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Abstract: This article reports on polymer (PLLA, poly(L-lactic acid)) nanosheets incorporated with 

Fe-ion nanoparticles, aiming at using the latter nanoparticles as a source to release Fe ions. Such Fe 

ions should facilitate burn wound healing when such nanosheets are applied as a biomedical tissue 

on skin. Laser ablation in liquid phase was used to produce Fe-containing nanoparticles that after 

incorporation into PLLA nanosheets would release Fe ions upon immersion in water. Unlike most 

of iron-oxide nanostructures that are poorly soluble, such nanoparticles prepared in chloroform 

were found to have water solubility, as they were shown by XPS to be based on iron chloride and 

oxide phases. After incorporation into PLLA nanosheets, the ion –release test demonstrated that Fe 

ions could be released successfully into water at pH 7.4. Incorporation with two different metal ions 

(Fe and Zn) was also found to be efficient as both types of ions were demonstrated to be released 

simultaneously and with comparable release rates. The results imply that such polymer nanosheets 

show promise for biomedical applications as potential patches for healing of burn wounds. 

Keywords: PLLA nanosheets; laser ablation in liquid; Fe-containing nanoparticles; metal-ion 

release; burn wound healing 

 

1. Introduction 

Wounds are defined as damage or disturbance of normal anatomical structure and function of 

skin resulted from pathological processes that begin internally or externally to the involved organs 

[1,2]. Among different types of wounds, burn ones are known typically to need long-lasting and 

complex treatment to provide, support and accelerate their healing [3–13]. An ideal wound dressing 

used for their treatment should accelerate one or several stages of the healing processes including the 

inflammatory phase, the migratory phase, the proliferative phase, and the remodeling phase. 

Nowadays, a variety of wound dressings are available and still widely used to treat such wounds [3–

10,12,13]. And even though the characteristics of “ideal” dressings for wound treatment are well 

known, such ultimate dressings are still difficult to be realized within the same material [4–13]. It is 

still challenging, if ever possible, to realize an optimal combination of desired properties in one 

wrapping material, implying that new materials with improved characteristics are still highly 

anticipated. In parallel, incorporation of metal ions such as Mg, Zn, Fe and Cu is believed to be 

beneficial for efficient wound healing [2,4,5,11,14–16], however, very little progress was achieved in 

this direction thus far.  
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Free-standing ultra-thin films (also known as nanosheets, NSs) of several biodegradable 

polymers (e.g., poly(L-lactic acid), PLLA) have been recently reported as efficient materials to cover 

burn wounds, with the ability to adhere to any shape and protect wounds for days without the need 

for daily replacement [11,17–20]. As wound wrapping materials, such NSs are: (1) inexpensive and 

relatively easy to prepare; (2) highly adhesive to virtually any surface with any shape; (3) permeable 

for water and air and biodegradable; (4) good as barriers for infection and dirt, and so on [11,17–20]. 

Embedding such inexpensive and biodegradable polymer NSs with ions of crucial metals that can be 

released upon contacting the wound surface is therefore believed to enhance their performance as 

burn-wound dressings further [11,17–20]. 

Embedding PLLA nanosheets with sources of metal ions, such as Mg, Zn, Fe and Cu, is believed 

to provide additional merits to such biomedical materials as these ions were reported to be essential 

for improved wound healing [2,11,14–16]. In our previous work, we prepared PLLA NSs 

incorporated with Zn-containing NPs and demonstrated that NPs based on both ZnCl2 and ZnO can 

be efficient source of Zn ions that can be released from PLLA NSs in contact with water medium [11]. 

Since embedded NPs should be sufficiently soluble in water, we used ZnO and ZnCl2 based NPs 

which were then incorporated into PLLA NSs by means of spin-coating. The produced NSs were 

characterized and their ability to release Zn ions was tested after immersion in water at pH of 7.4 and 

37 oC [11]. To prepare such Zn-containing NPs, we applied the laser ablation in liquid (LAL) phase, 

which is a convenient laboratory technique permitting to prepare diverse nanomaterials (including 

metallic and metal oxide NPs, among others) with easy parameter control and at laboratory scale [21–

35] (see Figure 1).  

