
N‑Terminal Lysozyme Conjugation to a Cationic Polymer Enhances
Antimicrobial Activity and Overcomes Antimicrobial Resistance
Tong Zhang,† Wei An,† Jiawei Sun, Fei Duan, Zeyu Shao, Fan Zhang, Ting Jiang,* Xuliang Deng,*
Cyrille Boyer,* and Weiping Gao*

Cite This: Nano Lett. 2022, 22, 8294−8303 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Microbial resistance to antibiotics is one of the
greatest global healthcare challenges. There is an urgent need to
develop effective strategies to overcome antimicrobial resistance.
We, herein, report photoinduced in situ growth of a cationic
polymer from the N-terminus of lysozyme. The attachment of the
cationic polymer improves the proteolytic and thermal stability of
lysozyme. Notably, the conjugate can efficiently overcome
lysozyme resistance in Gram-positive bacteria and antibiotics-
resistance in Gram-negative bacteria, which may be ascribed to the
synergistic interactions of lysozyme and the cationic polymer with
the bacteria to disrupt their cell membranes. In a rat periodontitis model, the lysozyme-polymer conjugate not only greatly
outperforms lysozyme in therapeutic efficacy but also is superior to minocycline hydrochloride, which is the gold standard for
periodontitis therapy. These findings may provide an efficient strategy to dramatically enhance the antimicrobial activities of
lysozyme and pave a way to overcome antimicrobial resistance.
KEYWORDS: protein−polymer conjugate, lysozyme, protein delivery, antimicrobial, antimicrobial resistance

Antimicrobial resistance is now a pressing global healthcare
issue due to the overuse of antibiotics.1,2 To combat this

global challenge, the development of novel antibiotic agents or
effective therapeutic strategies is urgently needed. Antimicro-
bial peptides or proteins (AMPs) are ubiquitous in nature and
play a key role in the innate immunity of an organism.3−7 They
can kill pathogenic microbes and sometimes cancerous cells.
AMPs are typically positively charged and amphiphilic,
allowing for semiselective binding to negatively charged
bacterial cells during insertion into and disruption of the
bacterial cell membrane. Recent studies demonstrate that
AMPs disrupt various key cellular processes to achieve their
antimicrobial activity.8,9 These antimicrobial characteristics of
AMPs make microbes less likely to develop resistance, which is
distinct from antibiotics that microbes can adapt by gene
mutation to become resistant.10−12

Lysozyme (LYS) is an important AMP, which is widely
distributed in immune cells and body fluids.13 LYS catalytically
hydrolyzes β-1,4-glycosidic bonds between N-acetyl muramic
acid and N-acetylglucosamine that are alternating units in the
peptidoglycan layer of the bacterial cell wall, leading to the lysis
of the bacteria to death. LYS is active in killing Gram-positive
bacteria, whereas it is less effective in killing Gram-negative
bacteria. Additionally, several pathogenic bacteria have
developed mechanisms to evade LYS-catalyzed killing.14

Recently, LYS has been immobilized onto nanoparticles
based on organic and inorganic materials to improve its

stability.15−17 However, the improvement in stability was
typically accompanied by a decrease in antimicrobial activity
due to the nonspecific immobilization of LYS on the surfaces
of these nanoparticles.
To enhance the antimicrobial activity and stability of LYS

