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commonly used [1]. However, they tend to adhere to 
wound beds and cause additional trauma and pain during 
dressing changes [2, 5, 6]. In fact, the pain can be severe 
enough to require anesthesia.

To achieve easy and painless wound dressing changes, 
hydrogels possessing the ability to dissolve on-demand 
have aroused much attention in the last decade. Break-
able chemical and physical crosslinks have been used to 
prepare dissolvable hydrogels. Chemically crosslinked 
hydrogels are mainly dissolved through reactions such 
as thiol-thioester exchange, thiol-disulfide exchange, 
thiol-diselenide exchange and thiol-carbonate bonds 
exchange [7–11]. These hydrogels have been prepared 
from functional molecules such as thioester-containing 
aldehyde-terminated 4-arm polyethylene glycol [8], cys-
tamine-modified hyaluronic acid [9], chitosan modified 
γ-selenobutyrolactone [10] and aldehyde modified block 

Introduction
According to the World Health Organization, burn is the 
fourth most devastating injury in the world and approxi-
mately 11 million people require medical attention each 
year [1, 2]. Burn, as damage of the skin, is commonly 
caused by excessive heat or caustic chemicals. Wound 
dressing plays a key role in promoting timely and healthy 
wound healing through absorbing wound exudates and 
protecting the wound site from external environment [3, 
4]. Traditional cotton-based wound dressings are most 
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Abstract
On-demand dissolution of hydrogels has shown much potential in easy and pain-free removal of wound 
dressings. This work firstly describes a type of carbon dots (CDs) for dissolving Ca-alginate hydrogel via site-
specific mineralization method. The CDs were characterized by two features, which included presence of primary/
secondary amine groups and generation of calcium crystals with Ca2+. Especially, the amount of primary/secondary 
amine groups on CDs played key role in determining whether hydrogel could be dissolved. When there were 
sufficient primary/secondary amine groups, the mineralization occurred on CDs rather than alginates due to the 
hydrogen bond between primary/secondary amine and carboxyl of alginates. Thereby, this promoted the gel-
sol transition through Ca2+ capture from the hydrogels. Moreover, antibacterial test revealed Ca2+ capture from 
cell walls, while in vivo test revealed hypoxia relief due to porous structures of the renewed hydrogels. Overall, 
CDs with sufficient primary/secondary amine groups could dissolve Ca-alginate hydrogel through site-specific 
mineralization method, accompanying by additional functions of antibacterial and hypoxia relief.

Keywords Carbon dot, Mineralization, Alginate hydrogel, On-demand dissolution

Carbon dots-facilitated on-demand 
dissolution of Ca-alginate hydrogel via site-
specific mineralization for wound healing
Qian Li1,3, Chenguang Liu2* and Dongming Xing1,3,4*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02729-5&domain=pdf&date_stamp=2024-8-1


Page 2 of 16Li et al. Journal of Nanobiotechnology          (2024) 22:465 

copolymer containing carbonate bonds [11]. Physically 
crosslinked hydrogels are mainly dissolved by break-
age of non-covalent interactions such as H-bonding, 
host-guest interaction and electrostatic interaction [5, 
12, 13]. For example, Gokaltun et al. prepared supra-
molecular hybrid hydrogel using acrylamide-random-
[3-(methacryloylamino) propyl] trimethylammonium 
chloride, cucurbit uril and anionic polymer-coating clay 
nanosheets [5]. The above methods are focused on design 
and syntheses of constituent molecules of hydrogels, 
however, molecular syntheses may involve complicated 
chemical processes and toxic compounds. The compli-
cated chemical processes could cause unfavorable influ-
ence for large-scale production, while toxic compounds 

at levels higher than can be supported by safety data may 
be harm to the human body [5, 14].

On the flip side, syntheses of dissolving agents may be 
a promising alternative for gel-sol transition. Alginate 
hydrogel, which has been approved by the Food and Drug 
Administration (FDA), has been considered as a prefer-
able wound dressing due to its ability to maintain mois-
ture, hemostatic effect, excellent biocompatibility, low 
toxicity, in-situ and fast formation [15–17]. The sol-gel 
transition of alginate solution has been quite clear after 
many years of investigation. It occurs by complex bind-
ing with multivalent cations (except for Mg2+) under 
mild conditions. However, the gel-sol transition of algi-
nate hydrogel just come forth in recent years. Dissolvable 
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Cu-alginate hydrogel has been reported by our group for 
burn wound treatment. Cu2+ was seized from Cu-algi-
nate hydrogel through competitive complexation [18]. 
However, high concentration of Cu2+ in hydrogels could 
cause damage to the cells involved in the wound healing 
process [19]. Ca2+ cross-linked alginate hydrogel without 
any toxicity is by far the most commonly used alginate 
hydrogel for wound healing treatment. Therefore, there is 
a compelling need to dissolve Ca-alginate hydrogels.

