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Abstract: 

Background: Indium phosphide (InP) quantum dots (QDs) have shown a broad 

application prospect in the fields of biophotonics and nanomedicine. However, the 

potential toxicity of InP QDs has not been systematically evaluated. In particular, the 

effects of different surface modifications on the biodistribution and toxicity of InP QDs 

is still unknown, which hinders their further developments. The present study aims to 

investigate the biodistribution and in vivo toxicity of three types of InP/ZnS QDs with 

different surface modifications, hQDs (QDs-OH), aQDs (QDs-NH2), and cQDs (QDs-

COOH) respectively. These InP/ZnS QDs with 2.5 mg/kg BW or 25 mg/kg BW were 

intravenously injected into BALB/c mice. Biodistribution of three QDs was determined 

through cryosection fluorescence microscopy and ICP-MS analysis. The subsequent 

effects of InP/ZnS QDs on histopathology, hematology and blood biochemistry were 

evaluated at 1, 3, 7, 14 and 28 days post-injection.  

Results: The results showed these types of InP/ZnS QDs QDs were rapidly 

distributed in the major organs of mice, mainly in the liver and spleen, and lasted for 

28 days. No abnormal behavior, weight change or organ index were observed during 

the whole observation period, except that 2 mice died on Day 1 after 25 mg/kg BW 

hQDs treatment. The results of H&E staining showed that no obvious histopathological 

abnormalities were observed in the main organs (including heart, liver, spleen, lung, 

kidney, and brain ) of all mice injected with different surface functionalized QDs. Low 

concentration exposure of three QDs hardly caused obvious toxicity, while high 

concentration exposure of the three QDs could cause some changes in hematological 

parameters or biochemical parameters related to liver function or cardiac function. 

More attention need to be paid on cQDs as high dose exposure of cQDs induced death, 

acute inflammatory reaction and slight changes in liver function in mice.  

Conclusions: Generally speaking, the surface modification and exposure dose can 

influence the biological behavior and in vivo toxicity of QDs. The surface chemistry 

should be fully considered in the design of InP-based QDs for their biomedical 

applications. 
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Background 

In the past few years, nanomaterials have attracted widespread interest owing to 

their unique magnetic, optical, thermal or conductive properties. Quantum dots (QDs), 

as a kind of interesting semiconductor nanomaterials, are composed of group Ⅱ - Ⅳ or 

Ⅲ - Ⅴ elements with the diameter of 1-10 nm. They are increasingly used in medical 

and pharmaceutical science due to their properties, such as broad absorption spectra, 

narrow tunable photoluminescence (PL) spectra, high quantum yield, light bleaching 

resistance, and large specific surface area [1; 2]. These advantages enable QDs to be 

used in the field of biological imaging, drug deliver and diagnostics after they are 

coupled with different biomolecules [3]. Despite the numerous benefits provided by 

QDs, people still have doubts about their potential harmful health effects, which are 

related to the heavy metals such as Cd, Pb, As, and Te in these materials [4; 5]. 

Considering the inherent toxicity of Cd-based QDs, it is critical to find other kinds of 

safer QDs. 

Among the Cd-free alternatives, indium phosphide (InP) QDs have shown great 

potential as a replacement for Cd-based QDs. Because InP QDs do not contain heavy 

metal elements, show stable quantum yield and size-tunable PL emission from visible 

to near infrared (NIR) range, InP QDs are beneficiary in biological applications [6; 7]. 

For example, Zhang et al carried out in vivo imaging of tumor bearing nude mice with 

silica medium composite probe encapsulated InP/ZnS QDs, and found that the 

composite probe had excellent tumor targeting and fluorescence imaging capabilities 

[8]. More importantly, different from the ionic bond in CdSe QDs, the covalent bond in 

InP QDs is stronger and more robust, which make them less toxicity [9; 10]. Some 

studies have proved the biosafety of InP QDs. For instance,. Yaghini et al. found that 

