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Abstract 

Background Minicells are chromosome-free derivatives of bacteria formed through irregular cell division. Unlike 
simplified structures, minicells retain all cellular components of the parent cell except for the chromosome. This fea-
ture reduces immunogenic responses, making them advantageous for various biotechnological applications, includ-
ing chemical production and drug delivery. To effectively utilize minicells, it is essential to ensure the accumulation 
of target proteins within them, enhancing their efficiency as delivery vehicles.

Results In this study, we engineered Escherichia coli by deleting the minCD genes, generating minicell-producing 
strains, and investigated strategies to enhance protein accumulation within the minicells. Comparative proteomic 
analysis revealed that minicells retain most parent-cell proteins but exhibit an asymmetric proteome distribution, 
leading to selective protein enrichment. We demonstrated that heterologous proteins, such as GFP and RFP, accumu-
late more abundantly in minicells than in parent cells, regardless of expression levels. To further enhance this accumu-
lation, we manipulated protein localization by fusing target proteins to polar localization signals. While proteins fused 
with PtsI and Tsr exhibited 2.6-fold and 2.8-fold increases in accumulation, respectively, fusion with the heterologous 
PopZ protein resulted in a remarkable 15-fold increase in protein concentration under low induction conditions.

Conclusions These findings highlight the critical role of spatial protein organization in enhancing the cargo-loading 
capabilities of minicells. By leveraging polar localization signals, this work provides a robust framework for optimizing 
minicells as efficient carriers for diverse applications, from therapeutic delivery to industrial biomanufacturing.
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Background
Bacteria are industrial workhorses for recombinant pro-
tein production, and advancements in synthetic biology 
enabled the engineering of genetic circuits to support 
various applications in healthcare, bioenergy, and envi-
ronmental sustainability [1–5]. However, introducing 
engineered bacteria directly into real-world therapeu-
tic or environmental settings raises significant safety 
concerns about unintended, uncontrolled propagation. 
Minicells, which are small vesicles produced through 
abnormal bacterial division, offer a safer alternative 
chassis. They retain all cellular components of their par-
ent cells except chromosomal DNA [6, 7]. This unique 
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characteristic makes minicells particularly advantageous 
for various applications.

In bacteria, the Min system, comprising MinC, MinD, 
and MinE, regulates septum positioning by guiding 
FtsZ ring formation to the cell’s midpoint. Disrupting 
this system induces minicell production [8, 9]. Briefly, 
the FtsZ ring forms at the midpoint to facilitate cell 
division with help from the MinCD complex, which 
inhibits FtsZ polymerization at the cell poles [10, 11]. 
MinE prevents the MinCD complex forming at the cell 
center, ensuring proper septum positioning for divi-
sion [12]. Disruption of MinCD causes the FtsZ ring 
to assemble near cell poles, leading to minicell forma-
tion (Fig.  1A) [13]. Engineered minicells have shown 
promise in controlled biomolecule release and targeted 
drug delivery. For instance, immunization with mini-
cells encapsulating the nucleoprotein triggered strong 
immune responses against lymphocytic choriomen-
ingitis virus in animal models, demonstrating their 

potential effectiveness as vaccines [14]. In addition, 
they can act as bioreactors for compound synthesis. 
Minicells derived from Pseudomonas putida can pro-
duce short-chain ketones from organic acids [15], and 
engineered E. coli minicells can synthesize toxic com-
pounds that are typically difficult to produce in live bac-
terial cells [15, 16]. Furthermore, customized minicells 
with antibody surface modifications can target recep-
tors overexpressed on cancer cells, enabling the deliv-
ery of therapeutic payloads exclusively to malignant 
cells while sparing healthy tissues [17]. While these 
applications are promising, a key challenge remains in 
concentrating target proteins within minicells to maxi-
mize their effectiveness across diverse applications. 
High protein concentrations are critical not only for 
therapeutic uses like enzyme replacement and targeted 
drug delivery but also for bioremediation, biosensing, 
and industrial bioproduction [18]. Engineering strate-
gies to enhance protein localization and accumulation 

Fig. 1 Characterization of the ΔminCD strain. A The MinCD complex ensures symmetrical cell division by localizing properly at the cell poles. In its 
absence, irregular division occurs, leading to minicell formation. B Phase-contrast microscopy images of the ΔminCD strain. Cells grown overnight 
in LB were visualized using a phase-contrast microscope. Scale bar, 10 µm. C Representative flow cytometry dot plots showing side scatter (SSC) 
versus forward scatter (FSC) for WT and ΔminCD strains. Cells were cultured overnight in LB, and more than 50,000 events were analyzed. Purified 
minicells were also included in the analysis
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are essential to unlock the full potential of minicells as 
versatile tools in medicine, environmental sustainabil-
ity, and biotechnology.

Despite lacking intracellular membranes, bacterial 
cells organize various components into specific subcel-
lular regions, each with preferred localization patterns 
[19, 20]. This subcellular spatial organization means that 
minicells have a unique composition compared to their 
parent cells, potentially limiting the accumulation of tar-
get proteins in minicells [21, 22]. To address this, one 
approach involves manipulating protein localization. 
Previous research has demonstrated that linking GFP to 
ProP increases its accumulation in minicells. ProP serves 
as an osmosensory and osmoregulatory transporter that 
responds to changes in osmotic pressure [23, 24] and 
interacts with cardiolipin, which is enriched in minicells 
[16]. This observation prompted us to explore whether 
fusing the target protein directly to other localized mole-
cules, similar to the GFP-ProP fusion, could also enhance 
its accumulation in minicells, or achieve this more 
efficiently.

