structure 
of the bladder and (F) The representative image displays a splayed bladder showing a mCherry red fluorescent protein-expressing IBCs (indicated by 
white arrows) under a motorized fluorescence stereoscope. The scale bars correspond to 2.5 mm. (G) Representative photographs of CFU counting of 
the bladder urothelium. CFUs of CFT073-mCherry dots on the LB agar plate containing kanamycin in a 10-fold dilution gradient. (H) After harvesting the 
bladder, open it and subsequent gentamicin treatment before homogenizing that allowed the enumeration of IBC only (bacteria in urothelium). The CFU 
count for the different treatment samples was normalized to the bacteria control sample. n ≥ 5 mice/ group. The experiment was performed with at least 
5 mice for each group. Error bars present the mean ± SEM of at least five independent experiments (n ≥ 5). All data are analyzed using an unpaired t-test 
(two-tailed: *p < 0.05, **p < 0.01, ***p < 0.0001)
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down-regulation was also observed for INFβ, IFNAR, 
MMP9, and CCL2 in the TET-BSA-NDs-treated mice 
group. Macrophages are pivotal in detecting pathogens 
via TLR4, which triggers NF-κB signaling and subsequent 
cytokine release (TNFα, IL-1β, IL-6) [93, 95]. Elevated 
COX2 and MMP9 indicate prostaglandin-driven inflam-
mation and tissue damage, while chemokines like CCL2 
and CXCL9 recruit monocytes and T cells [95–98]. 
The upregulation of these genes in infection aligns with 
expected macrophage responses. IL-1β plays a crucial 
role in mediating the inflammatory response and influ-
encing various cellular activities, such as proliferation, 
differentiation, and apoptosis. In the clinic, patients with 
bacterial cystitis often display elevated levels of urinary 
interleukin IL-1β compared to individuals with Intersti-
tial Cystitis/Bladder Pain Syndrome (IC/BPS) and control 
subjects without a history of UTI or lower urinary tract 
symptoms [99–101]. Bladder infections prompt a rapid 
innate immune response, leading to a high level of IL-6 
production [99, 102], which in turn facilitates inflamma-
tion and other acute phase responses [103, 104]. Addi-
tionally, Pre-SP, which is involved in transmitting pain 
signals to the central nervous system [105], has been 
found to induce secretion of TNF-α, IL-1β, and IL-6 in 
macrophages and monocytes [106–108]. Hence, these 
molecules play important roles in mediating innate 
immune defenses against bacterial infection [109–111]. 
Besides, the IHC (Figure S13) result demonstrated that 
the bacteria control group exhibited a significant increase 
in F4/80 protein expression (brown signals) compared to 
the no bacteria control group. In contrast, the TET and 
BSA-NDs groups demonstrated a decrease in F4/80 pro-
tein expression compared to the bacteria control group. 
The TET-BSA-NDs group displayed the most signifi-
cant decrease in F4/80 protein expression among all the 
groups. This suggests that mice with bacterial infections 
treated with TET-BSA-NDs exhibited decreased F4/80 
protein expression compared to TET and BSA-NDs 
alone, indicating that TET-BSA-NDs could potentially 
reduce the number of macrophages involved in the repair 
of bladder tissue after bacterial-induced injuries. Thus, 
TET-BSA-NDs represent a promising strategy to dampen 
macrophage-mediated inflammation in bacterial cystitis, 
offering advantages over conventional antibiotic ther-
apy. This approach may inform targeted treatments for 
infections and inflammatory disorders, emphasizing the 
role of nanotechnology in optimizing drug delivery and 
immune modulation.

In addition to investigating the immune responses after 
the treatment with NDs, we also examined the prolif-
eration of UPEC and the formation of IBC in umbrella 
cells on the urothelium layer of the bladder (Fig.  5E). 
After overnight treatment, the bladders of infected mice 
were dissected, and the urine and bacteria in the bladder 

lumen were washed away. The splayed bladders were 
then observed using fluorescence microscopy to iden-
tify the IBC (red dots representing bacterial aggregates). 
As shown in Fig.  5F, mice treated with TET-BSA-NDs 
showed the fewest bacterial aggregates signal compared 
to other treatments. To further confirm our result, we 
stained the bladders for LacZ expression in E. coli (Fig-
ure S14), in which IBC appeared as dark blue dots on the 
urothelium. These results strongly indicated that TET-
BSA-NDs effectively entered the urothelium cells to kill 
the intracellular bacteria, resulting in enhanced antibac-
terial activity.