InP QDs mainly accumulated in the liver and spleen of rats, with no abvious organ 

damage, histopathological lesions or serum biochemical changes when the rats were 

injected intravenously with InP QDs at the dose of 12.5mg/kg body weight (BW) or 

50mg/kg BW [11]. Brunetti et al. found that the toxicity of InP/ZnS QDs was much 

lower than that of CdSe/ZnS QDs by comparing their toxicity in vitro and in vivo 



(animal model Drosophila), and they considered InP/ZnS QDs were safer alternatives 

to CdSe/ZnS QDs [12]. However, some published studies have provided evidence of 

biological damage caused by InP QDs. For example, Yamazaki et al. investigated the 

survival of the Syrian golden hamster for two years, during which they were given 3 

mg/kg InP particles intratracheally twice a week for 8 weeks. Severe pulmonary 

inflammation and localized bronchioloalveolar cell proliferation was observed after the 

last administration [13]. Chen et al. reported InP/ZnS QDs could cause the deformation 

and death during the development of Chinese rare minnow embryos, although the 

effects were weaker than Cd-based QDs and CuInS/ZnS QDs [14]. 

As we all know, QDs are possibly exposed to organisms through many routes, 

including lung inhalation, ingestion, skin contact, and even intravenous injection during 

the process of production, application and wasting [15]. Then they may circulate, 

metabolize, excrete or accumulate in the body, and produce varing levels of biological 

toxic effects on organisms. The in vivo biological features of QDs mainly depend on 

the physicochemical characteristics such as elemental composition, particle size, 

surface charge, surface chemical properties [16; 17; 18]. Du et al. reported that PEG 

functionalization could reduce the accumulation of CdTe QDs in liver and kidney, and 

also decrease the oxidative stress variation [19]. Since the majority of QDs are 

composed of toxic substances, shells or macromolecules are often coated on the surface 

in order to reduce the biotoxicity [20; 21]. In addition, researchers hope the QDs could 

be eliminated from the body over time, rather than being broken down or accumulated 

in organs for a long time. Thus, the in vivo distribution and toxicity of QDs with 

different physicochemical properties need to be deeply addressed before wide-scale 

biological application of QDs. However, there are limited reports on the toxicity of InP 

QDs, and most of them focus on toxicity studies using in vitro cell model or simple 

model organisms, which may hinder the biomedical application of InP QDs. 

In the present study, in order to evaluate the in vivo distribution and biotoxicity of 

InP/ZnS QDs with different surface modifications, three kinds of commercially 

available InP/ZnS QDs, including hydroxylated QDs (hQDs), amino QDs (aQDs), and 

carboxylic QDs (cQDs) were injected intravenously into mice, respectively. Mice were 



sacrificed at 1, 3, 7, 14 and 28 days post-exposure. By comparing the behavior, weight, 

organ coefficient, hematological parameters, serum biochemical parameters, 

biodistribution and organ histopathology of the animal models in different groups, the 

effects of different surface functional groups on the toxicity of InP/ZnS QDs were 

demonstrated. Our study may provide a better understanding of the effects of surface 

chemistry on QDs toxicity at the animal level and also facilitate the synthesis of safer 

QDs in biomedical applications. 

 

Results 

Characterization of InP/ZnS QDs 

TEM was used to evaluate the shape, size and morphology of the three types of 

InP/ZnS QDs with different surface functional groups (-OH, -NH2 and -COOH). The 

representative images of hQDs, aQDs and cQDs were shown in Figure 1(A-C), 

respectively, suggesting that the three kinds of InP/ZnS QDs were spherical or 

ellipsoidal, with uniform particle size of approximately 3-7 nm. The diameter of aQDs 

was slightly smaller than that of hQDs and cQDs. The hydrodynamic diameter and Zeta 

potential of these three water-soluble InP/ZnS QDs were investigated by zeta potential 

and particle size analyzer. The results were shown in Figure 1(D-F) and Table 1. The 

hydrodynamic diameter of hQDs, aQDs and cQDs was (51.01 ±1.29) nm, (50.43 ± 2.03) 

nm, and (47.36 ± 1.85) nm, respectively. The Zeta potential of the three water-soluble 

InP/ZnS QDs was -(21.03 ± 0.61) mV, -(21.63 ± 1.07) mV, and -(22.67 ± 0.15) mV. 