To explore this, we engineered E. coli MG1655 by 
deleting the minCD genes, generating elongated parent 
cells and small, anucleate minicells. Our study focused 
on characterizing proteins enriched in minicells while 
also prioritizing the targeted accumulation of a specific 
protein in minicells. To achieve this, we compared the 
accumulation of heterologous proteins in minicells to 
that in parent cells and enhanced the concentration of 
the target protein by directing it to the cell poles. Specifi-
cally, we used polarly localized RNAs, such as ArcZ small 
RNA and fragmented rpoS mRNA, as well as proteins 
including PtsI, Tsr, and the heterologous PopZ. These 
macromolecules naturally localize to the cell poles in E. 
coli through distinct mechanisms, including biophysical 
forces, RNA–protein interactions, diffusion-and-cap-
ture processes, and membrane-associated cues [25–28]. 
Notably, fusing a fluorescent protein with the polar 
organizing protein PopZ substantially increased protein 
accumulation in minicells. These findings underscore the 
potential of targeted protein localization to enhance the 
cargo-loading capabilities of minicells, paving the way for 
efficient, compartmentalized bioproduction within mini-
cells for a range of biotechnological applications.

Materials and methods
Culture conditions
Unless otherwise indicated, E. coli strains were grown 
at 37 °C in Luria–Bertani broth (LB; BD, Franklin Lakes, 
New Jersey, USA, Cat. No. 244620) with shaking at 
180  rpm. Kanamycin (Km, 50  µg  ml-1), Ampicillin (Ap, 
150 µg ml-1), or Chloramphenicol (Cm, 30 µg ml-1), was 
added to cultures of bacterial cells as needed to ensure 

plasmid retention and maintenance of the manipulated 
genotype.

Cloning procedures and construction of reporter strains
The characteristics of the bacteria, plasmids, and prim-
ers used in this study are described in Supplementary 
Tables  1 and 2. DNA manipulation was carried out fol-
lowing a standard protocol [29]. Plasmid DNA was iso-
lated from bacterial cells using the Exprep™ Plasmid 
SV mini Purification kit (GeneAll, Seoul, South Korea, 
Cat. No. 101–102). Restriction endonucleases were pur-
chased from New England Biolabs (NEB). The minCD-
deleted strain was constructed by replacing the target 
genomic regions with a kanamycin antibiotic cassette 
(pKD4) using the primers MinCD KO F/R, followed by 
the removal of the kanamycin resistance using the FLP 
recombinase according to a previously described method 
[29–31]. The gene deletion was confirmed using PCR 
(Check F/R), and the production of minicells from the 
genetically modified strain was observed.

To suppress the minC gene in E. coli MG1655, the pSE-
CRi plasmid was modified to express a minC-specific 
single guide RNA (sgRNA) for CRISPR interference 
(CRISPRi) [38]. To this end, an overlap extension PCR 
was performed using primers (minC F/R) flanking the 
sgRNA expression site on the pSECRi plasmid. The PCR 
product was then treated with the DpnI enzyme for 1 h 
at 37 °C, followed by the purification of the newly synthe-
sized DNA.

To create a reporter plasmid containing the sfGFP 
gene, PCR amplification was performed using 
pSEVA234-sfGFP [32] as a template and the sfGFP F/R 
primers. The amplified sfGFP gene was digested with 
BamHI and HindIII, and the resulting fragments were 
ligated into pSEVA224 and pSEVA254 vectors, resulting 
in constructs pSEVA224::sfGFP and pSEVA254::sfGFP, 
respectively. Similarly, we cloned the mRFP gene into 
pSEVA234 by first amplifying it from pNNSCP [33] using 
the RFP F/R primers, and then digesting with AvrII and 
XbaI before ligation.

To manipulate the localization of reporter proteins, 
we created fusion constructs by combining either sfGFP 
or mRFP coding gene with molecules that target the 
cell poles. We generated transcriptional fusions by first 
amplifying either the arcZ gene or a fragment of the 
rpoS gene —both of which produce mRNAs that local-
ize to the pole — using specific primer pairs (arczF/R; 
rposF/R). After digesting both the amplified sequences 
and the pSEVA234::sfGFP plasmid with SacI and EcoRI 
restriction enzymes, we ligated them together, result-
ing in the construction of pSEVA234::arcZ-sfGFP and 
pSEVA234::rpoS’-sfGFP. In addition, we created trans-
lational fusion proteins by linking sfGFP to either the 
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C-terminal end of Tsr or PtsI as follows. Using the 
primer pairs tsrF/R and sfGFP linkF/sfGFPR, ampli-
cons of Tsr and sfGFP, including 3’ and 5’ flexible linker 
sequence overhangs complementary to each other, were 
obtained. These amplicons were then joined using SOE-
ing PCR. The resulting PCR product was cloned into the 
pSEVA234 vector through BamHI and HindIII restric-
tion sites, followed by ligation, producing the construct 
pSEVA234::Tsr-sfGFP. Using the same method and 
primer pairs (PtsI F/R), we generated the PtsI amplicon 
and constructed pSEVA234::ptsI-sfGFP. We also cloned a 
PopZ fused mRFP module into the pSEVA234. The chi-
mera module was amplified using primer pairs (PopZ F/
RFP R) containing the RBS_0034 coding sequence with 
the template plasmid pNNSCP [33]. The PCR prod-
uct was then inserted into pSEVA234 using the restric-
tion enzymes AvrII and XbaI, resulting in the plasmid 
pSEVA234::mRFP-PopZ.

All plasmid constructs were confirmed colony PCR 
using Ptrc F/T0 R and, as described above, were intro-
duced into the E. coli DH5α strain through transforma-
tion for DNA amplification. All experiments in this paper 
were performed in E. coli MG1655 ΔminCD after trans-
formation with the corresponding plasmids.