Mineralization, which takes place under mild chemical 
conditions, has been reported as a crystallization path-
way describing the movement of ions from the sources to 
the final products [20, 21]. Complex calcium in Ca-algi-
nate hydrogels can be transformed into calcium depos-
its under the modulation of organic substances such as 
proteins, amino acids and carbohydrates. Ca2+ binds to 
anions such as carboxyl groups of alginates, oxalate and 
carbonate in the early stage of mineralization. However, 
the binding of Ca2+ with carboxyl groups of alginates 
would cause mineralization of alginates and block gel-sol 
transition of alginate hydrogel. Breaking the interaction 
between Ca2+ and alginates may prevent the mineraliza-
tion of alginates. As strong interaction exists between 
nitrogenous groups and carboxyl groups, we proposed 
excessive nitrogenous groups entering into surface of 
alginates wound prevent mineralization of alginates 
through competitively binding to alginates.

Carbon dots (CDs) were chosen to prove this hypoth-
esis, for their ability to act as mineralization templates in 
a fashion similar to organic molecules [22–24]. Several 
kinds of amino acids or polyethyleneimine (PEI) were 
chosen as nitrogen sources. To add function of generating 
calcium precipitations with Ca2+, oxalic acid (OA) was 
chosen as the other starting material. The effect of types 
and amounts of N-groups on dissolution of Ca-alginate 
hydrogels was analyzed. The cytotoxicity and antibacte-
rial activity of CDs were characterized, and the therapeu-
tic potential was investigated in a burning wound model.

Materials and methods
Materials
Lysine (Lys), aspartate (Asp), serine (Ser), histidine (His), 
arginine (Arg), proline (Pro), oxalic acid (OA), poly-
ethyleneimine (PEI, MW = 1800), CaCl2, CuCl2, FeCl3 
and AlCl3 were supplied by Shanghai Aladdin Co. Ltd 
(China). Sodium alginate (SA, 200 mPa⋅s) and ZnSO4 
were obtained from Shanghai Macklin Biochemical 
Co. Ldt (China). CCK-8 kit were purchased from Beyo-
time Institute of Biotechnology (Shanghai, China). Fetal 
bovine serum (FBS) and Dulbecco’s modified Eagle’s 
medium (DMEM) were obtained from Gibco Co. Ltd. 
Deionized water was used in all the experiments.

Synthesis of CDs
CDs with diverse mineralization properties were syn-
thesized using oxalic acid and different nitrogenous 
compounds (N-compounds). After dissolving certain 
amounts of oxalic acid and N-compounds into 10 mL dis-
tilled water (Table S1), the mixture was transferred into 
25 mL Teflon-lined stainless-steel autoclave and heated 
to 150 °C for 7 h. The resulting solution was purified by 
centrifugation at 4000  rpm and dialyzed using 100–500 
molecular-weight-cutoff bag. After lyophilizing certain 
volume of CDs, dry CDs were weighted for calculating 
concentration of CDs. CDs were named based on the 
type of N-compounds and mass ratio of oxalic acid to 
total weights. CDn, CDn+Ser, CDn+Asp, CDn+Arg, CDn+His, 
CDn+Pro, CDn+PEI represented CDs prepared from lysine, 
serine, aspartate, arginine, histidine, proline and PEI, 
respectively. Subscript n (n = 0, 1/9, 1/4, 1/2, 3/4 or 1) 
represented mass ratio of oxalic acid to total weights.

Characterization of CDs
Surface groups were investigated using Fourier transform 
infrared (FTIR) spectroscopy (Nicolet, USA). Elemental 
composition was investigated by X-ray photoelectron 
spectroscopy (XPS, Thermal Electron, USA). The UV-Vis 
absorption and fluorescence spectra were recorded on 
UV-1900 spectrophotometer (Shimadzu Co., Japan) and 
RF-6000 fluorescence spectrometer (Shimadzu, Japan), 
respectively.

Preparation and dissolution of alginate hydrogels
Alginate hydrogel was prepared by the ionic gelation 
method. In brief, 12  mg/mL SA solution was added 
into vial or wound, and then 0.1  M metal ion solution 
was added or sprayed until formation of metal-alginate 
hydrogel.

After putting hydrogel in room for 4 days, CD aqueous 
solution after dialysis mentioned above was sprayed onto 
hydrogels (equivalent 0.25 g CDs per g of hydrogel) and 
incubated at 25 ℃ for gel-sol transition. The dissolved 
hydrogel was centrifugated, dialyzed and weighted to 
calculate the ratio of dissolution. Microstructure of the 
hydrogels were measured by scanning electron micros-
copy (SEM; JEOL, Japan) equipped with energy-disper-
sive X-ray (EDX) spectrometer. To study whether alginate 
participated in mineralization process of CD1/4, the dis-
solved suspension was centrifugated to separate calcium 
precipitations. Then, the supernatant and sedimentation 
were investigated by FTIR after lyophilization.

Swelling of hydrogels
In order to measure the swelling of hydrogels during 
dissolution, the hydrogels were treated with CD1/4 and 
sampled at different time intervals. Then, undissolved 
hydrogels were washed with distilled water, 0.3 M NaCl 



Page 4 of 16Li et al. Journal of Nanobiotechnology          (2024) 22:465 

solution and distilled water subsequently. The mass of 
the hydrogel was measured before and after lyophiliza-
tion. Formula (1) was used to describe the swelling of 
hydrogel.