 

Figure 1. Setup with ns-pulsed laser used to produce nanoparticles via ablating iron plate in 

chloroform. 

Encouraged by the previous results, herein we apply the same method to produce Fe-containing 

NPs as nano-reservoirs for Fe ions that can be released from their PLLA matrix (NSs) upon 

embedment. We also employed LAL in chloroform to produce Fe-containing NPs, expecting such 

NPs to be based on chloride phases, similar to our previous work on Zn ablation in chloroform [11]. 

When LAL is applied to Fe targets in water or air, the product is known to be based on various iron 

oxides/hydroxides [22,33,34,36–40]. Based on the literature, all major Fe oxides are known to be 

insoluble in water, which is why we decided to rely on Fe chloride based nanomaterials, whose 

formation was expected as a result of Fe ablation in chloroform.  

Thus, this work took advantage of the LAL as a method to prepare Fe-containing NPs which 

would be soluble in water. Two types of Fe-Cl NPs were prepared at different laser parameters and 

then characterized, after which they were incorporated into PLLA NSs. For comparison, we also used 
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commercially available iron oxide NPs (Fe2O3), which were also embedded into PLLA nanosheets. 

As a next stage, we studied how the prepared NSs released Fe ions, the dynamics that should be of 

high importance when such biomedical materials are applied for wound healing. Finally, we 

demonstrate NSs incorporated with two types of NPs that contain two metal ions (Fe and Zn), as well 

as their ion release.  

Hence, the work paves an avenue for easy-to prepare and low-cost new-generation biomedical 

materials, i.e., bio-friendly polymer nanosheets incorporated with nano-containers that can release 

metal ions aiming at accelerating wound healing. Such materials are highly anticipated for multiple 

biomedical applications, especially as inexpensive wound-dressing in surgery and regenerative 

medicine. 

2. Experimental Part 

2.1. Chemicals and Materials 

Iron plates (99.8% pure) were supplied by Nilaco Corp. Deionized water, chloroform (99.0% 

pure) and ethanol (99.5%) were all purchased from Wako Pure Chemical Industries (Japan). 

Phosphate-buffered saline solution (PBS) was purchased from Merk, polyvinyl alcohol (PVA) was 

acquired from Kanto Chemical Co. (Japan), while Fe2O3 and ZnO NPs (with sizes below 50 nm and 

20-25 nm, respectively) were supplied by Sigma-Aldrich and Wako Pure Chemical Industries, 

respectively. Finally, PLLA (Mw: 80–100 kDa) was supplied by Polysciences, Warrington, PA (USA).  

2.2. Preparation of Fe-Containing NPs 

Laser ablation in liquid (LAL) is a convenient laboratory technique to generate NPs with 

different morphology, sizes and chemistry [21–29,33,34,41–44]. In this method, laser beam is typically 

focused on a solid target (or powder dispersed in liquid), and its pulses ablate (or modify) the target 

to produce nanostructures with morphology, size and chemistry that depend on the used liquid and 

target, as well as on the properties of laser pulses applied [21,24–29,31–34,45]. This approach is 

attractive for research purposes since it is simple in use, inexpensive and consumes minimum 

chemicals, among other advantages. In this study, as we needed water-soluble NPs containing Fe 

ions, we applied LAL to ablate iron plate in chloroform, as this was expected to result in chloride-

based NPs. 

Unlike our previous work on ZnCl2-based NPs generated via LAL [11], here we applied a 

nanosecond pulsed laser to ablate iron plates in chloroform. Samples A and B were prepared using a 

YAG laser operating at different pulse energy as described in Table 1.  