Minicell purification and characterization
The overnight cultures of ΔminCD derivate strains were 
diluted 1:100 in 100 ml of fresh LB medium. For strains 
harboring isopropyl β-D-1-thiogalactopyranoside (IPTG; 
Sigma, St.Louis, Missouri, USA, Cat. No. I-6758)-induc-
ible reporter constructs, protein expression was induced 
at this stage by adding IPTG at final concentrations of 5, 
10, 20, or 50 μM. The cultures were then incubated for an 
additional 16  h with agitation to promote minicell pro-
duction. Minicells were isolated using a differential cen-
trifugation protocol. The cultures were first centrifuged 
at 4000 × g for 10  min to pellet the parental cells. The 
supernatant containing minicells was carefully collected 
and centrifuged again at 7197 × g for 10 min to pellet the 
minicells. The resulting minicell pellet was resuspended 
and washed twice with phosphate-buffered saline (PBS) 
to remove residual growth medium and any contami-
nating parental cells. For final purification, the minicell 
suspension was passed through a 0.8-μm size-exclusion 
membrane filter (Advantec, Taipei, Taiwan, Cat. No. 
25CS080AS), effectively removing any remaining paren-
tal cell contaminants and yielding a highly enriched mini-
cell preparation suitable for downstream analyses. The 
relative size of minicells and parent cells was determined 
using flow cytometry (Agilent, Santa Clara, California, 
USA, NovoCyte Advanteon) based on forward scatter 
(FSC-H) and side scatter (SSC-H) parameters. Calibra-
tion was performed using size-standard beads (0.2, 0.4, 

0.8, and 1 μm) to estimate approximate cell dimensions. 
To reduce background noise, the SSC threshold was set 
to 1000 for all samples. Data acquisition was conducted 
at 50,000 events per sample, and dot plots were generated 
using the default software of the instrument.

We also carried out DAPI staining to determine 
the relative concentration of DNA in a cell. Either the 
rod-shaped parent cells or anucleate minicells were 
resuspended in 200 μL of PBS including 4’,6-diamidino-
2-phenylindole (DAPI, 5 μg/ml, All for Lab, Seoul, South 
Korea, Cat. No. 28718–90-3) and incubated at room 
temperature for 30 min. Following incubation, the sam-
ples were rinsed with PBS and analyzed using either fluo-
rescent microscopy or flow cytometry with a Violet445 
Pacific blue laser (561 nm/620 nm).

Microscopy and image analysis
Bacterial samples were immobilized by depositing 
them onto cover slips coated with poly-L-lysine (Sigma, 
St.Louis, Missouri, USA, Cat. No. P4707) and stored at 
room temperature to dry. The coverslip was then assem-
bled with a slide glass containing the antifade reagent 
Prolong (Thermo Fisher, Waltham, Massachusetts, USA, 
Cat. No P36984) and sealed with clear nail polish. The 
specimen was visualized using a fluorescence micro-
scope. Microscopy was performed using an Olympus 
BX53F2 apparatus equipped with an 100 × phase contrast 
objective and a FX900C camera of the same brand. Sig-
nals for GFP, DAPI, mRFP were obtained using wide field 
excitation with following filters; U-FFGFP, U-FFDAPI, 
U-FFTexas Red. The processing of multi-channel images 
was carried out using the software ImageJ.

Quantification of accumulation levels of reporter proteins
Reporter strains carrying reporter genes such as sfgfp 
and mrfp were pre-grown overnight in LB, and then the 
cultures were 100-fold diluted in the same medium con-
taining IPTG at final concentrations of 0, 10, 50, 100, and 
200  µM. After induction, the samples were further cul-
tured for 16  h, and fluorescence intensities were meas-
ured using a microplate reader (Synergy H1, Vermont, 
Winooski, USA, BioTek) at 488 /525 nm for GFP and at 
545 /591  nm for RFP. To compare reporter expression 
levels between the parent cells and minicells, both cell 
populations were resuspended in PBS, and equal masses 
of cells, determined by  OD600nm, were analyzed using the 
microplate reader.

To estimate the intensities of sfGFP at the single-cell 
level, the suspension of cells in PBS was loaded into the 
flow cytometer and analyzed using blue laser (excitation 
561  nm; emission 620/15  nm). For each sample, 50,000 
events were analyzed, and population means were esti-
mated using the default software of the instrument.
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Western blot
Purified parent cells and minicells containing 100–400 μg 
of total protein were washed three times with PBS (DYNE 
BIO, Seoul, South Korea, Cat. No. CBP3070) to remove 
residual media and contaminants. The washed cell pel-
lets were lysed using B-PER bacterial protein extraction 
reagent (Thermo Fisher Scientific, Waltham, Massachu-
setts, USA, Cat. No. 89821) following the manufacturer’s 
protocol. The lysates were denatured by mixing with Lae-
mmli sample buffer (Sigma, St.Louis, Missouri, USA, Cat. 
No. S3401) and heating at 95 °C for 5 min.

Protein samples were separated using sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 
on NuPAGE 4–15% TGX precast gels (Bio-Rad, Hercu-
les, California, USA, Cat. No. 456–1084) in SDS-con-
taining running buffer. Electrophoresis was performed 
at a constant voltage of 120  V for 90  min. The resolved 
proteins were transferred onto polyvinylidene difluoride 
(PVDF) membranes (All for Lab, Seoul, South Korea, 
Cat. No. 6872–25,025) at 100 V for 1 h using a wet-trans-
fer system.

The membranes were blocked for 1 h at room tempera-
ture in Tris-buffered saline containing 5% skim milk and 
0.1% Tween-20 (TBST) to minimize nonspecific antibody 
binding. After blocking, the membranes were incubated 
overnight at 4  °C with the primary antibody anti-GFP 
(Thermo Fisher Scientific, Waltham, Massachusetts, 
USA, Cat. No. PA5-109,258; diluted 1:4000 in 5% skim 
milk in TBST). Following the primary antibody incuba-
tion, membranes were washed three times for 10  min 
each with TBST and subsequently incubated with an 
HRP-conjugated goat anti-rabbit secondary antibody 
(Thermo Fisher Scientific, Waltham, Massachusetts, 
USA, Cat. No. 31460; diluted 1:5000 in 5% skim milk in 
TBST) for 1  h at room temperature. Excess secondary 
antibody was removed with three additional washes in 
TBST (10 min each).

Protein bands were visualized using the Pierce™ ECL 
Western Blotting Substrate (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA, Cat. No. 32109), and 
chemiluminescent signals were captured using a Chemi-
Doc Imaging System (ImageQuant™ LAS 500, Uppsala, 
Sweden). For GFP signal strength, internal control pro-
tein DnaK is used as a control to assess the relative pro-
tein abundance between minicells and parent cells.

Proteomics analysis
The ΔminCD strain was cultured overnight in LB and 
then separated into rod-shaped parent cell and anucle-
ate minicell fractions. We extracted whole cellular pro-
teins from an equal cellular masses in each fraction by 
lysing the cells using B-per buffer and sonication (vibra 
cell, CT Newtown, Pennsylvania, USA, US/VCX130PB). 