Optical properties of QDs were also evaluated and the results were shown in Figure 

1(G-I). Evaluation of the absorbance spectra indicated the first exciton peak of the three 

InP/ZnS QDs was around at 350 nm. From the results of fluorescence spectra, the 

emission spectra of the three water-soluble QDs were narrow and symmetrical, and the 

emission peak was about at (625 ± 10) nm with the excitation at 380 nm.  

 

 

 



Table 1. Particle size, hydrodynamic diameter and Zeta potential of these QDs 

QDs Particle size (nm) Hydrodynamic diameter (nm) Zeta potential (mV) 

hQDs 5.94 ± 1.08 51.01 ± 1.29 -(21.03 ± 0.61) 

aQDs 3.39 ± 0.80 50.43 ± 2.03 -(21.63 ± 1.07) 

cQDs 5.12 ± 0.74 47.36 ± 1.85 -(22.67 ± 0.15) 

 

 

 
Figure 1. Characterization of InP/ZnS QDs with different surface modifications. 

(A-C) TEM image of hQDs, aQDs, and cQDs, respectively. (D-F) DLS of hQDs, aQDs 

and cQDs dispersed in deionized water. (G-I) Normalized absorption spectra and 

normalized PL spectra of hQDs, aQDs and cQDs, respectively 

 

Body weight and organ weight/BW coefficients 

The behavior, mental status, food intake, urine and feces of mice were observed 

daily after intravenous injection of QDs. Two mice from cQDs-treated group died on 



the first day after treatment. Besides, no unusual changes were observed in food intake, 

fur, behavior and mental status after exposure of QDs. The body weight of mice was 

continuously recorded for 28 days and the data was shown in Figure 2A. The body 

weight of QDs-exposed groups and the control group showed comparable increasing 

trends through the study. Main organs of mice were removed and weighted carefully 

when the mice were sacrificed at various post-injection times. Organ index of the main 

organs was calculated as organ weight (mg)/BW (g). The organ index of heart, liver, 

spleen, lung, kidney and brain of mice on Day 28 were shown in Figure 2B, there was 

no significant statistical difference in all organ index between QDs treated groups and 

control group. The above results suggested that these InP/ZnS QDs did not interfere 

with the growth of mice. 

 

 
Figure 2. Body weight and organ index in mice. (A) The body weight curve of 

mice continuously monitored for 28 days (Inset showed the magnified state of the body 

weight curve). (B) The main organ index of mice on Day 28 after administration. 

 

In vivo distribution of QDs  

After QDs enter the body through intravenous injection, they will be transported 

to various organs along with the blood stream. The distribution of QDs in main organs 

was observed by cryosection fluorescence microscopy. Fluorescence images of 

different tissues from mice treated with 25 mg/kg BW hQDs, aQDs and hQDs at 

indicated time points were shown in Figure (3-5), respectively. Strong fluorescence of 

QDs could be observed in almost all tissue sections. Especially in the liver and spleen, 

QDs exhibited a bright and uniform punctate pattern. The PL intensity appeared to be 



weakening over time although the fluorescence signal still maintained in livers, spleens 

and kidneys. It should be noted that no fluorescence was observed in the tissue sections 

of the control group (data not shown). The results suggested that the three kinds of QDs 

could accumulate in the major organs of mice and keep their unique fluorescence 

characteristics at least 28 days. Though very little fluorescence was observed in brain 

tissue sections after mice were exposed to QDs, it indicated that all three QDs could 

pass through the blood-brain barrier and distribute in the brain.  

In order to further quantitate the accumulation of three kinds of QDs in liver, 

kidney and spleen, the In element concentration in tissues at different sampling times 

was measured by ICP-MS. The results were shown in Figure 6. The three QDs were 

mainly distributed in liver and spleen, and this result was consistent with that of 

cryosection fluorescence microscopy. The concentration of In in kidney was about one 

tenth of that in liver and spleen. The accumulation of three QDs in the liver reached the 

peak on 3 days post-injection (hQDs: 7.95 μg/g In, aQDs: 9.06μg/g In, and cQDs: 6.92 

μg/g In). The distribution of aQDs and cQDs in spleen also reached the peak on Day 3 

after administration, but In concentration of hQDs peaked in spleen at 7 days post-

injection. After that, the In concentration in liver, spleen and kidney decreased gradually. 