and to overcome the antimicrobial resistance, we report
photoinduced in situ growth of poly(N,N′-dimethylamino-2-
ethyl methacrylate) (PDMAEMA) at the N-terminus of LYS to
form an N-terminal LYS-PDMAEMA conjugate (Figure 1a).
We chose to modify LYS at the N-terminus, as this group is not
the site of bioactivity.18,19 A hydroxylamine-functional atom
transfer radical polymerization (ATRP) initiator, (2-
(aminooxy)ethyl) 2-bromo-2-methylpropanoate (ABM), was
specifically synthesized and attached to the N-terminus in the
presence of 2,6-pyridinedicarboxaldehyde (PDA). The cationic
polymer of PDMAEMA was directly grown from the resulting
LYS-based ATRP initiator (LYS-Br), via photoinduced ATRP,
to form a LYS-PDMAEMA conjugate without significantly
affecting LYS’s enzymatic activity. The conjugate not only
increased the stability of LYS but also greatly improved its
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Figure 1. Synthesis of LYS-PDMAEMA. (a) Scheme of the synthesis of LYS-PDMAEMA via PDA-mediated N-terminal modification and
photoinduced ATRP. (b) Q-TOF-MS of LYS-PDA. (c) Q-TOF-MS of LYS-Br. (d) GPC traces of LYS, LYS-Br, unpurified LYS-PDMAEMA, and
purified LYS-PDMAEMA (e) Gel electrophoresis analysis of the synthesis of LYS-PDMAEMA: lane 1, marker; lane 2, LYS; lane 3, LYS-PDA; lane
4, LYS-Br; lane 5, unpurified LYS-PDMAEMA; lane 6, purified LYS-PDMAEMA. (f) CD spectra of LYS, LYS-Br, and LYS-PDMAEMA. (g)
Enzymatic activity of LYS, LYS-Br, or LYS-PDMAEMA. Note: The protein structure in part a was generated from PDB ID 1LYZ,29 created with
ChimeraX.30
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antibacterial activity against LYS-resistant Gram-positive
bacteria. More importantly, the LYS-PDMAEMA conjugate
exhibited an excellent activity against Gram-negative bacteria
and antibiotic-resistant Gram-negative bacteria, whereas LYS
alone showed a very low activity against Gram-negative
bacteria. The antimicrobial activity of the conjugate was
confirmed in vivo using a rat periodontitis model. The
conjugate exhibited enhanced therapeutic efficacy over LYS
and superior efficacy to minocycline hydrochloride, which is
the most widely used antibiotic for periodontitis therapy.

N-Terminal modification is one of the most frequently used
site-selective protein modifications because of the unique
structure of the N-terminus.20−23 Pyridoxal-5′-phosphate
(PLP)-mediated transamination is the extensively used method
for N-terminal modification24−26 However, this method suffers
from low transamination efficiency when the N-terminal amino
acid residue is lysine, histidine, isoleucine, glutamine,
tryptophan, or proline.21,22 Unfortunately, we found less than
10% conversion for the PLP-mediated N-terminal modification
of LYS. This is because the N-terminal amino acid residue of
LYS is lysine.27 Alternatively, our group has recently developed
a general and efficient method of PDA-mediated N-terminal
modification.28 Therefore, we turned to this method to modify
the N-terminal end of LYS.
To conjugate the ATRP initiator of ABM to the N-terminus

of LYS, LYS was first reacted with PDA to form LYS-PDA
through imidazolidinone formation (Figure 1a). After the
reaction, a significant portion of LYS + PDA (14,421 Da) and
a small portion of LYS + 2PDA + 2H2O (14,574 Da) were
observed by quadrupole time-of-flight mass spectrometry (Q-
TOF-MS) (Figure 1b), indicating the formation of the adducts
of LYS and PDA. After chymotrypsin digestion of the product
mixture, the resultant peptide fragments were analyzed by
liquid chromatography-tandem mass spectrometry (LC-MS/
MS). We detected only the peptide fragment of PDA-
KVFGRCELAA at the N-terminus (Figure S1), indicating
the exclusive formation of the cyclic imidazolidinone at the N-
terminus. Next, the mixture was reacted with ABM to produce
LYS-Br through oxime formation between the hydroxylamine
group of ABM and the pending aldehyde group of the cyclic
imidazolidinone at the N-terminus. The formation of LYS-
PDA-ABM (LYS-Br,14,629 Da) was verified by Q-TOF-MS
(Figure 1c). Moreover, only the peptide fragment of ABM-
KVFGRCEL functionalized at the N-terminus was found after
chymotrypsin digestion of the product (Figure S2). These
results indicate the selective modification of the initiator at the
N-terminus of LYS.
Visible light-initiated photo-ATRP can be performed at