The protein samples were mixed with 5x Laemmli buffer, 
vortexed thoroughly, and heated at 98  °C for 10  min to 
ensure protein denaturation. After a brief centrifuga-
tion, the samples were loaded onto SDS-PAGE gels 
composed of a 5% stacking gel and a 10% resolving gel. 
Electrophoresis was conducted at 60 V for stacking and 
100 V for protein separation until the desired resolution 
was achieved. The gels were stained with InstantBlue® 
Coomassie Protein Stain (Abcam, Cambridge, England, 
Cat. No. ab119211) and subsequently stored in distilled 
water. Protein bands of interest were carefully excised 
from the gels and subjected to in-gel digestion. The gel 
pieces were destained with 30% ethanol at 60 °C, followed 
by sequential treatments with 50 mM ammonium bicar-
bonate (ABC)/50% acetonitrile (ACN), and 100% ACN 
to dehydrate the gels. Protein reduction was performed 
using 25  mM dithiothreitol (DTT) at 56  °C for 30  min, 
and alkylation was carried out with 55  mM iodoaceta-
mide (IAA) in the dark for 30 min. The gel pieces were 
washed with 50 mM ABC, dehydrated with 100% ACN, 
and rehydrated with trypsin solution (Promega, Madison, 
Wisconsin, USA, Cat. No. V5111; 12.5 ng/μL in 50 mM 
ABC). Digestion was performed at 37 °C for 16 h. Follow-
ing digestion, peptides were extracted in 80% ACN/0.1% 
formic acid (FA) by vortexing and incubating for 15 min, 
and the supernatant was collected. The extraction pro-
cess was repeated to maximize peptide recovery. The 
combined extracts were dried using a SpeedVac vacuum 
concentrator and reconstituted in 0.1% formic acid. 
The reconstituted peptide samples were centrifuged to 
remove particulates and prepared for LC–MS/MS analy-
sis using a nano liquid chromatography-tandem mass 
spectrometry (Nano LC–MS/MS) system. Nano LC–MS/
MS analysis was performed using the Ultimate 3000 sys-
tem (Thermo fisher scientific, Waltham, Massachusetts, 
USA), with peptide separation carried out on a trap col-
umn (100 μm i.d., 150 mm, 100 Å, 5 μm) and an analyti-
cal column (75 μm i.d., 250 mm, 100 Å, 3 μm) at a flow 
rate of 0.3 μL/min and 25 °C. Peptides were eluted using 
a gradient of solvent B (acetonitrile/0.1% formic acid) 
from 5 to 60% over 45  min. MS/MS analysis was con-
ducted on a Q Exactive Plus mass spectrometer (Thermo 
fisher scientific, Waltham, Massachusetts, USA) in posi-
tive electrospray ionization (ESI +) mode, with full MS 
scans at 70,000 resolution (scan range: 150–2000  m/z) 
and data-dependent  MS2 (dd-MS2) scans using higher-
energy collisional dissociation (HCD) at 35,000 resolu-
tion. The mass spectrometric data were processed with 
Proteome Discoverer (v2.5) software, and protein identi-
fication was performed against the E. coli reference data-
base (UniProt ID 562). Label-Free Quantification (LFQ) 
was employed to determine relative protein abundance 
between samples.
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Results and discussion
Production of minicells by disrupting the cellular division 
system
To generate anucleate minicells from the E. coli MG1655 
strain, the MinCD complex-encoding genes were deleted 
using the lambda red recombination method (details in 
the Methods section), resulting in a minicell-producing 
strain. Microscopy analysis of the ΔminCD strain over-
night grown in LB medium revealed the presence of both 
small spherical cells (minicells) and elongated rod-shaped 
cells, consistent with previous reports [9, 34] (Fig. 1B). To 
further characterize the ΔminCD strain, flow cytometry 
analysis was conducted. Both the wildtype (WT) and 
ΔminCD strains were cultured in LB medium until reach-
ing the exponential phase (OD ~ 0.5) and analyzed based 
on their side and forward scatter properties. In agree-
ment with the microscopy observations, the ΔminCD 
strain displayed a more heterogeneous population with 
varying cell lengths compared to the uniform rod-shaped 
WT cells. This heterogeneity arises from the random 
positioning of the FtsZ ring in the absence of MinCD 
(Fig. 1C). Minicells were separated from the rod-shaped 
parent cells through differential centrifugation, followed 
by purification through filtration (0.8  µm) (Fig. S1A). 
DAPI staining was used to distinguish nucleated parent 
cells from anucleate minicells. Flow cytometry analy-
sis revealed significant DAPI signals in nucleated parent 
cells, but not in minicell (Fig. S1B). Microscopy analysis 
further confirmed the absence of DAPI signals in purified 
minicells, validating their anucleate nature (Fig. S1C). 
With this validation, we investigated the growth phase 
during which minicell production was predominant.

Minicells actively emerge from the minicell‑producing 
strain during the exponential growth phase
Bacterial proteomes undergo significant changes as cells 
progress through different growth phases [35, 36]. Dur-
ing the exponential phase, proteins such as ribosomal 
proteins, metabolic enzymes, and those involved in DNA 
replication and cell division are highly abundant, whereas 
stress response proteins are predominantly upregulated 
in the stationary phase [37, 38]. Considering this, the 
proteins enriched within minicells could be influenced 
by their originating phase, as bacterial proteomes vary 
depending on the growth phase. To investigate this, we 
first determined the phase during which the majority of 
minicells emerge from the parent cell. To this end, we 
employed a CRISPR interference (CRISPRi) system to 
enable controlled suppression of cell division at different 
growth phases. We modified the pSECRi plasmid [39] to 
create pSECRi-minC, which targets the minC promoter 
region by the sgRNA along with the rhamnose inducible 
dCas9 protein (Fig.  2A) [40, 41]. This resultant plasmid 