However, In could be still detected in liver, spleen and kidney tissues from mice treated 

with high-dose QDs on Day 28. Since In was not detected in all tissues of the control 

group, it could be considered that all detected In element in liver, spleen and kidney 

came from the residues of QDs in vivo. The above results showed that the three QDs 

(hQDs, aQDs, and cQDs) were mainly distributed in the liver and spleen when they 

were injected intravenously. Although QDs may be removed or broken down in vivo, 

this process will take quite a long time. 

 



 
Figure 3. Fluorescence images of main organ tissues of mice on Day1, Day 3, Day 

7, Day 14 and Day 28 after treated with 25mg/kg BW hQDs (scale bar: 50 μm). 

 

Figure 4. Fluorescence images of main organ tissues of mice on Day1, Day 3, Day 

7, Day 14 and Day 28 after treated with 25mg/kg BW aQDs (scale bar: 50 μm). 

 



 
Figure 5. Fluorescence images of main organ tissues of mice on Day1, Day 3, Day 

7, Day 14 and Day 28 after treated with 25mg/kg BW cQDs (scale bar: 50 μm). 

 

 
Figure 6. The In element concentration in organs over a period of 28 days in mice 

following administration of three InP/ZnS QDs at 25 mg/kg BW. (A) Liver tissues. (B) 

Spleen tissues. (C) Kidney tissues. 

 

Histopathological detection results 

Histological assessment was performed to evaluate the tissue damage and 

inflammation caused by QDs exposure. Main organs of all mice were sliced into 5 μm 

sections and stained with H&E. The representative histological results were shown in 

Figure 7. After mice were intravenously injected different surface functionalized QDs 

at the dose of 25 mg/kg BW or 2.5 mg/kg BW, no sign of inflammatory response or 

pathological changes were observed in heart, liver, spleen, lung, kidney, and brain of 

all mice at different sampling times when compared with the control group. Therefore, 



although all the three kinds of QDs could remain in the organs of mice, especially in 

liver and spleen for a long time, no obvious histopathological abnormalities were 

observed, which suggested InP/ZnS QDs with different surface functional groups (-OH, 

-NH2, and -COOH)caused low toxicity to these organs. 

 

 

Figure 7. Representative histological images of major organs including heart, liver, 

spleen, lung, kidney and brain collected from the control group mice and different 

surface functionalized QDs treated mice following intravenous injection at dose of 25 

mg/kg at 1 day and 28 days post-injection (scale bar: 50 μm). 

 

Hematology analysis 

Since the three QDs will remain in vivo for a long time, the changes of blood cells 

can reflect some pathological reactions induced by QDs. Routine Blood analysis was 

performed and the results were shown in Figure 8. Most of hematological parameters 

obtained from QDs-treated mice were comparable to those in control group. On the first 

day after treatment, WBC counts in aQDs and cQDs group were obviously higher than 

that in control group (P < 0.05), which indicated that these two QDs may cause an acute 



inflammatory response after entering the body. The percent of Nue and Lym on Day 3 

and Day 28 in aQDs groups was significantly higher than that in control group (P < 

0.05). The levels of RDW-CV on Day 3, PCT and MPV on Day 7 in hQDs group were 

remarkabley higher than those in control group (P < 0.05). The levels of PLT, PCT and 

MPV in cQDs groups were obviously changed compared to those of the control group 

(P < 0.05). No significant differences were found in the other parameters. The above 

results showed that a high dose of the three QDs caused changes in hematological 

indexes. In particular, aQDs and cQDs could cause acute inflammation in the body, 

hQDs mainly had adverse effects on red blood cells and platelets. 

 

Figure 8. Hematology results of the control group mice and different surface 

functionalized QDs treated mice following intravenous injection at 1, 3, 7, 14 and 28 



days post-injection. (A) White blood cell (WBC). (B) Neutrophils (Neu) percentage. 