 Swelling = (WB −WA) /WA × 100% (1)

where WB and WA are the hydrogel weight before and 
after lyophilization, respectively.

Rheological measurement
The rheological measurements were obtained on rheom-
eter (Anton Paar, Austria). A time sweep test with a strain 
of 1% and an angular frequency of 10 rad/s was employed 
to follow the degradation process. The measurement was 
performed with a swollen hydrogel between preheated 
rheometer plates and CD1/4 solution.

Cytotoxicity test
The cell viability was evaluated using CCK-8 assay on 
L929 mouse fibroblast cells according to previous reports 
[18]. All materials and solutions for this experiment were 
sterilized by 0.22  μm filter. For measuring the cytotox-
icity of CDs, CDs were dissolved in PBS and incubated 
with cells for 90 min. After washing with PBS, cells were 
cultured in DMEM for another 12 h. The cell viability of 
hydrogel before and after dissolution was measured by 
incubating hydrogel extract or dissolved hydrogel solu-
tion with cells for 24 h, respectively. To obtain hydrogel 
extract and dissolved hydrogel solution, freeze-dried 
hydrogel before and after gel-sol transition were incu-
bated in DMEM for 48 h, respectively. Finally, cells were 
treated with CCK-8 and the absorbance was measured at 
450 nm.

Antibacterial activity
The growth inhibition effect of carbon dots was deter-
mined on E. coli and S. aureus. Generally, the strains at a 
level of 3.0 Log CFU/mL were incubated with CD1/4, and 
the turbidity of the medium liquid at 570 nm was mea-
sured at time points during bacteria growth. The same 
amount of sterile water was taken as the control.

In order to determine the morphological changes of 
bacteria cells after CD1/4 treatment, TEM analysis was 
performed. The treatment was the same as mentioned in 
the growth inhibition assay. After being treated by CD1/4 
for 50 min, the bacteria cells were centrifuged at 8,000 g 
for 10  min, washed with PBS and fixed in 2.5% glutar-
aldehyde overnight at 4  °C. Then the bacteria cells were 
examined by TEM.

Wound healing treatment
All animal experiments were approved by the Institu-
tional Animal Care and Use Committee of Affiliated 

Hospital of Qingdao University. After anesthetizing with 
pentobarbital sodium, Sprague-Dawley male rats (SD 
rats, 6–8 weeks) were depilated on the back using an 
electric clipper. Burns with a radius of 1.5 cm were cre-
ated using preheated soldering iron at 100 ℃ for 16  s. 
The SD rats were randomly divided into control group, 
hydrogel group and hydrogel + CD1/4 group. For hydro-
gel + CD1/4 group, the hydrogel was replaced every four 
days. CD1/4 solution (18  mg/mL) was sprayed onto Ca-
alginate hydrogel and incubated for about 50 min.

For histological and histochemical analysis, the skin 
tissues were collected on day 16. Tissues were fixed with 
paraformaldehyde, embedded in paraffin and cut into 
5  μm slices. After the slices were stained with hema-
toxylin and eosin (H&E), Masson’s trichrome or CD68/
HIF-1α monoclonal antibody, images were recorded by a 
light microscope.

Statistical analysis
Data were shown as mean ± standard deviation. One-
way ANOVA followed by Tukey’s post-hoc test was 
used to assess significance. The *p < 0.05, **p < 0.01 and 
***p < 0.001 were considered as statistically significant 
difference.