room temperature and without the need of deoxygenation.
Furthermore, the reaction can be easily controlled by turning
light on and off.31−34 These characteristics are especially
beneficial for the preparation of protein-polymer conjugates.
To evidence that the antimicrobial activity of LYS is not
affected by exposure to visible light, we exposed LYS to blue
light irradiation (λmax = 450 nm) at 25 °C for 4 h. After blue
light exposure, the enzymatic activity of LYS against Micro-
coccus lysodeikticus was found to be unchanged (Figure S3a).
Motivated by this favorable result, we further tested our photo-
ATRP system using DMAEMA as the monomer and LYS-Br as
the initiator. After the photoinduced ATRP reaction, the
solution was directly examined by aqueous gel permeation
chromatography (GPC) (Figure 1d). A new peak appeared at a
lower retention time relative to the peak of LYS-Br, which is

attributed to the formation of the LYS-PDMAEMA conjugate.
Additionally, the unreacted LYS-Br residue, including some
unmodified LYS, was removed via cationic exchange
chromatography. After the purification, the unimodal GPC
peak corresponding to LYS-PDMAEMA was observed,
indicating success in the purification. These results were
further supported by gel electrophoresis (Figure 1e). A smear
for a LYS-PDMAEMA conjugate was observed at the high
molecular weight region with the presence of unreacted LYS at
the low molecular weight region (lane 6). The band for the
residual LYS and LYS-Br disappeared (lane 7) after the
purification, indicating the success of purification. A smear for
the conjugate was observed after the reaction and the band for
the residual LYS and LYS-Br disappeared after the purification.
The smearing of the LYS-PDMAEMA conjugate on the gel
was possibly caused by the interaction between the cationic
polymer and the polyacrylamide gel. After digestion with
proteinase K to remove LYS from the conjugate, GPC was
used to determine the number-averaged molecular weight and
dispersity of the PDMAEMA residue to be 16.4 kDa and 1.35,
respectively (Figure S4b). The chemical structure of
PDMAEMA was also identified by proton nuclear magnetic
resonance (1H NMR) (Figure S4c). Circular dichroism
showed the almost identical traces of native LYS, LYS-Br,
and LYS-PDMAEMA (Figure 1f), indicating the intact
retention of the secondary structure of LYS after the two-
step N-terminal reactions. The enzymatic activities of LYS-Br
and LYS-PDMAEMA against the substrate of lyophilized
Micrococcus lysodeikticus were determined to be 89% and 75%
of LYS (Figure 1g), indicating the slight reduction of
enzymatic activity after the N-terminal modifications. In
contrast, nonspecific modification of LYS with ATRP initiators
at the lysine residues led to 19% of its original enzymatic
activity (Figure S3b). These results indicate the importance of
the selective N-terminal modification in the retention of LYS’s
bioactivity. This is because the N-terminus is far away from the
active site residue 52.35

Next, we investigated the thermal and proteolytic stability of
LYS-PDMAEMA and LYS. After incubation at 90 °C, as
expected, LYS rapidly lost 97% of its original enzymatic activity
within 30 min, whereas LYS-PDMAEMA retained 40% of its
original enzymatic activity (Figure 2a), indicating the
enhanced thermal stability of LYS-PDMAEMA over LYS.
After incubation with proteinase K at 37 °C, LYS completely
lost its activity within 12 h, whereas LYS-PDMAEMA retained
37% of its original activity (Figure 2b), indicating the
significantly improved proteolytic stability of LYS-PDMAEMA
over LYS due to the physical shielding of the conjugated
polymer on the lysozyme surface. The polymer conjugation of
protein typically results in better thermal, proteolytic, and
storage stability.36 Similar phenomena were observed in the
cases of protein-polymer conjugates in the literature.25,37,38

Overall, these results demonstrate that the N-terminal
PDMAEMA conjugation can considerably improve the thermal
and proteolytic stability of LYS.
After having demonstrated the successful preparation of the