Table 1. Description of Fe-containing colloids produced by ablating iron plat with ns-pulsed laser. 

Sample Ablation time (min) Liquid medium Pulse energy (mJ) 

Sample A 20 Chloroform 30 

Sample B 20 Chloroform 120 

Iron metal plate with a thickness of 1.0 mm was cut into pieces 1.5 x 3.0 cm2 in size which were 

then sonicated in ethanol for 5 min. After drying in air, the plates were placed in a quartz cuvette 

with 15 mL of chloroform. During ablation for 20 min, the produced colloids were magnetically 

stirred (Figure 1). A nanosecond pulsed Nd: YAG laser with the fundamental wavelength of 1064 nm 

was used for preparing iron-chloride based NPs, with the experimental setup being exhibited in 

Figure 1, while more details on both the setup and laser used can be found elsewhere [11,27,32,41,42]. 

2.3. Characterization of Prepared NPs  
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The prepared colloids of Fe-Cl containing NPs were first centrifuged at 16,000 rpm and then 

drop-cast on Si wafers for X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) 

analyses or on C-coated Cu grids for transmission electron microscopy (TEM).  

Morphology of obtained NPs and NSs were taken using scanning electron microscopy (SEM, 

S4800 from Hitachi, Japan), while XPS analysis was carried out on a PHI-1600 spectrometer (Physical 

Electronic Industries, USA). The recorded binding energy peaks were all corrected for charge shifting 

by referencing to the adventitious carbon C 1s line at 284.8 eV. In order to remove adventitious carbon 

from the sample surface, argon sputtering was applied, after which samples were analyzed. 

Quantification of the peaks was carried out by using the XPSPeak4.1 software, which permitted to 

curve-fit the peaks of elements comparing them with data already available in the literature. 

TEM analysis was performed on a HF-2200 tool from Hitachi. The samples were prepared by 

pipetting as-prepared dispersions onto copper micro-grids and drying in air. The optical 

characteristics of NPs in colloids were studied using an UV-visible absorption spectroscope (UV-

2450, Shimadzu). The NP size in the liquid state was measured using a nanoparticle analyzer by 

dynamic light scattering (DLS) technique.  

2.4. Nanosheets Loaded with NPs and Their Analysis 

Because chloroform is compatible as solvent for our spin-coating based approach to prepare 

PLLA NSs, NPs prepared in chloroform by ablation were ready for direct mixing with PLLA polymer 

followed by spin-coating [11,19,20]. Commercial Fe2O3 or ZnO NPs used for comparison, prior to 

further processing, were weighed and dispersed in chloroform, after which they were mixed with 

PLLA for further spin-coating as PLLA NSs.  

Figure 2 shows schematically how NP-embedded PLLA NSs were prepared. NP dispersions in 

polymer solution of CHCl3 were spin-coated onto a Si wafer coated with a water-soluble polymer, 

PV. After that, upon fast immersion in water, free-standing PLLA NSs were delaminated as PV 

dissolved in water. The amount of Fe-containing NPs in the PLLA-CHCl3 solution was evaluated 

based on the weight loss of Fe plate evaluated after ablation. Because the produced NPs had a 

complex composition and had both Fe(II) and Fe(III) species, for simplicity, we used concentrations 

in moles per liter (of Fe atoms) to prepare PLLA NSs embedded with NPs from Samples A and B. If 

necessary, the as-prepared dispersions were diluted with chloroform to adjust their concentrations 

prior to mixing with PLLA and further spin-coating.  

 

Figure 2. Fabrication of PLLA nanosheet incorporated with nanoparticles. 