Results and discussion
Synthesis and characterization of CDs
As shown in Fig.  1A and Figure S1, the formed CD1/4 
with the best dissolving effect was spherical in shape 
with average diameter of 2.48 ± 0.41  nm and well dis-
persed from each other. After lyophilization, CD1/4 was 
re-dissolved in distilled water. Figure S1 also showed the 
particle size was still relatively small (2.62 ± 0.56  nm), 
which indicated good redispersion of CD1/4. CD0, CD1/9 
and CD1/4 had relatively high absorption around 340 nm, 
which could be attributed to the formation of defect sur-
face states induced by the N heteroatoms (Fig. 1B) [25]. 
However, this peak sharply decreased in CD1/2, CD3/4 
and CD1, indicating reduction of nitrogen-related defect 
surface states. The fluorescence spectrum revealed both 
fluorescence intensity and peak position of CD1/4 were 
dependent on the excitation wavelength (Figure S2). 
The FTIR spectra show the characteristic peaks of CDs 
(Fig.  1C). The peak at 1534  cm− 1 in lysine, CD0, CD1/9 
and CD1/4 could be attributed to amino group (NH2) 
[26]. This suggested amino groups of lysine were success-
fully incorporated into these CDs. As for CD1/9, CD1/4, 
CD1/2, CD3/4, CD1 and oxalic acid, they all had peak 
around 1697 cm− 1 (C = O of oxalic acid) [27]. This indi-
cated incorporation of functional groups of oxalic acid 
into these CDs. CD0, CD1/9, CD1/4 and CD1/2 showed a 
specific characteristic peak at 1579 cm− 1, which could be 
assigned to amide II vibration [28].
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The XPS spectra revealed three predominant peaks at 
285.9, 400.1 and 531.3 eV, which corresponded to binding 
energies of C 1s, N 1s and O 1s respectively (Fig. 2A-F). 
CD0, CD1/9, CD1/4, CD1/2 and CD3/4 contained the same 
elements, except for CD1. There was no N-compound 
in staring materials of CD1, which caused absence of 
nitrogen. High resolution of the C 1s spectrum could be 
divided into four binding energy subpeaks (Fig.  2G-L), 
which included 284.5 eV (C = C/C-C), 285.9 eV (C–N/C-
O), 287.9  eV (C = O) and 288.7  eV (O = C-O/O = C-N), 
respectively [28–31]. From the spectra, it could be seen 
that the C = C/C-C component had the most intense 
peak among all of the deconvoluted peaks, indicating 
that C = C/C-C was the main C bonding configuration of 
CDs. The peak at 288.7 eV increased from 3.73 to 22.43% 
with the increasing ratio of oxalic acid in starting mate-
rials (Table S2). This could be attributed to carboxyl-
ation by oxalic acid and/or conjugation of oxalic acid to 
amino groups through amide bonds [31]. The N 1s spec-
trum (Fig.  2M-Q) can be de-convoluted into two peaks 
at 400.8 and 399.2  eV, corresponding to the N-(C)3 and 
N-H, respectively [30, 32]. The contents of N-H in CD0, 
CD1/9 and CD1/4 were relatively high, while its contents in 
CD1/2 and CD3/4 were quite low (Table S3). This indicated 

nearly all of the N element in lysine was converted into 
N-(C)3 when high amounts of oxalic acid were added.

When low amounts of oxalic acid were added in start-
ing materials, the yields of CD0, CD1/9 and CD1/4 were 
above 92% (Fig. 2R). As the oxalic acid content continued 
to increase, the yield decreased sharply in CD1/2, CD3/4 
and CD1. This decreasing could be attributed to decar-
boxylation reaction of oxalate ester [31]. Combining the 
results of FTIR, XPS and production yields, it can be 
inferred that oxalic acid was conjugated on the surface 
of CDs through amide bond in CD1/9 and CD1/4, through 
ester bond in CD3/4 and CD1, through amide and ester 
bonds in CD1/2.

Gel-sol transition of different metal-alginate hydrogels
Ca-hydrogel was totally dissolved by CD1/4 within 
25  min, however, other metal-hydrogels were only par-
tially dissolved (Fig.  3A, B and E). Figure  3C and D 
showed only Ca2+ caused precipitation after reacting 
with CD1/4, suggesting the action mode of Ca2+ differed 
from other metal ions. Fluorescence spectrum (Fig.  3F) 
revealed decreasing fluorescence intensity of CD1/4 after 
incubating with metal ions except for Ca2+. According to 
previous reports, Cu2+, Zn2+, Fe3+ and Al3+ tend to form 

Fig. 1 Characterization of CDs. (A) TEM image of CD1/4, (B) UV–vis spectra, (C) FTIR spectra
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Fig. 2 XPS spectra of CDs. XPS full spectra of (A) CD0, (B) CD1/9, (C) CD1/4, (D) CD1/2, (E) CD3/4 and (F) CD1; C 1s spectra of (G) CD0, (H) CD1/9, (I) CD1/4, (J) 
CD1/2, (K) CD3/4 and (L) CD1; N 1s spectra of (M) CD0, (N) CD1/9, (O) CD1/4, (P) CD1/2, and (Q) CD3/4; (R) the yield of products
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metal complexes with functional groups such as amino 
and carboxylic groups [33–36], and the static quench-
ing was due to formation of non-fluorescent complexes 
between CD1/4 and these metal ions [29, 37]. The disso-
lution of these metal-alginate hydrogels could be attrib-
uted to the competitive complexation of CDs with Cu2+, 
Zn2+, Fe3+ or Al3+ [18]. As for Ca2+, it is much harder to 
form metal complexes due to the lack of preferred geo-
metrical coordination and coordination numbers, result-
ing from its large ionic radii and electronic configuration 
[38]. Thus, gel-sol transition mechanism of Ca-alginate 
hydrogel can’t be attributed to competitive complexation, 
but may be related to formation of white calcium pre-
cipitations. The details were investigated in the following 
studies.