LYS-PDMAEMA conjugate, we investigated the antibacterial
activities of LYS-PDMAEMA and LYS against Gram-positive
bacteria of M. lysodeikticus and Gram-negative bacteria of E.
coli. At a fixed LYS concentration of 10 μM, LYS exhibited an
excellent antimicrobial efficiency against M. lysodeikticus
(Figure 3a) but a much low antibacterial efficiency against E.
coli (Figure 3b). In contrast, LYS-PDMAEMA was found to
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not only be as efficient as LYS in inhibiting M. lysodeikticus
growth, but it was also much more efficient than LYS in
inhibiting E. coli growth. Additionally, PDMAEMA was much
less effective than both LYS-PDMAEMA and LYS in inhibition
of growth of both bacteria. Furthermore, the physical
combination of LYS and PDMAEMA showed an activity
similar to LYS against M. lysodeikticus or to PDMAEMA
against E. coli. Specifically, LYS-PDMAEMA could completely
kill E. coli within 4 h, whereas LYS was not effective in killing E.
coli even after 24 h of incubation (Figure 3c). These results
were further verified by the optical images of the bacteria
solutions (Figure S5). The solution of E. coli after incubation
with LYS-PDMAEMA was clear and transparent, indicating
that the bacteria were killed by the conjugate. In contrast, the
solutions of E. coli treated with LYS and PDMAEMA looked
turbid, indicating the poor antibacterial property of LYS and
PDMAEMA. Notably, PDMAEMA inhibited E. coli growth to
some degree for a short period of 4 h, but the bacteria could
grow over a more extended incubation period (Figure 3c).
This wave-like inhibition kinetics could be attributed to the
poor bactericidal property of the polycation PDMAEMA. Over
a shorter incubation period, this cationic polymer can inhibit
the growth of Gram-negative bacteria; however, the bacteria
could grow back over a longer period. Similar phenomena were
observed in the cases of cationic polymers in the literature.39

These results demonstrate that the attachment of PDMAEMA
can significantly enhance the antibacterial activity of LYS
against Gram-negative bacteria.
We further quantified the antibacterial activities of LYS-

PDMAEMA and LYS against Gram-positive bacteria (M.
lysodeikticus and S. mutans) and Gram-negative bacteria (E. coli,
antibiotic-resistant E. coli, and P. gingivalis) by determining the
values of minimum bactericidal concentration (MBC) and
minimum inhibitory concentration (MIC) (Tables 1 and S1).
As expected, both the MBC and MIC values of the LYS-

PDMAEMA conjugate against Gram-negative bacteria are 1 or
2 orders of magnitude lower than those of LYS, indicating the
considerably enhanced antibacterial activity of LYS-PDMAE-
MA over LYS against Gram-negative bacteria and antibiotic-
resistant Gram-negative bacteria. Both the MBC and MIC
values of LYS-PDMAEMA against M. lysodeikticus are a few
times higher than those of LYS, indicating the slightly reduced
antibacterial activity against Gram-positive bacteria of LYS-
PDMAEMA over LYS. However, both the MBC and MIC
values of LYS-PDMAEMA against LYS-resistant Gram-positive
bacteria S. mutans are 2 orders of magnitude lower than those
of LYS, indicating the dramatically enhanced antibacterial
activity against LYS-resistant Gram-positive bacteria of LYS-
PDMAEMA over LYS. Together, all of these results
demonstrate that the N-terminal LYS conjugation to
PDMAEMA greatly enhances the antibacterial activity against
both Gram-negative and antibiotic-resistant Gram-negative
bacteria and LYS-resistant Gram-positive bacteria.
To investigate the antibacterial mechanism of the LYS-

PDMAEMA conjugate, the conjugate was labeled with the
fluorophore Cy5 to evaluate the interaction between the
conjugate and bacteria by confocal laser scanning microscopy
(CLSM) (Figure 4a). Gram-negative bacteria of E. coli were
selected for the antimicrobial mechanism study. The Cy5-
labeled LYS-PDMAEMA conjugate was incubated with
bacteria for 30 min, and then the bacteria were separated

Figure 2. Thermal and enzymatic stability of LYS and LYS-
PDMAEMA. (a) Bioactivity of LYS and LYS-PDMAEMA after
incubation at 90 °C. (b) Bioactivity of LYS and LYS-PDMAEMA
after incubation with proteinase K.