As seen in Figure 2, the PLLA NSs were prepared by spin-coating. For that, typically the 

concentration of the mixture was 10 mg of PLLA (as crystals) and 1 mL of LAL-generated colloid. 
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The substrate was spun for 20 s and dried on a hotplate at 70 oC for 90 s. By using a cutter, a light cut 

was then made on the substrate to form a sample of 3 x 3 cm2, after which the substrate was immersed 

in water where it was moved from time to time with tweezers until the PLLA NS began to float 

(Figure 2). At this point, the pilled-off NP-incorporated NS was transferred onto a polyester mat 

(filter) to preserve its shape and for further storage (see Figure 3c). 

 

Figure 3. Colloids of Fe-containing NPs laser-generated in chloroform at 30 (a) and 120 mJ/pulse (b), 

and a PLLA nanosheet incorporated with such NPs (c) placed on polyester filter mat. The actual size 

of the NS in panel (c) is 3 cm x 3 cm. 

2.5. Ion Release from NP-Embedded NSs  

The release of metal ions from NS samples was studied by means of inductively coupled plasma 

mass spectroscopy (ICP-MS). The samples were immersed in flasks with 40 mL of PBS solution (pH 

7.4) at 37 oC to simulate human’s body conditions (see Figure 4). To analyze the concentration of Fe 

ions over time, aliquots of 1 mL were taken and analyzed after certain periods of time. To determine 

concentration of metal ion in analyzed solution, calibration curves were plotted for each analyzed 

element using standard solutions, as previously reported elsewhere [46–48]. After each sampling, a 

volume of 1 mL of PBS was added to the sample. For each sample, measurements were carried out 

in triplicate, after which the obtained results were averaged. Nanosheets incorporated with laser-

ablated Fe-containing NPs, as well as their counterparts incorporated with commercially available 

ZnO and Fe2O3 NPs, were evaluated in terms of Fe or/and Zn ion release. 
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Figure 4. Experimental set-up used for ion-release test. 

3. Results and Discussion 

3.1. Fe-containing NPs prepared by LAL 

Figure 3a,b shows the as-prepared colloids of Samples A (a) and B (b), while Figs.5,6 exhibit 

electron microscopy images of the same samples (Figures 5 and 6, respectively). As well seen in 

Figure 3a,b, yellow-brownish colloidal suspensions were obtained as a result of iron plate ablation in 

chloroform. The color of prepared colloids is predictably dependent on applied laser parameters, 

which is probably explained by the number, size and chemical composition of produced NPs. No 

significant temperature increase was detected during the whole ablation process, which agrees well 

with the literature (as ns-long pulses are known not to transfer much energy to the target and liquid 

medium [32,41,42]. Since Sample B was prepared using laser beam with higher pulse energy, it is 

reasonable that the concentration of produced NPs should be higher, in agreement with material loss 

observed by weighing iron plates after ablation in both cases. 

 

Figure 5. (a,b) TEM images of Fe-based NPs prepared at 30 mJ/pulse (Sample A): (a) small NPs and 

(b) bigger NP with C-based shell. (c) Histogram of size distribution of Fe-containing NPs as measured 

by DLS. Two red arrows in panel (c) indicate bars for NPs with sizes ~81 and ~106 nm. 
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Figure 6. SEM (a) and TEM (b) images of Fe-based NPs prepared at 120 mJ/pulse (Sample B). (c) 

Histogram of size distribution of NPs in Sample B as measured by DLS. 

Transmission electron microscopy was used to visualize the morphology and size distribution 

of generated NPs. It is seen that that Sample A prepared at 30 mJ/pulse had spherically-shaped NPs 

with sizes mainly between 7 and 12 nm with an average size around 10 nm (Figure 5c). At the same 

time, a small fraction of bigger NPs with sizes of 80-105 nm was also observed, as shown by arrows 

in Figure 5c. Graphite-like shell surrounding the core of some Fe-based NPs could be observed 

around bigger NPs (Figure 5b), which is believed to be explained by the pyrolysis of chloroform (as 

organic medium used) as high temperatures were reached locally in the ablation zone shortly after 

laser pulses hit the target. 