Effect of amino groups of CDs on gel-sol transition
Figure 4A-D showed that CD1/9 and CD1/4 aqueous solu-
tions could produce precipitates with Ca2+ and dissolve 
Ca-alginate hydrogels. CD1/2, CD3/4 and CD1 aqueous 
solutions could produce precipitates with Ca2+, but can’t 
dissolve Ca-alginate hydrogels. When the mass frac-
tion of OA in starting materials was ≤ 1/4, the dissolving 

ratio of CDLys increased with the increasing of OA con-
tent. When the mass fraction of OA was > 1/4, CDLys lost 
their ability to dissolve Ca-alginate hydrogels. To clarify 
the differences between dissolved hydrogel and undis-
solved hydrogel, SEM and XRD were used to investi-
gate the hydrogels and precipitations. CD1/4 was chosen 
as the research model due to the fastest-dissolving rate, 
and CD3/4 without any dissolution ability was used as a 
comparison. It was observed by SEM that Ca-alginate 
hydrogel without any treatment had smooth surface 
structures (Fig. 4E). After treating with CD3/4 for 15 min, 
the hydrogel had a very coarse surface constituting of 
countless microparticles (Fig.  4G and H). EDS mapping 
in Fig. 4I demonstrated Ca-alginate hydrogel treated with 
CD3/4 was entirely covered with calcium. XRD spectra 
in Fig. 4N showed characteristic peaks at 14.9 and 24.5, 
which were the same to calcium oxalate crystals [39]. 
These results indicated mineralization of CD3/4 into Ca-
alginate hydrogels.

After treating with CD1/4 for 15  min, some clusters 
with different sizes were depositing on remaining hydro-
gels (Fig. 4F and J). EDS mapping of calcium revealed low 
enrichment of calcium on small clusters (red arrows) and 

Fig. 3 Dissolution of metal-alginate hydrogels by CD1/4. (A) Metal-alginate hydrogels, (B) metal-alginate hydrogels dissolved by 50 mg/mL CD1/4, (C) 2.5 
mL of 3 mM metal ion solution, (D) metal ion solution added with CD1/4 (0.8 mL, 50 mg/mL), (E) the ratio of dissolved hydrogels, (F) fluorescence intensity 
of 0.48 mg/mL CD1/4 with 0.1 mM metal ions

 



Page 8 of 16Li et al. Journal of Nanobiotechnology          (2024) 22:465 

high enrichment of calcium on large clusters (Fig. 4J and 
K). Irregular shaped crystals (black arrows) also could be 
seen on part of large clusters, which suggested the occur-
rence of mineralization. In order to further investigate 

the fate of calcium crystals, the suspension after gel-sol 
transition was centrifugated and separated. Figure 4L and 
M showed EDS map of calcium was totally matched with 
centrifugal precipitations. XRD spectra of centrifugal 

Fig. 4 Dissolution of Ca-alginate hydrogel by CDlys. (A) Ca-alginate hydrogel, (B) Ca-alginate hydrogel incubated with 18 mg/mL CDLys, (C) 18 mg/mL 
CDlys, (D) CDLys added with Ca2+ (final concentration 3mM), (E) surface morphology of Ca-alginate hydrogel, (F) cross section morphology of Ca-alginate 
hydrogel treated with CD1/4 for 15 min, (G) cross section morphology of Ca-alginate hydrogel treated with CD3/4 for 15 min, (H) morphology and (I) EDS 
mapping of surface of Ca-alginate hydrogel treated with CD3/4 for 15 min, (J) morphology and (K) EDS mapping of surface of Ca-alginate hydrogel treated 
with CD1/4 for 15 min, (L) morphology and (M) EDS mapping of centrifugal precipitation of Ca-alginate hydrogel treated with CD1/4, (N) XRD spectra, (O) 
FTIR of calcium precipitations, (P) absorption of CDlys solutions from ninhydrin tests, (Q) rheological analysis and (R) swelling of hydrogel during degrada-
tion by CD1/4 solutions
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precipitations showed the same peaks as calcium oxalate 
crystals [39], while remaining hydrogel had no such char-
acteristic peaks. It could be inferred that calcium crystals 
were finally release to surrounding solutions.

In order to investigate whether alginate participated 
in mineralization of CD1/4, the suspension after gel-sol 
transition was separated by centrifugation and measured 
by FTIR. As shown in Fig.  4O, the spectrum of sedi-
ment separated from hydrogel suspension was the same 
as that of sediment generated by CD1/4 and Ca2+. Both 
of them had peaks at 1602 and 1324 cm− 1, which could 
be attributed to amide II vibration and C-O stretching 
vibration of calcium precipitation, respectively [40]. Fig-
ure S3 showed the spectrum of pure SA was similar to 
that of supernatant separated from the dissolved Ca-algi-
nate hydrogel. Both of them had peaks at 1613, 1413 and 
1031 cm− 1, which were assigned to antisymmetric COO− 
stretch, symmetric COO− stretch and antisymmetric 
C-O-C stretch of SA, respectively [41]. The peak at 1525 
could be assigned to unreacted amino groups in CD1/4. 
Thus, it could be inferred that alginate did not involve in 
formation of calcium precipitation and was released to 
surrounding solution.

As primary amine groups have high binding capac-
ity to carboxyl groups, the amount of primary amine 
groups on CDs was measured by the ninhydrin reaction. 
Figure 4P showed the amounts of primary amine groups 
reduced rapidly with the increasing of oxalic acid. When 
the content of oxalic acid in starting materials increased 
to 50%, there was barely no primary amine group on the 
surface of CDLys. Figure 4Q showed the storage modulus 
of hydrogel decreased with time, indicating the hydrogel 
dissolved progressively. Figure 4R showed the Ca-alginate 
hydrogel swelled during dissolution of by CD1/4. The 
swelling of hydrogels could be attributed to two reason; 
① displacement of cross-linking Ca2+ by amino groups, ② 
capture of Ca2+ by CDs [42]. These render the Ca-algi-
nate hydrogel structure loose and soluble.