Figure 3. Antimicrobial activity of LYS-PDMAEMA against Gram-
positive or Gram-negative bacteria. (a, b) Preliminary study of
inhibition of M. lysodeikticus and E. coli growth by LYS, LYS-
PDMAEMA, PDMAEMA, and the physical mixture of LYS and
PDMAEMA (LYS + PDMAEMA) at a fixed concentration of LYS =
10 μM. (c) Time-kill study for LYS, LYS-PDMAEMA, and
PDMAEMA against E. coli.
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from the media by centrifugation and washed. A strong red
fluorescence was observed on and inside the bacterial cells,
indicating that the conjugate can strongly interact with the E.
coli membrane and then enter the inside of the bacteria. In
contrast, LYS cannot interact with the bacteria, as indicated by
no red fluorescence observed on or inside the bacteria after
incubation with Cy5-labeled LYS. These phenomena were also
found in the case of P. gingivalis (Figure S6). Additionally, the
adsorption of PDMAEMA on the membrane of bacteria was
reported in the literature.39 Therefore, the strong interaction of
LYS-PDMAEMA with the bacteria could be ascribed to the
multivalent electrostatic interaction of the positively charged
PDMAEMA with the negatively charged membranes of the
bacteria.
Due to the resolution limitation of CLSM, it is difficult to

observe the detailed action of Cy5-labeled LYS-PDMAEMA in
the bacteria membrane region. Thus, we utilized scanning
electron microscopy (SEM) for further investigation on the
disruption of the bacteria membrane. A significant morphology
change was observed for LYS-PDMAEMA-treated E. coli
(Figure 4b). A rod shape with an integrated surface was
observed for E. coli treated with LYS, indicating LYS cannot
disrupt the cell membrane and change the cell morphology. In
contrast, an obvious change in the cell membrane morphology
of E. coli treated with the conjugate was observed and some
cells were fragmented after a 1 h incubation. Similar
phenomena were also observed in the case of P. gingivalis
and S. mutans (Figure S7). These results indicate that the
conjugate exerts a strong bactericidal activity through
membrane disruption. To confirm the mechanism of
membrane disruption, membrane potential measurements
were performed to determine the ability of the LYS-
PDMAEMA conjugate to disturb the membrane of E. coli. A
carbocyanine dye, 3,3′-diethyloxacarbocyanine iodide
[DiOC2(3)], was employed in this experiment following the
procedures in the literature.40 DiOC2(3) exhibits red
fluorescence with the accumulation in bacteria cytosol, but as
the bacteria lose membrane potential, the intensity decreases
and shifts to green fluorescence (due to disruption events).41

The red fluorescence (670 nm emission) intensity was
recorded to measure the loss in membrane potential that
corresponds to the degree of membrane disruption. As shown
in Figure S8, after a 5 min incubation, the LYS- or
PDMAEMA-treated bacteria cells presented almost 100% red
fluorescence intensity compared to the original, indicating no
disruption of the membrane region. In contrast, E. coli cells
exhibited a loss in membrane potential at a high concentration
(>250 μg/mL) after incubation with LYS-PDMAEMA for 5
min, suggesting that the LYS-PDMAEMA conjugate is capable
of disrupting the bacteria membrane.