was then introduced into the MG1655 strain. Follow-
ing an overnight culture of the transformed strain in LB 
with the inducer, microscopy analysis revealed a linear 
increase in the production level of small, sphere cells cor-
responding to the concentration of rhamnose (Fig.  2B). 
This suggests that inducible inhibition of transcription 
for the cell division system facilitated the formation of 
minicells. We also explored the induction of the CRISPRi 
system at different growth stages by introducing 5  mM 
of rhamnose at various phases of cell growth: at the ini-
tiation of the culture, during mid-exponential phases 
 (OD600nm 0.2 or 0.4), and in the late exponential phase 
 (OD600nm ~ 1.0). Subsequently, all samples were cultivated 
for an additional 16 h to achieve maximum optical den-
sity across all tested conditions. Flow cytometry analy-
sis, using clusters sorted by forward scattering to assess 
size of the parental and minicell populations, showed the 
highest fraction of minicells in the sample treated with 
rhamnose at the beginning of the culture compared to 
the other conditions (Fig.  2C). In contrast, lower mini-
cell yields were observed when rhamnose was introduced 
during the mid-exponential phase, whereas minicell pro-
duction dropped to minimal levels when the inducer was 
added in the late exponential phase, likely due to reduced 
division activity at this stage (Fig. 2C). These results sug-
gest that proteins synthesized during the late exponential 
or stationary phase of the parent cells should not accu-
mulate in minicells. Building on these observations, we 
further explored the proteomes specifically enriched in 
minicells.

Asymmetric distribution of the cellular proteome drives 
the enrichment of specific proteins in minicells
Bacterial proteins reside in specific subcellular regions, 
such as the cytoplasm, membrane, or poles [42, 43], 
through signal sequences including RNAs and peptides 
[44, 45]. As a result, bacterial subcellular architecture 
does not exhibit a symmetric distribution of the pro-
teome, and the concentration of specific proteins can 
vary between parent cells and minicells. To decipher the 
distribution of the cellular proteome between these two 
populations, we conducted a comparative quantitative 
proteome analysis using Nano LC–MS/MS. The ΔminCD 
strain was cultured in LB overnight, and minicells were 
isolated as described above. Equal masses of the two cell 
types were used for the analysis. As a result, we identi-
fied a total of 1,367 and 1,368 proteins in parent cells 
and minicells, respectively, with only 22 and 23 proteins 
uniquely detected in each cell type (Fig.  3A). In total, 
these identified proteins represent 29.6% of all predicted 
protein-coding genes in the MG1655 strain [46], indicat-
ing that minicells largely contain the same proteins as 
their parent cells.
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We also compared the protein abundance in both 
cell types to determine the proteome configuration in 
minicells. By applying the criteria |fold-change|> 2 and 
p < 0.05, we identified 100 overrepresented proteins and 
94 underrepresented proteins in the minicell fraction 
compared to parent cells (Fig.  3B). These 194 differen-
tially expressed proteins were categorized into functional 
groups based on the Biological Process category [47]. The 
percentage for each functional category was calculated by 
dividing the number of proteins in the minicell fraction 
assigned to that category by the total number of proteins 
identified in both parent cells and minicells. The most 

underrepresented group in minicells was associated with 
DNA and RNA metabolism (Fig. 3C). This result can be 
attributed to the gene expression architecture of the cell, 
as chromosomal DNA and the transcriptional machinery 
predominantly reside in the nucleoid located at central 
regions of the cell [48, 49], with fewer cellular compo-
nents accumulating at the cell poles, influencing the 
proteome distribution in minicells. However, this does 
not imply that minicells lack gene expression capacity. 
A previous study demonstrated that anucleate minicells 
carrying circuit genes responded to inducers by exhibit-
ing reporter activity, highlighting their potential to serve 

Fig. 2 Generation of minicells through transcriptional inhibition of the cellular division system. A Schematic representation of the transcriptional 
inhibition system using the CRISPRi plasmid (pSECRi). The pSECRi plasmid carries an sgRNA targeting the promoter regions of the minCDE genes 
in E. coli, enabling transcriptional repression. B Microscopy and flowcytometry analysis of CRISPRi-induced cells. Cells harboring the pSECRi plasmid 
were grown overnight in LB medium supplemented with varying concentrations of rhamnose to induce transcriptional inhibition. Samples were 
then either visualized using a phase-contrast microscope or analyzed by flow-cytometry to assess cell size. Rhamnose treatment is color-coded 
as follows: black for 0 mM, red for 1 mM, green for 2 mM, and blue for 5 mM. Scale bar, 5 µm. C Inhibition of the division system at different growth 
phases. Cells harboring the pSECRi-minC plasmid were cultured in LB medium, and 5 mM rhamnose was added at various phases of cell growth. 
The cultures were further incubated for 16 h, and samples were analyzed using flow cytometry to quantify the minicell production rate. M denotes 
the minicell fraction, while P represents the parent cell fraction. Each fraction was sorted based on forward scattering to determine the sizes 
of the parent and minicell populations
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as chassis for functional biosensors [50, 51]. On the other 
hand, a group related to transport was the most upregu-
lated in minicells (Fig. 3C). It is known that the majority 
of cellular activities in bacterial cell poles involve active 
transport and chemotaxis [52], providing support for 
our proteomic analysis in profiling protein subsets in 
minicells.

Heterologous proteins accumulate more abundantly 
in minicells than in parent cells
We then examined the accumulation levels of heter-
ologous proteins in minicells, a key factor for various 
biotechnological applications. To achieve this, we intro-
duced an IPTG-inducible GFP construct, pSEVA234-
sfgfp, into the ΔminCD strain. The reporter strain, 
capable of producing minicells, was cultured overnight 
in LB supplemented with 50 μM IPTG. Parent cells and 
minicells were then separated from the culture, and 

whole cellular proteins were extracted from equal masses 
of each fraction. The relative accumulation of fluorescent 
proteins between parent cells and minicells was subse-
quently analyzed through western blotting using an anti-
GFP antibody. The results showed that GFP signals were 
more prominent in the minicell fraction compared to the 
parent cells, whereas DnaK expression levels remained 
consistent across both fractions (Fig. 4A). Previous stud-
ies have reported higher accumulation levels of certain 
recombinant proteins, such as hemagglutinin (HA) and 
GFP, in minicells [22]. This suggests that minicells may 
serve as passive reservoirs for proteins that are overpro-
duced or lack active retention signals in the parent cell. 
We also quantified accumulation level of the fluorescent 
protein in each fraction with a microplate reader at dif-
ferent levels of IPTG induction (Fig. 4B). Consistent with 
the western blot analysis, the OD-normalized value of 
GFP was enriched twofold in minicells relative to parental 