Figure 6 shows that Fe-based NPs in Sample B (prepared at 120 mJ/pulse) had approximately 

same sizes as their counterparts produced at a lower pulse energy (30 mJ/pulse), being mainly within 

the range of 5-15 nm and with an average size of 10±2 nm (Figure 6c). The NPs are also spherically 

shaped, however, no bigger NPs of ~100 nm in size and with well-defined carbon-based shells were 

found in this sample. The absence of bigger NPs in the product produced at a higher pulse energy is 

not clear yet, as the entire mechanism of NP formation caused by ns-long laser pulses in chloroform 

medium is still to be studied. At this stage, we can postulate that probably bigger Fe-based NPs 

formed during ablation could be fragmented by secondary irradiation, especially because higher 

energy fluence was used to produce Sample B.  

DLS is a technique that permits to evaluate the size distribution of NPs in dispersions. In Figures 

5c and 6c, one can see the histograms of size distribution of NPs in Samples A and B, respectively. 

The sizes of most NPs in Figure 5c are seen to be within the range of 9-12 nm, while there is still a 

small number of NPs with sizes between 80 and 105 nm. This agrees well with TEM images presented 

in Figure 5a,b. For Sample B, its NPs are seen in Figure 6c to be somewhat smaller, within the range 

of 7 to 11 nm, which is also consistent with TEM and SEM images in Figure 6a,b. Importantly, 
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comparison of Figures 5 and 6 also permits to conclude that both samples consisted of NPs with sizes 

proper for embedment into PLLA NSs (which are typically thinner than 100 nm).  

UV-visible absorption spectroscopic measurements were carried out on freshly prepared 

colloids. Typically, Fe-based NPs are known not to be easily identified by UV-visible spectroscopy 

because they lack sharp absorption bands in this spectral range [49], which makes accurate 

identification of NP forms by UV-visible spectra difficult. However, both samples are seen in Figure 

7 to demonstrate absorption edge at wavelengths below 400 nm, which is consistent with the optical 

spectra of most oxidized iron phases (Figure 7) [50]. 

 

Figure 7. UV-visible spectra of Fe-based colloids prepared using ns-pulsed laser at 30 (orange) and 

120 mJ/pulse (blue). 

3.2. XPS analysis of prepared NPs 

Figure 8 presents XPS Fe 2p spectra of Samples A (a) and B (b). Corresponding Cl 2p and O 1s 

spectra are shown in Supplementary Materials Figures S1 and S2, respectively. As iron is a transition 

metal, the Fe 2p spectra of both samples presented in Figure 8a,b demonstrate doublets, i.e., peaks Fe 

2p3/2 (between ~705 and ~723 eV) and Fe 2p1/2 (between ~718 and ~735 eV). For brevity and 

convenience, below we only focus on the Fe 2p3/2 peaks which are easier to analyze and thus are more 

informative.  
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Figure 8. XPS Fe 2p spectra of Samples A (a) and B (b) prepared at 30 and 120 mJ/pulse, 

respectively. 

Figure 8a presents the Fe 2p spectrum of Sample A, which was curve-fitted using several 

components. The peak at a lower binding energy (~708 eV) was assigned to metallic iron (Fe(0)), thus 

implying that the produced NPs were partially composed of non-oxidized metallic iron. It is 

reasonable to assume that: (i) the liquid medium we used (chloroform) is not a strong oxidizer; (ii) 

the graphitic shell found in TEM images to surround the core of some NPs could prevent their core 

from further oxidation; (iii) some metallic phase inclusions could also be embedded by NPs free of 

graphite shell too. This can explain the presence of Fe(0) species in the produced NPs. The wide peak 

observed between 709 and 715 eV was fitted with several components corresponding to Fe-Cl and 

Fe-O species. Note that because of close positions of Fe(II) and Fe(III) species (both oxides and 

chlorides), it was impossible to distinguish with certainty which of the two (or both) was present and 

dominated in the sample [22,33,34,37–40].  