(C) Lymphocyte (Lym) percentage. (D) Red blood cell (RBC) count. (E) Hematocrit 

(HCT) levels. (F) Mean corpuscular volume (MCV) levels. (G) Coefficient of variation 

of RBC volume distributing width (RDW-CV) levels. (H) Hemoglobin concentration 

(HGB) levels. (I) Mean corpuscular hemoglobin (MCH) levels. (J) Platelet (PLT) count. 

(K) Thromboplastin (PCT) levels. (L) Mean platelet volume (MPV) levels. 

(*Significantly different compared to control group at the same sampling time, P < 

0.05.)  

 

Serum biochemical analysis 

Serum biochemistry tests were performed to observe the effects of InP/ZnS QDs 

on biological functions of major organs. Liver function indexes including ALT, AST, 

ALP, TP, ALB, GLB, A/G, T-Bil, D-Bil, TG, TC, HDL-C, LDL-C, GLU were measured 

and the results were presented in Figure 9(A-N). In high dose hQDs treated groups, 

levels of TG and TC at 1, 3, 14 and 28 days post-injection were significantly higher 

than that in control group (P < 0.05). Levels of T-Bil, D-Bil and LDL-C on Day 1, TP 

and HDL-C on Day 3, ALT and T-Bil on Day 14 were also obviously higher than that 

in control group (P < 0.05). In high dose aQDs treated groups, levels of ALP, A/G, D-

Bil and LDL-C on Day1, ALP, ALB, TC on Day 3, TC on Day 28 were remarkably 

higher than that in control group (P < 0.05). In high dose cQDs treated groups, LDL-C 

on Day 1, A/G on Day 3 and GLU on Day 28 were obviously higher than that in control 

group (P < 0.05). Almost all the low dose QD exposed groups showed no significant 

changes in the above biochemical indexes. The results showed that the three surface 

functionalized InP/ZnS QDs could affect the liver function of mice when exposed at 

high concentration, the effect of hQDs was the most serious, and the effect of aQDs and 

cQDs was relatively mild.  

Heart function indexes including LHD, CK, CK-MB and α-HBDH of all mice 

were measured and the results were shown in Figure 9(O-R). Levels of LDH on Day 3 

and Day 28, α-HBDH on Day 3 in high dose hQDs treated group were significantly 

higher than that in control group (P < 0.05). Levels of α-HBDH on Day 7 and LDH on 



Day 14 in high dose aQDs treated group were obviously higher than that in control 

group (P < 0.05). There were no significant differences in CK and CK MB levels 

between QDs treated groups and control group. The above results showed that the hQDs 

and aQDs could cause slight effects on cardiac function, while cQDs had almost no 

effect on cardiac function. Furthermore, renal function indexes including UA, Urea and 

CREA of all mice were also detected, and the results were shown in Figure9 (S-U). 

There were no significant changes in UA, Urea and CREA levels of the three QDs 

treated mice when compared with the control groups at the same sampling time. It 

illustrated that the three QDs with different surface functional groups had no toxicity to 

the kidney. 



 



Figure 9. Serum biochemical results of the control group mice and different 

surface functionalized QDs treated mice following intravenous injection at 1, 3, 7, 14 

and 28 days post-injection. (A) Alanine aminotransferase (ALT) levels. (B) Aspartate 

transaminase (AST) levels. (C) Alkaline phosphatase (ALP) levels. (D) Total protein 

(TP) levels. (E) Albumin (ALB) levels. (F) Globulin (GLB) levels. (G) Albumin and 

globulin ratio (A/G). (H) Total bilirubin (T-Bil) levels. (I) Direct bilirubin (D-Bil) levels. 

(J) Triglyceride (TG) levels. (K) Total cholesterol (TC) levels. (L) High density 

lipoprotein (HDL-C) levels. (M) Low-density lipoprotein (LDL-C) levels. (N) Glucose 

(GLU) levels. (O) Lactate dehydrogenase (LDH) levels. (P) Creatine kinase (CK) levels. 

(Q) Creatine kinase isoenzyme (CK-MB) levels. (R) α-Hydroxybutyrate 

dehydrogenase (α-HBDH) levels. (S) Uric acid (UA) levels. (T) Urea levels. (U) 

Creatinine (CREA) levels. (*Significantly different compared to control group at the 

same sampling time, P < 0.05.)  