Fig. 3 Comparative proteomics analysis of E. coli parent cells and minicells. A Venn diagram illustrating the overlap and unique distribution 
of identified proteins between E. coli parent cells and minicells. A total of 1345 proteins were shared between the two populations, while 22 
proteins were uniquely detected in parent cells and 23 in minicells. B Volcano plot depicting the differential abundance of proteins in minicells 
and parent cells. The x-axis represents  Log2[fold-change], where fold-change = abundance of minicells / abundance of parent cells, and the y-axis 
denotes −  Log10[p-value]. Proteins significantly enriched in parent cells are shown in green  (Log2[fold-change] < -1), while those enriched 
in minicells are displayed in red  (Log2[fold-change] > 1). The dashed horizontal line indicates the significance threshold (p-value < 0.05). C Functional 
categorization of proteins based on enrichment in parent cells (gray) and minicells (yellow). Categories include transport, cell cycle, metabolic 
processes, cell organization, stress response, biological processes, DNA metabolism, and RNA metabolism. Bars represent the proportion of proteins 
identified within each functional category
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cells (Fig.  4C). Furthermore, although GFP expression 
levels increased in parent cells, the relative fold-enrich-
ment in minicells remained consistent (Fig. 4D). Notably, 
this is not the result of GFP synthesis in minicells. When 
minicells were purified from the reporter strain grown in 
LB and incubated with varying concentrations of IPTG 
for 12  h, no dramatic increase of GFP accumulation in 
minicells was detected (Fig. S2). Therefore, most of the 
GFP originated from the parent cells and entered the 
minicell during division. When the reporter protein was 
switched from GFP to monomeric RFP (mRFP), a simi-
lar phenomenon was observed. Regardless of the protein 
expression level in parent cells, mRFP showed approxi-
mately twofold enrichment in minicells (Fig. S3A). This 
suggests that the identity of the reporter protein is not 
the key factor driving its distribution. Instead, such non-
essential proteins may preferentially accumulate at the 
poles due to non-uniform distribution within the cell, 
potentially influenced by volume exclusion effects caused 
by chromosomal DNA [53]. We also cannot rule out the 
possibility that the higher accumulation of fluorescent 
proteins in minicells is, at least in part, due to a cellular 
strategy for expelling unwanted protein aggregates. In E. 
coli, the small heat shock protein IbpA [54], which binds 
to misfolded and aggregated proteins, has been shown 
to associate with inclusion bodies and facilitate their 

sequestration [55]. Notably, Rang et  al. reported that 
fluorescently labeled IbpA was predominantly detected 
in minicells under antibiotic-induced stress conditions, 
suggesting that minicells function as a damage disposal 
mechanism to help bacterial cells manage proteotoxic 
stress [56]. This phenomenon could provide an additional 
explanation for our observations, where certain pro-
teins—such as GFP—are enriched in minicells relative to 
the parent cells.

To further examine the protein-capturing capacity of 
minicells, we cloned the sfGFP coding gene into plas-
mids with different origins of replication, such as RK2 
and RSF1010, resulting in low and high gene dosage, 
respectively. Ultimately, three different reporter plas-
mids, pSEVA224-, pSEVA234-, and pSEVA254-sfgfp, 
were used (Fig. S4A) to quantify the accumulation level 
of the fluorescent protein based on gene dosage in the 
minicell-producing strain. All the reporter strains were 
cultured in LB with varying concentrations of IPTG over-
night. After separating the parent cell and minicell frac-
tions as described earlier, GFP intensities in each sample 
were analyzed at the single-cell level using flow cytom-
etry. Interestingly, GFP expression levels increased in 
both parent cells and minicells with higher gene dosage 
and elevated IPTG concentrations (Fig. S4B). The high-
est GFP accumulation was observed in both fractions 

Fig. 4 Quantitative analysis of sfGFP expression and enrichment in E. coli parent cells and minicells. A The ΔminCD strain harboring pSEVA234-sfGFP 
was cultured overnight in LB medium with 50 μM IPTG. Parent cells and minicells were isolated from the culture, and whole-cell proteins were 
extracted from equal masses of each fraction. The relative accumulation of fluorescent proteins in parent cells and minicells was analyzed 
through western blot using an anti-GFP antibody, with DnaK serving as the loading control. B The reporter strain was also cultured with varying 
concentrations of IPTG (0, 5, 10, 20, and 50 µM), and the fluorescence intensities were measured in both isolated parent cells and minicells. C The 
fluorescence signals from each fraction were used to estimate the relative enrichment of the reporter protein in minicells compared to parent 
cells, expressed as fold enrichment. Fold enrichment in minicells is calculated as the fluorescence intensity in minicells divided by that in parent 
cells. No significant (NS) fold enrichment was observed, regardless of the GFP expression level in parent cells. D Correlation of GFP accumulation 
between parent cells and minicells. Error bars represent mean ± SD (n = 3),  (R2 = 0.9937)
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when the high-copy-number plasmid was combined with 
50 µM IPTG treatment in the culture (Fig. S4B). This sug-
gests that an increase in heterologous protein production 
in parent cells leads to a proportional accumulation in 
minicells. It is worth noting that GFP intensities in mini-
cells were approximately 10 times lower than in parent 
cells at the single-cell level (Fig. S4C), likely due to the 
difference in cell volume between parent cells and mini-
cells. Another possible explanation is asymmetric pro-
tein partitioning during cell division, which may lead to 
an uneven distribution of specific proteins within the cell 
[57]. While such partitioning may have some influence 
on protein distribution, our data do not conclusively sup-
port it as the main factor determining reporter levels in 
minicells. Instead, the higher GFP or RFP concentration 
per unit volume in minicells suggests that these vesicle-
like structures may have an enhanced ability to retain or 
accumulate proteins compared to parent cells. This could 
be attributed to differences in protein diffusion dynam-
ics, membrane retention, or cellular physiology. Accord-
ingly, these findings highlight the potential of minicells 
as efficient protein carriers, as they can retain high con-
centrations of proteins produced by their parent cells. 
Building on the ability of anucleate minicells to effectively 
encapsulate valuable products for various biotechnologi-
cal applications, we engineered them to maximize the 
accumulation of the target protein.