In Figure 8b, the XPS Fe2p spectrum of Sample B produced via ablation at 120 mJ/pulse is shown. 

In comparison with Figure 8a, the amount of metallic Fe in this sample is smaller than in its 

counterpart ablated at 30 mJ/pulse. This was expected as Fe(0) species are more likely to be oxidized 

when iron plate is ablated by pulses with higher energy, which should generate higher temperatures 

in the ablation zone. Moreover, the amount of oxidized forms of iron increases at increased laser 

( a ) 

( b ) 

Binding energy 
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energy applied during ablation. In Figures S1a and S2a, Cl 2p and O 1s spectra of Samples A are 

presented, respectively. In both spectra, it is well seen that the peaks of Fe-Cl and Fe-O compounds 

are more intense than those of organic C-Cl and C-O species. This agrees well with the above 

discussed Fe spectrum of this sample (see Figure 8a) where Fe-Cl and Fe-O species were also detected. 

On the other hand, since the sample was prepared in chloroform, after which its NPs were drop-cast 

and kept in the air, the presence of organic C-Cl and C-O species on its surface was also expected. 

Similarly, Cl 2p and O 1s spectra of Sample B prepared by ablation at 120 mJ/pulse are presented 

in Figures S1b and S2b. Here again one can observe intense peaks of Fe-O and Fe-Cl species as 

dominating components, which agrees well with the above-presented XPS Fe 2p spectrum (Figure 

8b). The amount of organic C-Cl species is smaller in this sample, which is probably related to a 

smaller amount of chloroform absorbed on its surface. 

Based on the above discussed XPS spectra, the NPs of both LAL-prepared samples are composed 

of a mixture of iron oxide and chloride phased, with a small fraction of metallic Fe phase inclusions. 

Quantitative analysis made by means of XPS demonstrated that the overall composition of both 

samples is very similar, as they have very close contents of iron, chlorine, and oxygen (see 

Supplementary Materials Figure S4). Thus, based on their composition (metallic iron, iron oxide and 

iron chloride species as main components), NPs of both samples are expected to be somewhat soluble 

and release Fe ions in contact with water. Thus, such NPs were concluded to be suitable for 

embedding into PLLA NSs. 

3.3. XRD analysis of prepared NPs 

XRD analysis was performed on the as-prepared Fe-containing NPs to examine their phase 

composition, with diffraction patterns of the samples being presented in Figure 9. Because numerous 

iron oxide/chloride phases exhibit quite close peak positions, and nanomaterials often contain high 

fractions of amorphous phase, determining the precise phase composition of the samples seems 

impossible. Nevertheless, in Figure 9 we show a set of most probable phases observed in the patterns 

of Samples A and B, which is generally consistent with the conclusions previously drawn from XPS 

measurements. More specifically, both samples were based on a mixture of iron-oxide and iron-

chloride phases, in which both Fe(II) and Fe(III) species coexist. Interestingly, and in agreement with 

previous work reported by others [33,34,37–39,50], according to the XRD patterns, the main phase 

with the best-detected signals could be hematite (Fe2O3). As was found by XPS observations, the 

fraction of metallic Fe inclusions was quite small, which is why one cannot see metallic Fe in the XRD 

patterns.  
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Figure 9. XRD patterns of Samples A (blue) and B (orange) prepared at 30 (blue) and 120 mJ/pulse 

(orange) and deposited on Si wafer. 

Thus, based on the above mentioned analyses, the NPs prepared by LAL method, both Samples 

A and B, were based on a mixture of iron chloride and oxide phases, with some metallic Fe(0) species 

as admixture. This was expected to make such NPs release Fe ions in water when PLLA nanosheets 

embedded with them were immersed into physiological solution at pH 7.4.  