On the basis of these results, we attributed the membrane
disruption to the synergy of the electrostatic interaction of the
positively charged PDMAEMA with the negatively charged cell
membranes and the hydrolytic activity of LYS (Figure 4c).
The cytotoxicity of LYS-PDMAEMA and LYS was evaluated

by hemolysis using red blood cells (RBCs) and cell viability
using 3T3 fibroblast cell. The hemolytic activity of the LYS
analogues was determined by testing the hemoglobin release
from RBCs into the supernatant. Less than 5% red blood cell
hemolysis ratios were observed for all the tested LYS analogues
over a wide range of concentrations (Figure S9), which
indicates the excellent RBC compatibility. As expected, the
3T3 cell viability of LYS-PDMAEMA was found lower than
that of LYS, especially at high concentrations (Figure S10),
indicating that LYS-PDMAEMA is more cytotoxic than LYS at
high concentrations. However, LYS-PDMAEMA was found to
be much less cytotoxic than PDMAEMA at high concen-
trations, indicating the incorporation of LYS can reduce the
cytotoxicity of PDMAEMA.
Over 700 species of microorganisms live in the human oral

cavity.42,43 Generally, bacteria living in the oral cavity maintain
the balance between the flora and the host in a complex
symbiotic way, which is significant in maintaining oral
health.44−47 Periodontal disease occurs when the periodontal
microorganism loses balance with the host and becomes
dysbiosis.48 Periodontitis is a chronic infectious disease caused
by microorganisms in dental plaque.49 Tooth loosening and
extraction50 would occur due to the long-term inflammation
and expansion to the deep periodontal supporting tissue,
followed by the destruction of these tissues. Periodontitis has
become the number one cause of tooth loss in adults.51

Periodontitis is a multifactor disease caused by microorganism
infection and poor dental hygiene. Moreover, dental plaque
microbes are the initiating factor that causes inflammation and
destruction of periodontal tissues. The bacteria that cause
periodontitis are mainly Gram-negative anaerobic bacteria,
including P. gingivalis, F. nucleatum, T. forsythia, and A.
actinomycetemcomitans.52

For the treatment of periodontitis, the most commonly used
clinical treatments include mechanical therapy and the synergy
of mechanical and drug adjuvant therapy. However, due to
anatomical factors and the problem of antibiotic resistance,
some cases with deep and complicated periodontal pockets
often have a limited therapeutic effect and lack efficient
removal of plaque microorganisms.53 Therefore, developing a
novel antimicrobial material with excellent antibacterial
properties and against drug resistance becomes an urgent need.
To further investigate the antibacterial activity of the LYS-

PDMAEMA conjugate in vivo, we selected a rat periodontitis
model that was established by silk ligation and oral inoculation

Table 1. MIC and MBC Values of LYS and LYS-PDMAEMA against Various Bacteria

MIC (μg mL−1)

M. lysodeikticus E. coli E. coli *a S. mutans P. gingivalis

LYS 0.015 >10000 >10000 >10000 3125
LYS-PDMAEMA 0.07 120 200 250 250

MBC (μg mL−1)

M. lysodeikticus E. coli E. coli *a S. mutans P. gingivalis

LYS 0.03 >10000 >10000 >10000 6250
LYS-PDMAEMA 0.15 240 500 250 500

aE. coli* with chloramphenicol resistance gene.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c03160
Nano Lett. 2022, 22, 8294−8303

8298

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03160/suppl_file/nl2c03160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03160/suppl_file/nl2c03160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03160/suppl_file/nl2c03160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03160/suppl_file/nl2c03160_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03160/suppl_file/nl2c03160_si_001.pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with P. gingivalis. As a control, we used minocycline
hydrochloride as antibiotic, which is commonly employed for
the treatment of periodontitis. A microcomputed tomography
(CT) scan was performed on the upper left second molar of
the rat and its surrounding area after the treatments with
antibiotic, LYS, or LYS-PDMAEMA (Figures 5a and S11). The
different distances from the cementoenamel junction (CEJ,
blue line) to the alveolar bone crest (ABC, yellow line)
indicate varying degrees of bone loss (Figure 5b). As expected,
without treatment with antibiotic or LYS-PDMAEMA,

periodontitis resulted in severe alveolar bone loss (ABL, red
arrow). We found that LYS-PDMAEMA was equal to
minocycline hydrochloride but much more efficient than LYS
in reducing bone loss. As expected, without treatment with
antibiotic or LYS-PDMAEMA, periodontitis resulted in severe
bone resorption. We found that LYS-PDMAEMA was equal to
minocycline hydrochloride but much more efficient than LYS
in reducing bone resorption. In contrast, LYS was almost
ineffective in this aspect. Quantification of micro-CT data
showed that periodontitis caused significant reductions in bone