Effect of different N-groups on surface of CDs on gel-sol 
transition
To re-verify whether primary amine groups could avoid 
mineralization of alginate, serine (neutral amino acids) 
and aspartate (acidic amino acid) with similar molecu-
lar weight to lysine (alkaline amino acids) were chosen 
as the starting materials for preparation of CDs. CDLys, 
CDAsp and CDSer all produced precipitate with Ca2+, 
however, only CDlys could dissolve Ca-alginate hydrogels 
(Figure 5A-C). Figure5D showed there was little primary 
amine group in CDSer and CDAsp. This test further veri-
fied CDs with large amounts of primary amine groups 
could avoid mineralization of alginates and promote 
gel-sol transition of Ca-alginate hydrogel. Otherwise, 
CDs with little amounts of primary amine groups on the 

surface couldn’t avoid mineralization of alginates, which 
blocked the gel-sol transition.

In order to investigate whether other N-groups on sur-
face of CDs could promote dissolution of Ca-alginate 
hydrogels, PEI, His, Arg and Pro were chosen as the 
starting materials for preparation of CDs. Figure  5E-G 
showed that all of these CDs could generate precipi-
tates with Ca2+, however, the dissolving rate was differ-
ent from each other. Ninhydrin test and FTIR were used 
to characterize the N-groups. The ninhydrin reactions 
of CD1/4+His, CD1/4+Arg, CD1/4+PEI and CD1/4+Pro were 
negative, indicating absence of primary amine groups 
(Fig. 5H). As shown in Fig. 5I, the peak at 1516 cm− 1 in 
CDPEI could be assigned to secondary amine groups. The 
peak at 1348 cm− 1 in CDHis and CDArg could be assigned 
to C-N of secondary amine in histidine/arginine. Fig-
ure  5G showed hydrogels treated with CDHis or CDArg 
for 60 min were completely dissolved, although the dis-
solving rate were slower than that of CDLys. The disso-
lution could be ascribed to the presence of secondary 
amine groups in CDHis/CDArg, which forms H bond with 
carboxyl in alginates. Figure  5G and J showed hydrogel 
treated with CDPro was hardly dissolved and turned from 
transparent to white, indicating mineralization of CDPro-
treated hydrogel. It also can be seen that hydrogel treated 
with CDPEI was partially dissolved and turned from 
transparent to white eventually. The dissolution could be 
ascribed to the presence of secondary amine groups in 
CDPEI. After running out of secondary amine groups, the 
mineralization occurred on alginate and blocked gel-sol 
transition. In all, primary and secondary amine groups 
on surface of CDs could promote dissolution of Ca-algi-
nate hydrogels, and CD1/4 baring primary amine groups 
is the most effective.

In vitro cytotoxicity
As shown in Fig. 6A, oxalic acid exhibited very high cyto-
toxicity even at the concentration of 1  mg/mL. Lysine 
exhibited low cytotoxicity at the concentration higher 
than 18  mg/mL. The cytotoxicity of lysine disappeared 
after formation of CD0 (Fig. 6B), which could be ascribed 
to the decreasing of solute concentration and osmotic 
pressure. When the ratio of oxalic acid to lysine was no 
more than 1/4, CDs showed no cytotoxicity. Otherwise, 
CDs had extremely high cytotoxicity. In order to inves-
tigate the reason of difference in cytotoxicity, formation 
of mineralized crystals in cells was observed at different 
conditions. Figure S4 showed there were obvious crys-
tals in CD3/4 and CD1 treated cells. The reason may be 
that CD3/4 and CD1 didn’t have enough primary/second-
ary amine groups on the surface and subcellular struc-
tures were also involved in the mineralization of CD3/4/
CD1. Otherwise, the mineralization occurred only on 
CD1/4 without subcellular structures. Figure  6C and D 
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revealed CDs had much lower cell viability than physical 
mixtures with the same component at same ratio. Physi-
cal mixtures even exhibited very high cytotoxicity at low 
concentration. The reason may be that formation of CDs 
could reduce the acidity of oxalic acid. In essence, oxalic 
acid is a strong acid due to the presence of two neigh-
bouring carboxyl groups. One of the carboxyl groups was 
conjugated to the surface of CDs, which destroyed the 
structure of neighbouring carboxyl groups. In all, oxalic 
acid had relatively high cytotoxicity, and its cytotoxicity 
could be efficiently reduced through forming CDs.