Manipulating the spatial distribution of target protein can 
enhance its accumulation in minicells
Since minicells originate from the polar region of the 
parent cell, we hypothesized that the accumulation of a 
heterologous protein in minicells could be enhanced by 
directing the spatial localization of the target protein 
to the cell poles. As previously discussed, cellular pro-
teomes exhibit asymmetric distribution, with certain 
proteins specifically localized at the cell poles [26, 58]. 
Several studies have demonstrated that asymmetric pro-
tein segregation is a key strategy for bacteria to manage 
damaged or toxic proteins [55–57, 59, 60]. During cell 
division, these proteins tend to accumulate preferentially 
in one daughter cell, leading to distinct physiological 
outcomes. This process plays a critical role in bacterial 
aging and rejuvenation, where one daughter cell inher-
its a higher burden of damaged proteins and experi-
ences proliferative mortality, while the other, largely free 
from these accumulations, is effectively rejuvenated and 
retains its replicative potential. This segregation mecha-
nism ensures that at least a subset of the bacterial popu-
lation remains physiologically younger and more fit for 
continued growth and adaptation. It is established that 
aging-related protein aggregates localize to the cell center 
and poles in E. coli due to the interplay between passive 

diffusion-aggregation and spatially non-homogeneous 
macromolecular crowding, which results from nucleoid 
organization [60].

While passive mechanisms such as diffusion and 
crowding effects contribute to protein segregation, bac-
teria also employ active mechanisms to facilitate pro-
tein localization to the poles  [61]. For instance, RNAs 
contribute to the enrichment of their encoded proteins 
at the cell poles and outside the nucleoid regions. This 
may be attributed to either the “ZIP code” sequence of 
the transcripts [62] or the cytoplasmic property as RNAs 
longer than 500 nucleotides have difficulty penetrating 
the densely packed DNA within the nucleoid [63]. In 
addition, several small RNAs, including ArcZ, are highly 
concentrated at the cell poles, where they regulate target 
molecules that are enriched in these regions [25]. Polarly 
localized proteins are directed to the poles through inter-
actions with pre-existing proteins or protein complexes 
at these sites, known as the diffusion-and-capture mech-
anism [26, 64]. Physical force induced by nucleoid exclu-
sion facilitates the distribution of proteins at the pole [65, 
66], and differences in membrane and cell envelope com-
position, including the enrichment of anionic phospho-
lipids like cardiolipin at the poles, further serve as cues 
for polar localization [67]. ProP is responsible for inter-
acting with cardiolipin, and GFP fused to ProP was previ-
ously detected at cell poles [68]. When this fusion protein 
is introduced into minicell-producing cells, the fluores-
cence intensities increase in minicells by 58% compared 
to non-linked GFP [16]. However, a recent study demon-
strated that the interaction between MinD and RNase E 
is crucial for the proper localization of polar mRNAs. In 
the absence of MinD, RNase E improperly degrades polar 
mRNAs, such as prop [69]. This highlights the impor-
tance of identifying and utilizing alternative molecules 
that can localize to the cell poles independently of MinD, 
as a strategy to enhance the accumulation of specific pro-
teins in minicells.

To achieve this, we engineered the gfp cargo by fusing 
it with polar localization molecules (Fig.  5A). The ini-
tial factor considered was RNA signals, and the gfp gene 
was transcriptionally fused to either the polarly localized 
ArcZ small RNA or a segment of rpoS mRNA. The tran-
scription fusion was constructed using pSEVA234, and 
the reporter plasmids were introduced into the ΔminCD 
strain. After growing the strains in LB containing 10 μM 
IPTG overnight, we separated parent cells and purified 
the minicell fraction to measure the GFP intensity in 
each fraction. These two transcriptional fusions, how-
ever, did not significantly increase the fold enrichment 
of GFP accumulation in minicells (Fig.  5B), likely due 
to the non-spatial distribution of the fusion products 
(Fig. S5). The second factor we considered was the polar 
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localization proteins identified in E. coli. Previous stud-
ies have shown that both PtsI and Tsr predominantly 
localize at the cell poles [27, 70]. PtsI is involved in sugar 
uptake and phosphorylation, while Tsr, a critical compo-
nent of the chemotaxis system, senses serine gradients 
and other environmental cues [28, 71]. When these pro-
teins were translationally fused with GFP at their C-ter-
minus, we observed fluorescent foci in the polar regions 
of minicell-producing parent cells (Fig. S5). Using the 
same procedure applied to study the effect of RNA sig-
nals, the relative accumulation levels of GFP expression 
were analyzed between parent cells and purified mini-
cells. Although the translational fusion led to a lower 
expression level of the reporter, the spatial distribution 
driven by the polar localization proteins resulted in a 62% 
and 75% increase in fold enrichment levels in minicells 
for PtsI and Tsr, respectively (Fig. 5C). It is important to 
note that the fusion proteins were not exclusively local-
ized to the cell poles; they were also spatially distributed 
within the cytosolic and membrane regions, consist-
ent with their functional roles (Fig. S4). This incomplete 

polar localization could result in suboptimal concentra-
tions of target proteins in minicells.

The limited success of RNA-based localization signals 
and the incomplete polar localization of PtsI and Tsr 
suggest that multiple factors influence protein targeting 
in minicells. Polarly localized RNAs like ArcZ and rpoS 
mRNA may have been ineffective due to degradation, 
weak interactions with localization machinery, or the 
absence of MinD, which stabilizes polar mRNAs. Simi-
larly, PtsI and Tsr, despite their natural enrichment at 
the poles, did not localize exclusively when fused to GFP, 
likely due to their intrinsic functions, diffusion-and-cap-
ture mechanism, and structural constraints. These find-
ings illustrate the complexity of protein localization and 
suggest the need for alternative strategies. In response, 
we explored a heterologous polar localization signal to 
evaluate its potential for enhancing target protein accu-
mulation in minicells.