Discussion 

QDs are of great interest due to their unique optical and electronic properties, and 

have shown great potential applications in fluorescent probes, bioimaging, gene 

delivery and biosensors. However, the inherent toxicity of restricted heavy metals such 

as Cd, Pb, et al. severely hinders the clinical translation of QDs. Cd-free QDs 

alternatives are being widely investigated and InP QDs have shown a great potential as 

a replacement for CdSe QDs in applications. Therefore, it is vital to understand the 

biological fate and toxicity of InP QDs for its successful application in biological 

science. The toxicity of nanomaterials can be evaluated by both in vitro model and in 

vivo system. Up to now, there are very few studies on the toxicity of InP/ZnS QDs, 

which are carried out by in vitro cell lines [22] or simple model organisms (Hydra 

vulgaris [23], rare minnow embryos [24]). As the biological aspects of animal models 

are very similar to human biology, it is an ideal model to systematically evaluate the 

toxicology of nanomaterials. As we all know, the in vivo toxicity of QDs is related to 

many factors, such as dosage, route of administration, exposure time, immune clearance 

ability of the body, et al.. In terms of QDs themselves, the chemical physical properties 



(such as chemical composition, size, shape, surface charge, surface modification, outer 

inorganic and organic shells etc.) determine their efficacy and toxicity to a large extent. 

It is very important to comprehensively evaluate the disposition of nanoparticles in vivo, 

so as to understand and predict their effectiveness and side effects [25]. In this study, 

we systematically studied the tissue biodistribution and in vivo toxicity of InP/ZnS QDs 

with different surface modifications (-OH, -NH2, -COOH) and different doses (2.5 

mg/kg BW, 25 mg/kg BW) in BALB/c mice after a single intravenous injection, and 

we hope to fill in the gap of InP/ZnS QDs toxicity in vivo. 

The biodistribution of QDs and the concentration of heavy metals released by QDs 

are the key parameters to evaluate their toxicity in vivo. Several studies have reported 

the biodistribution of different types of Cd-based QDs in mice or rat models. Haque et 

al reported that the fluorescence of CdSe/CdS-MPA QDs was able to be observed in the 

liver, spleen, lung and kidneys after repeated intraperitoneal injection into BALB/c 

mice. No histopathological changes were observed, but the level of IL-6 increased in 

plasma, liver and spleen [26]. In this study, cryosection fluorescence microscopy and 

ICP-MS was utilized to detect the distribution of three surface functionalized InP/ZnS 

QDs in mice after a single intravenous injection at 25 mg/kg BW. Strong fluorescence 

of the three QDs could be observed in almost all tissue sections of main organs at 1 day 

post-injection. It suggested that all the three QDs could distribute in heart, liver, spleen, 

kidney, lung and brain along with blood circulation and kept their unique fluorescence 

characteristics. QDs were excreted or broken down over time, but their fluorescence 

could still be observed in the liver and spleen on Day 28. The results of ICP-MS were 

consistent with those of fluorescence imaging. The three QDs were mainly distributed 

in liver and spleen. The concentration of In in kidney was about one tenth of that in 

liver and spleen. When nanoparticles entered the physiological environment, their 

physical and chemical properties or integrity may change significantly following 

protein binding, biomolecular corona formation or cell internalization [27; 28]. Liu N 

et al reported that CdTe/ZnS QDs were chemically stabilized and could not elicit 

biological responses in vitro, but they would undergo degradation in vivo, since the 

Cd:Te ratio gradually decreased with time compared with the intact CdTe/ZnS QDs 



from 6 hours after injection [29]. Some published research have reported Cd-based QDs 

can lead to reduced cell survival, production of reactive oxygen species (ROS), DNA 

damage, mitochondrial damage or cell death in multiple cell lines [30; 31], and can 

induce liver morphological and functional impairments, lung inflammation and injury 

in vivo experiments [32; 33]. As Cd2+ can be released via the oxidation of QDs, and 

then bound to sulfhydryl groups on proteins in cells, which leads to the functional 

degradation of various subcellular organelles, the release of Cd2+ is recognized as one 

of the main reasons for the toxicity of Cd-based QDs [34]. Compared with II-VI 

semiconductors, III-V semiconductors nanocrystals (particularly InP) have better 

structural robustness and stability which are attributed to the presence of covalent bonds 

in their matrix. Since the covalent bonding degree in InP nanocrystals is greater than 

that in II-VI semiconductors such as CdSe and CdTe, InP QDs are less likely to be 

degraded and release heavy metals in biological systems [9; 10].  