Figure S5 revealed cell viabilities were more than 
95% for both hydrogel extract and sol suspension at the 
concentration of 0.1–10  mg/mL, suggesting good bio-
compatibility of Ca-alginate hydrogels before and after 
dissolution

Antimicrobial effect of CD1/4 against E. coli and S. aureus
CD1/4 at the concentration of 18  mg/mL was used to 
treat E. coli and S. aureus. Figure  6E and F showed the 
number of E. coli and S. aureus in the control groups 
increased continuously in 6  h. But, CD1/4 treatment led 
to decrease in the first hour and slow increase within 
2–6  h. These results indicated effectiveness of CD1/4 on 
the inhibition of E. coli and S. aureus. TEM analysis was 
carried out to observe morphological changes of E. coli. 
Evenly arranged internal constituents was observed in 
E. coli treated with 3 mg/mL CD1/4 (Fig. 6G), while loss 
of internal constituents was observed in E. coli treated 
with 18  mg/mL CD1/4 (Fig.  6H). According to previous 
reports, oxalic acid can disrupt cell wall integrity by che-
lating Ca2+ in cell walls [43]. Thus, it could be inferred 

Fig. 5 Dissolution of Ca-alginate hydrogels by CDs with different N-groups. (A) 18 mg/mL CDSer/CDAsp solution, (B) CDSer/CDAsp added with Ca2+ (final 
concentration 3 mM), (C) the ratio of dissolved hydrogels treated with CDSer/CDAsp, (D) absorption of CDSer/CDAsp solutions from ninhydrin tests, (E) 
18 mg/mL CDArg/CDHis/CDPro/CDPEI solution, (F) CDArg/CDHis/CDPro/CDPEI added with Ca2+ (final concentration 3 mM), (G) the ratio of dissolved hydrogels 
treated with CDArg/CDHis/CDPro/CDPEI, (H) absorption of CDArg/CDHis/CDPro /CDPEI solutions from ninhydrin tests, (I) FTIR spectra of CDArg/CDHis/CDPro/CDPEI, 
(J) changes in hydrogel treated with CD1/4+PEI and CD1/4+Pro
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that CD1/4 exert antimicrobial effect through destroying 
cell walls.

Burn wound healing effect
The photographs and contraction rate of the burn 
wounds in different groups from day 1 to day 24 were 
presented in Fig.  7A and B. Starting from day 12, the 
wounds treated with dissolving hydrogels were healed 
significantly faster than control and/or hydrogel groups. 
The burn wound was almost completely recovered on day 

24 in the hydrogel + CD1/4 group, whereas visible wounds 
were still observable in other groups. H&E and Masson 
trichrome staining were used to assess the histopatho-
logical structures of wound tissue from regenerated skin 
on day 16. As shown in Fig. 7C, there was still epidermal 
rupture in control group. From Masson’s trichrome-
stained images, it was observed that wound treated with 
dissolvable hydrogel produced greatly more collagen than 
other groups (Fig.  7D). Above outcomes revealed that 
the Ca-alginate hydrogel with replacement enhanced 

Fig. 6 Cytotoxicity and antibacterial effect of CDs. Cytotoxicity of L929 cells treated with (A) starting materials of CDs, (B) CDlys at the concentration of 
18 mg/mL, (C) CD1/4, and physical mixture with the same ratio of oxalic acid to lysine and (D) CD1/4+Ser, and physical mixture with the same ratio of oxalic 
acid to serine; (E) growth curve of E. coli. treated with CD1/4; (F) growth curve of S. aureus. treated with CD1/4; (G) TEM image of E. coli. treated with 3 mg/
mL CD1/4 and (H) TEM image of E. coli. treated with 18 mg/mL CD1/4
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re-epithelialization and collagen production. SEM images 
showed the newly formed hydrogels on wounds had 
porous structures, while the other two groups were nearly 
nonporous on day 17. The porous structure in hydrogel 
enables air circulation, oxygen supply and wound exu-
date absorption during wound healing process [44]. But 
the exudate wound block the holes of hydrogels [19]. 

To assess whether Ca-alginate hydrogel with replace-
ment could alleviate hypoxia, new generated tissues were 
observed by HIF-1α immunostaining (brown cells). The 
relative HIF-1α expression in the hydrogel + CD1/4 group 
was significantly lower than that in control and hydrogel 
only groups (Fig.  7E), proving hypoxia relief of replace-
able hydrogels. Local inflammation also exerts a key 

Fig. 7 In vivo wound healing performances. (A) Photographs of wounds healed at different time points after various treatments, (B) percentage of un-
healed wound area, (C) SEM, histological and immunohistochemical staining of wound sections, (D) percentages of collagen deposition area, (E) HIF-1α 
positive cell density, (F) CD68 positive cell density
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effect on wound healing. The hydrogel with replacement 
showed much lower CD68-positive macrophage (brown 
cells) density than the other two groups (Fig. 7F). These 
results indicated that dissolvable hydrogel could effec-
tively alleviate local inflammatory reactions. This could 
be ascribed to the improved oxygen supply of hydrogels 
and antibacterial properties of CDs. According to previ-
ous reports, improved oxygen supply could accelerate the 
resolution of the initial inflammation phase and the pro-
gression of the proliferation phase [45].