To quantify the amount of bacteria within the umbrella 
cells (IBC) of the urothelium layer, a CFU assay was con-
ducted. After an overnight treatment, the bladders were 
collected from euthanized mice and treated with genta-
micin to remove extracellular bacteria, which enabled 
counting IBC only. The bladders were subsequently pre-
pared for the CFU assay. Following a serial dilution, the 
samples were placed on the LB agar plates with kanamy-
cin, and the intracellular bacteria concentration (CFU/g 
of tissue) was determined by counting the number of 
colonies (Fig. 5G). As depicted in Fig. 5H, a 9.4% reduc-
tion was noted in the TET treatment group compared 
to the controls. Remarkably, a single dose of TET-BSA-
NDs treatment has already eradicated nearly 90% of the 
IBC in urothelial cells in less than 24  h, suggesting that 
TET-BSA-NDs effectively halted IBC proliferation by 
delivering antibiotics into the bladder cells via NDs. 
Additionally, we quantified the bacteria in the lumen 
as a control and found that TET treatment significantly 
reduced bacteria by 75.8% in the infected bladder com-
pared to the controls (Figure S15). Notably, TET-BSA-
NDs treatment further decreased bacteria levels by an 
additional 34% compared to TET alone, demonstrating 
its potent antibacterial effectiveness. In addition to anti-
biotics, it is worth noting that the innate immune system 
also plays a crucial role in controlling and clearing intra-
cellular infections, leading to the completely eradicating 
of bacterial infections [112–115]. Collaborative efforts of 
antimicrobial agents with immune cells, including mono-
cytes [112] and neutrophils [116], or defense mecha-
nisms, such as exfoliation of the infected urothelium 
[116–118], have been shown to clear intracellular bacte-
ria successfully. Given that the initial number of IBC in 
the infected cells was dramatically alleviated after a single 
dosage of TET-BSA-NDs treatment, the immune sys-
tem of the bladder cells can readily clear the IBCs with-
out prolonged treatment or multiple dosing. Moreover, 
the highly efficient and effective killing effect of TET-
BSA-NDs, which specifically reduces the number of IBC 
in a short period of time, followed by the host immune 
response for the clearance of bacteria, can further avoid 
the development of bacterial resistance. Existing studies 
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have demonstrated that the intravesical administration 
of nanoparticles containing chemotherapeutic drugs can 
effectively treat bladder cancers [119]. To the best of our 
knowledge, this is the first example of intravesical deliv-
ery of antibiotic-functionalized NDs to target UPEC in 
the infected bladder for UTI treatment.

Conclusion
In summary, we have successfully demonstrated the 
usage of antibiotic-functionalized NDs for the treatment 
of UTIs through intravesical delivery. We loaded tetra-
cycline onto the BSA-NDs, and showed its excellent col-
loidal stability across various buffer systems. Moreover, 
the BSA-NDs act as the drug carriers to facilitate the 
entry of antibiotics in the cell, resulting in the improved 
antibacterial efficacy, reduced inflammatory responses, 
and enhanced intracellular bacterial clearance. Besides, 
importantly, our study introduced the technique of ure-
thral catheterization for delivering antibiotic-loaded 
NDs for UTI treatment. This method effectively prevents 
the accumulation of NDs in organs, thereby minimizing 
potential toxic effects to the host. Additionally, it reduces 
the risk of drug loss during delivery, ensuring a sustained 
and effective drug concentration for optimal therapeutic 
effects. Although there is a risk of contamination in the 
process of urethral catheterization, the extreme hygiene 
setup and the safety precautions can effectively alleviate 
the potential complications of this practice. Ultimately, 
this approach can potentially be established as a standard 
framework for future ND-based drug delivery systems 
[61, 105].
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