3.4. Ion release from NP-loaded NSs 

Optical microscopy observations of prepared PLLA NSs incorporated with NPs (both cross-

sectional and surface view) demonstrated that the NPs were fairly uniformly distributed in the 

prepared NSs, being entrapped during spin-coating as agglomerates into pockets of different sizes 

formed by spin-coated PLLA NSs (see Supplementary Materials Figures S4 and S5).  

As seen in Figure S4, the thickness of PLLA NSs prepared in this study was mainly between ~80 

and ~100 nm, indicating that all the NPs used by us were smaller and could be incorporated into such 

NSs. It was found that most of loaded NPs were entrapped as agglomerates into relatively large PLLA 

pockets, implying that the spin-coating process used to prepare such NSs is still to be optimized in 

the future in order to understand better how rotational speed, as well as concentrations of 

incorporated NPs and PLLA as polymer itself, influence the thickness and morphology of prepared 

NSs. Meanwhile, in this study, we mainly focused on the ability of the prepared PLLA NSs to release 

Fe ions in contact with physiological solution. 

The ion release potential of nanosheets incorporated with Fe-containing NPs was tested by 

means of ICP-MS, for which the NSs were immersed in a buffer solution with pH 7.4 and kept at a 

temperature of 37°C, as shown in Figure 4. After certain periods of time, aliquots were taken in order 

to measure the concentration of released Fe (or/and) Zn ions. Figure 10 presents the results of ICP-

MS measurements obtained for two PLLA NSs incorporated with Fe-containing NPs from Samples 

A (a) and B (b). In both cases, the prepared NSs were adjusted to incorporate comparable amounts of 

Fe atoms, which was controlled during spin-coating (~0.3 mg/mL of Fe in CHCl3).  

It is seen in Figure 10 that the concentration of Fe ions released by both NSs into physiological 

solution (pH 7.4) gradually increased during the first ~5 h of immersion into the liquid, after which 

the amount of released ions was quite constant for the next ~20 h of the experiment. The maximum 

level achieved was detected to be quite low, being on the order of just ~110 ppb/cm2. However, here 

it should be noted that to date the optimum concentration of Fe ions on skin surface necessary to 

enhance burn wound healing is not known yet and still has to be determined. At the same time, the 

fact itself that the prepared PLLA nanosheets released Fe ions from their incorporated NPs as fast as 

after 5 h looks very promising, implying that in real life such dressings can provide some Fe ions on 

wound surface already after a few hours after their application. This looks very attractive, because 

typically dressings are used on wounds for as long as ~24 h before replacement, and therefore it is 

important for them to release their drugs or microelements within a reasonably short period of time. 
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Figure 10. Concentration of Fe ions released by NSs incorporated with Fe-containing NPs laser-

prepared at 30 (a) and 120 mJ/pulse (b). Both NSs were prepared using corresponding colloids with 

the same NP concentration (~ 0.3 mg/mL). 

For comparison, at next stage, we also prepared NSs incorporated with both Fe and Zn ions, for 

which Sample B and commercial ZnO NPs were used. Figure 11 demonstrates how a PLLA NS 

embedded with two types of NPs released Fe (triangles) and Zn (diamonds) ions when immersed in 

physiological solution at pH 7.4. It is seen that different levels of concentration was achieved by Fe 

and Zn ions released by this NS which was intentionally embedded with different amounts of 

nanoparticles. Importantly, however, maximum level of both Fe and Zn ions was achieved after 

around 4-5 h of immersion. This probably implies that it is the permeability of the PLLA NS that 

played an important role in releasing ions of the two types. As mentioned above, the difference in 

released concentration of Fe and Zn ions can be explained by a different amount of NPs used during 

spin-coating. Here, we used the same concentration of Sample B to prepare this NS (0.3 mg/mL of Fe 

in chloroform), while 1.0 mg/mL of ZnO NPs was added into the same dispersion. 