Mechanisms and future perspectives
In this work, CDs with primary and secondary amine 
groups have been prepared for promoting gel-sol tran-
sition of Ca-alginate hydrogel via site-specific min-
eralization. The amount of primary/secondary amine 
groups played key role in determining where mineraliza-
tion occurred and whether gel-sol transition happened 
(Fig. 8A). Ca2+ bound to carboxyl group through electro-
static interactions. Primary and secondary amine groups 
bound to carboxyl groups through not only electrostatic 
interactions but also hydrogen bonds (Fig. 8B and C). Pri-
mary and secondary amine groups could compete with 
Ca2+ for binding to carboxyl groups in alginates. There-
fore, Ca2+ only bound to CDs in case of CDs with large 

Fig. 8 The role of primary/secondary amine groups in mineralization procedure. (A) CDs containing different N-groups on gel-sol transition, (B) interac-
tion between Ca-alginate hydrogel and CDs with abundant primary/secondary amine groups on the surface, (C) interaction between Ca-alginate hydro-
gel and CDs with little primary/secondary amine groups on the surface
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amounts of primary and secondary amine groups. Con-
sidering the role of cooperative ion-association in miner-
alization process and results in this work [46], the gel-sol 
transition could be inferred as follows. At first, CDs got 
close to alginate hydrogel. Ca2+ bound to primary and 
secondary amine groups on CDs and formed small clus-
ters on hydrogels. Ca2+ continued to accumulate around 
CDs, resulting in bigger cluster and formation of calcium 
crystals. Then, the calcium in hydrogel was transformed 
to calcium crystals and released into surrounding solu-
tions at last. But if there were not sufficient primary/sec-
ondary amine groups on CDs, the Ca2+ bound to both 
CDs and alginates. This caused mineralization of both 
CDs and alginates, thereby blocking dissolution of algi-
nate hydrogel.

Our results also demonstrated CDs prepared from 
oxalic acid had much less cytotoxicity than oxalic acid. 
In essence, oxalic acid is a strong acid due to the pres-
ence of two neighbouring carboxyl groups. Forma-
tion of CDs could reduce the cytotoxicity of oxalic acid 
through destroying the structure of neighborly carboxyl 
groups and decreasing the acidity of oxalic acid. More-
over, mineralization of calcium oxalate could occur on 
the subcellular structures and destroy homeostasis of 
physiologic functions. The abundant primary/secondary 
amine groups on CDs could reduce the cytotoxicity of 
oxalic acid through avoiding mineralization of subcellu-
lar structures. In all, the cytotoxicity of oxalic acid could 
be reduced by two ways: combination with compounds 
containing primary/secondary amine groups to reduce 
mineralization on subcellular structures, and formation 
of CDs to reduce the acidity of oxalic acid.

Adequate oxygen supply has been considered as an 
efficient strategy for promoting wound healing. Previ-
ous reports have proven hyperbaric oxygen therapy and 
oxygen-releasing system as effective strategies for reliev-
ing hypoxia in acute wound, diabetic chronic wound and 
skin flap transplantation [44, 45, 47–49]. Our groups 
demonstrated replaceable alginate hydrogel was also 
an efficient strategy for hypoxia relief. The replaceable 
hydrogels could form new hydrogels with porous struc-
tures, which enhance permeability of hydrogels. Without 
adding any functional molecules or materials in alginate 
hydrogel, it has already shown excellent functions in 
relieving hypoxia and promoting wound healing.

Dissolvable hydrogels have shown much potential in 
providing easy wound dressing replacement, avoiding 
mechanical and surgical debridement, and promoting 
wound healing. In future studies, the dissolvable Ca-algi-
nate hydrogels may be combined with other functional 
materials and molecules for additional features. The dis-
solvable hydrogels may be further used to treat refrac-
tory wounds such as pressure ulcers, venous ulcers and 
diabetic wounds. Dissolvable Ca-alginate hydrogel may 

also be utilized in wearable biosensors, for it could be 
facilely removed from tissues whenever necessary. The 
main limitation of CDs for dissolving Ca-alginate hydro-
gel through mineralization method lies in the limited dis-
solution rate. In order to accelerate the dissolving rate, 
template molecules that have higher association ability 
with carboxyl groups on alginates may be used as starting 
materials for CDs.

Conclusions
We developed an appealing paradigm of gel-sol transi-
tion that was facilitated by CDs via site-specific mineral-
ization. The amount of primary/secondary amine groups 
on CDs played key role during gel-sol transition. On the 
one hand, these N-groups on surface of CDs could form 
H-bond with carboxyl groups and compete with Ca2+ for 
carboxyl groups of alginates. This could block mineraliza-
tion of alginates and promote gel-sol transition. On the 
other hand, CDs with N-groups also could act as tem-
plates for mineralization, which promoted seizing Ca2+ 
from Ca-alginate hydrogels. Moreover, CDs possessed 
antibacterial activity through seizing Ca2+ from cell walls, 
and the renewed porous hydrogels could relieve hypoxia 
in wound area. This work highlights the gel-sol transition 
of Ca-alginate hydrogels through site-specific mineraliza-
tion of CDs, the role of primary/secondary amine groups 
on CDs and successful treatment of burn wound.
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