Fig. 5 Engineering of the spatial distribution of reporter protein using polar localization signals. A Schematic representation of constructs 
designed to enable the potential repositioning of the reporter protein. Polarly localized RNA elements, ArcZ sRNA and segmented rpoS mRNA, 
were transcriptionally fused to the reporter gene. Translational fusions with proteins exhibiting polar localization, PtsI and Tsr, were also included. 
B Reporter strains carrying different fusion constructs were cultured in the presence of 10 µM IPTG, and fluorescence intensities were measured 
in isolated parent cells and minicells. C The fluorescence signals from (B) were analyzed to evaluate the relative enrichment of the reporter protein 
in minicells compared to parent cells. Fold enrichment in minicells is calculated as described in Fig. 4C. Error bars represent the mean ± standard 
deviation (n = 3), ns; not significant; *P < 0.1, compared to the non-fusion condition
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Engineering protein localization to the old pole boosts 
the accumulation of target proteins in minicells
Caulobacter PopZ is a naturally occurring, polar-local-
ized protein that plays a crucial role in cell division and 
interacting with ParB-parS complexes. [66, 72]. When 
expressed in E. coli, the protein also localizes to the old 
cell pole, predominantly at a single pole [53, 73]. How-
ever, PopZ accumulates at both poles when overex-
pressed, resulting in a bipolar distribution [73, 74]. This 
localization is driven by self-oligomerization and poten-
tial protein–protein interactions [75, 76]. Additionally, 
the intrinsically disordered regions at the N-terminus 
have been shown to interact with pole-specific proteins 
in C. crescentus, suggesting that similar interactions may 
occur in E. coli, facilitating PopZ localization to the poles 
[76, 77]. This polar localization characteristic can be uti-
lized to target proteins to specific subcellular regions, 
particularly cell poles, which may enhance their accu-
mulation in purified minicells. To explore this potential, 
we created a DNA construct encoding the fusion of the 
N-terminus of PopZ to mRFP [33] and introduced the 
plasmid carrying the chimera reporter into the ΔminCD 
strain. To ensure comparability and to maintain the 
original functional and localization characteristics, we 
opted to retain the previously established RFP fusion 

for PopZ (Fig.  6A). Although the reporter strain carry-
ing the mRFP-PopZ module was cultured in LB without 
an inducer, fluorescence signals were still detectable due 
to leaky expression, with most foci localized to a single 
pole (Fig.  6B). Notably, when the relative accumulation 
between parent cells and purified minicells was analyzed, 
a remarkable 15-fold increase in fold enrichment was 
observed (Fig. 6C). Upon treatment with IPTG, a higher 
level of fusion protein accumulation was observed, this 
time at both poles of the parent cells, and this bipolar 
localization gradually extended from the poles into the 
cytoplasmic space according to the level of inducer con-
centration (Fig. 6D). This suggests a spatial constraint in 
capturing proteins at the cell poles. As expected, the sub-
cellular architecture of protein distribution resulted in 
relatively lower accumulation of the reporter protein in 
minicells compared to parent cells as the expression level 
of RFP-PopZ increased (Fig. 6C). Nevertheless, the fluo-
rescence signals in minicells intensified proportionally 
with the inducer concentration (Fig.  6B). These results 
strongly indicate that manipulating protein distribution 
at cell poles, which are potentially minicell-producing 
sites, enables the enrichment of proteins in minicells. The 
H3H4 domain of PopZ is critical for its spatial localiza-
tion and interactions with other proteins [75], suggesting 

Fig. 6 PopZ protein-mediated positioning of the reporter protein in minicells. A Schematic representation of the IPTG inducible mRFP-PopZ 
construct. B The reporter strain, carrying the PopZ fusion, was cultured with varying concentrations of IPTG (0, 10, 20, and 50 µM). The fluorescence 
intensities were measured in both isolated parent cells and minicells. C The RFP signals from each fraction were used to estimate the fold 
enrichment of the reporter protein in minicells compared to parent cells. Error bars represent mean ± SD (n = 3), **P < 0.05, compared to the no IPTG 
treated condition. D The localization of the PopZ-RFP fusion protein was visualized in both parent cells and minicells through microscopy. Images 
were captured in phase contrast and fluorescence channels and merged using ImageJ. Scale bars, 10 µm
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that fusing proteins with this essential domain may be 
sufficient to modulate their distribution in bacteria. 
This engineering approach will serve as a framework to 
enhance the accumulation of desired proteins in mini-
cells as functional cellular chassis for diverse biotechno-
logical applications.

Conclusions
This study demonstrates the engineering of minicells 
derived from E. coli to enhance the accumulation of tar-
get proteins by manipulating subcellular protein localiza-
tion. By disrupting the MinCD complex, we generated 
minicell-producing strains and comprehensively char-
acterized the unique proteome distribution in minicells 
in comparison to parent cells. We found that minicells 
predominantly contained proteins synthesized by their 
parent cells, with specific enrichment and depletion pat-
terns reflecting an asymmetric proteome distribution. 
Importantly, heterologous proteins were found to accu-
mulate more abundantly in minicells than in parent cells, 
emphasizing their potential as protein carriers. Based 
on these observations, we explored strategies to further 
enhance protein accumulation in minicells by directing 
the spatial distribution of target proteins to cell poles. 
Translational fusions with PtsI and Tsr led to moderate 
increases in protein enrichment within minicells, while 
PopZ proved to be the most effective, achieving up to a 
15-fold enhancement. These findings demonstrate the 
critical role of spatial arrangement in maximizing the 
efficiency of protein accumulation within minicells. By 
leveraging polar localization signals, we provide a robust 
framework for increasing the efficiency of minicells in 
concentrating target proteins, paving the way for their 
more effective use in synthetic biology and industrial bio-
technology. Future research could expand on these find-
ings by exploring additional localization signals, refining 
minicell engineering strategies, and testing their applica-
bility in broader industrial and therapeutic settings.
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