At the same time, for comparison, we also used commercially available iron oxide NPs (Fe2O3), 

which were incorporated into PLLA NSs at different concentrations and then analyzed by ICP-MS 

after their immersion in the solution. However, no noticeable level of Fe release was observed in their 

case, which would be detected by ICP-MS, agreeing well with insolubility of Fe2O3 in water.  
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Figure 11. Concentration of Fe (triangles) and Zn (diamonds) ions released by NSs incorporated with 

two types of NPs. Sample B and commercial ZnO NPs (with sizes below 25 nm) were used as source 

of Fe and Zn ions, respectively. 

The main focus of this study was on preparing Fe-containing NPs that would be soluble in water 

and release Fe ions. This task was quite challenging as iron oxides are known to have very low 

solubility in water. In addition, it should be added that thus far, the level on concentrations of 

microelements (such as Fe and Zn) desired in the wound area for efficient healing is not known yet 

and needs additional studies. That is why, here we only aimed to show that (1) water-soluble Fe-

containing NPs capable of releasing ions could be prepared by laser ablation and then incorporated 

into biodegradable NSs; (2) two types of NPs with different metal ions (Fe and Zn) could be 

embedded simultaneously and then release their ions over time independently. At the same time, in-

vivo tests on animals are needed to see how PLLA NSs incorporated with useful microelements can 

influence wound healing. Yet, the fact that several types of metal-ion containing NPs can be 

embedded into PLLA nanosheets, and that such ions are then independently released as fast as within 

several hours (up to 4-5) shows promise. It is obvious that wound dressings, when placed at wound 

area, should demonstrate their efficacy and contribute to healing-related processes within several 

hours.  

4. Conclusions 

Burn wound healing is known to be accelerated by presence of ions of certain microelements 

(including Fe and Zn). Aiming at developing inexpensive and easy-to-use patches for burn wounds, 

in this work, we prepared biodegradable polymer nanosheets of poly(L-lactic acid), PLLA loaded 

with Fe-containing nanoparticles which were generated by means of laser ablation in chloroform as 

medium. Such thin PLLA nanosheets incorporated with Fe-containing nanoparticles can release Fe 

ions in contact with skin, which should facilitate skin healing.  

We first prepared water-soluble nanoparticles based on Fe ions via ablating iron plate by laser 

in chloroform. The method was chosen as we aimed at generating chloride/oxide based 

nanomaterials which would demonstrate solubility in contact with water. The prepared 

nanoparticles were found to be of proper sizes (below 100 nm) and based on Fe chloride and oxide 

phases, which made them suitable for incorporation into PLLA nanosheets via spin-coating. After 

characterization, the prepared Fe-containing nanomaterials were embedded into PLLA nanosheets 

which were fabricated via spin-coating. To test their ion-releasing properties, the prepared nanosheets 
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were immersed in a buffered liquid (pH 7.4) at +37 oC, where their Fe ion release was monitored over 

time.  

In parallel, we also prepared PLLA nanosheets incorporated with two types of ions, Fe and Zn, 

to demonstrate that PLLA nanosheets can be loaded with reservoirs of several metal ions that are 

known to stimulate wound healing. Importantly, independent ion release was demonstrated by such 

nanosheets, with attractive ion release rates, which makes the prepared nanosheets promising for 

further development of biomedical materials on their bases.  

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Figure S1. XPS Cl 2p spectra of Fe-containing NPs in Samples A (a) and B (b). 

Figure S2. XPS O 1s spectra of Fe-containing NPs in Samples A (a) and B (b). Figure S3. Elemental composition 

of Samples A and B prepared by LAL (as calculated based on XPS results). Figure S4. Cross-secrional SEM images 

of PLLA NSs incorporated with NSs. The nanosheets were spin-coated on Si substrate and have ~190-nm-thick 

PVA under-layer. Figure S5. Surface images (SEM micrographs) of PLLA NSs loaded with Fe-containing and 

with ZnO NPs. Scale bar indicates 1 μm. 
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