Figure 4. Antibacterial mechanism study of LYS-PDMAEMA. (a) CLSM images of E. coli incubated with Cy5-labeled LYS and LYS-PDMAEMA
(red). The nucleus was stained with DAPI (blue). The membrane was stained with Dil (yellow). (b) SEM images of E. coli treated with LYS and
LYS-PDMAEMA. (c) Scheme of the antibacterial mechanism of LYS-PDMAEMA. First, the conjugate adsorbs on the surface of bacteria due to the
strong electrostatic interaction between them. Second, LYS catalyzes the hydrolysis of the peptidoglycan layer of the bacterial cell wall. The
conjugate disrupts the cell membranes and gets into the inside of the cell. Finally, the bacterial cell is killed. Note: Part c was created with
BioRender.com.
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mineral density (BMD) and bone volume fraction (BVF, BV/
TV) (Figure 5c, d). However, we observed minimal change in
the BMD and BVF after the LYS-PDMAEMA treatment,
whereas LYS was ineffective and was similar to the untreated
controls. Although the minocycline hydrochloride treatment
was similar to the LYS-PDMAEMA treatment in bone fraction
volume (BVF, Figure 5d), it led to a lower BMD than LYS-
PDMAEMA (Figure 5c), indicating less damage of LYS-
PDMAEMA to the bone structure compared with the
antibiotic. In addition, LYS-PDMAEMA has a better capability
against drug-resistant development than antibiotics. These
results indicate that LYS-PDMAEMA is not only much more
efficient than LYS but also slightly better than minocycline
hydrochloride in periodontitis therapy.
In summary, the unique methods of PDA-mediated N-

terminal modification and photoinduced in situ ATRP make it
possible to specifically and efficiently conjugate the cationic
polymer PDMAEMA to the N-terminus of LYS. The LYS-
PDMAEMA conjugate not only well retains the hydrolytic
activity of LYS but also significantly improves the proteolytic
and thermal stability of LYS, indicating the importance of the
N-terminal LYS conjugation to PDMAEMA in bioactivity
retention and stability improvement. Notably, the conjugate
drastically enhances the antibacterial activity of LYS against
both Gram-negative bacteria and antibiotic-resistant Gram-
negative bacteria. More interestingly, it can overcome the LYS
resistance in Gram-positive bacteria. These advantages of the
conjugate over LYS make it promising as a novel general non-
antibiotic drug for the treatment of infectious disease. We

ascribe these attributes of the conjugate to the synergistic
interactions of the positively charged PDMAEMA and the
enzymatically active LYS of the conjugate with the bacteria to
disrupt the cell membranes. On the basis of the proposed
mechanism, we imagine that more novel non-antibiotic drugs
would be developed in the future. Additionally, our in vivo data
demonstrate that the conjugate dramatically outperforms LYS
and even is superior to the gold standard minocycline
hydrochloride in the treatment of periodontitis in a rat
model. These findings indicate the potential of the conjugate as
an alternative to minocycline hydrochloride in periodontitis
therapy.
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Figure 5. Anti-periodontitis efficacy of LYS-PDMAEMA in a rat model of P. gingivalis infection. (a) Micro-CT images after the treatments: blue
line, cemento-enamel junction (CEJ); yellow line, alveolar bone crest (ABC); red line, alveolar bone loss (ABL). (b) CEJ-ABC distances after the
treatments. (c) BMDs after the treatments. (d) BVFs after the treatments. *Statistically significant with respect to the control according to One
Way ANOVA; n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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