In this study, the fluorescence of QDs appeared to be weakening over time, but it 

could still be observed on 28 days post-injection, indicating that there were still intact 

QDs in tissues. There are two possible reasons for the weakening of fluorescence. 

Firstly, the integrity of QDs was broken after they entered the body because of the  

corrosive internal environment [35]. Once the QDs were destroyed, the surface trap 

states produced on the particles and affected the electron hole recombination process, 

and eventually lead to the decrease or disappearance of fluorescence intensity. Although 

the structural stability of InP QDs is better than Cd-based QDs, a recent study by 

Veronesi has reported that InP core was rapidly degraded in Hydra tissues without 

evident toxicity [36]. Another reason is that QDs were excreted through kidneys, bile 

ducts, lungs, secretory glands or other organs. It is generally believed that nanoparticles 

with a diameter less than 3 nm can extravasate into tissues nonspecifically. 

Nanoparticles with a diameter less than 5.5 nm can be excreted via renal clearance 

rapidly and efficiently, while the nanoparticles with a diameter more than 15 nm are 

hardly cleared via the urinary excretion [37; 38]. As the fluorescence signal of 

cryosection fluorescence microscopy is easy to be interfered by environmental factors 

and tissue auto fluorescence, In concentration of the three organs (liver, spleen and 



kidney) with the larger amount of QDs distribution was detected by ICP-MS on the 

basis of fluorescence imaging to reflect the existence of QDs in tissues. The In 

concentration of the three QDs reached the peak in liver and spleen 3-7 days after 

entering the body, but there were two peaks in the kidney, Day 3 and Day 14. It showed 

that a portion of QDs was excreted through renal clearance in the first three days after 

injected into body. Some portion of QDs were driven to kidney along with body fluids 

circulation and then excreted by the kidney. The three QDs still remained in the tissues 

on Day 28 from the results of ICM-MS and fluorescence imaging, which revealed both 

the excretion and degrading of QDs need quite a long time. Fitzpatrick et al. reported 

the fluorescence of CdSe/ZnS QDs could be retained and existed in nude mice for up 

to two years using both whole-body and microscopic fluorescence techniques [39]. 

Yaghin et al. reported the carboxylated In-based QDs could remain in liver and spleen 

tissues of rat for up to 90 days after intravenous injection at a dose of 12.5 mg/kg BW 

[11].  

Surface functionalization of nanoparticles is one of the critical steps to improve 

their physical and chemical properties for better applications. The change itself may 

bring potential risks and cause harm to the biological system [40; 41]. InP QDs are 

recognized as the low-toxic or non-toxic substitutes for Cd-based QDs. It is necessary 

to evaluate the safety of InP QDs with different surface modifications before practical 

applications. It is worth noting that InP/ZnS QDs with different surface functional 

groups (-OH, -NH2, and -COOH) could exist in vivo for quite a long time from both the 

results of ICP-MS and fluorescence imaging, more attention should be paid to the toxic 

reaction caused by their distribution and accumulation. In this study, the toxicity of 

three InP/ZnS QDs with different surface functional groups were systematically 

investigated in mice following intravenous injection at either 2.5 mg/kg or 25 mg/kg 

(n=7). Histopathology of main organs, the hematological indexes and biochemical 

indexes of all mice were performed at different predetermined time (at 1, 3, 7, 14, and 

28 days post-injection). Throughout the whole study, besides two mice died on Day 1 

after treated with 25 mg/kg cQDs, no unusual behavior or responses were observed in 

QDs treated mice compared to control mice. The results of histopathological 



examination showed that no obvious histopathological abnormalities were observed in 

the main organs (including heart, liver, spleen, lung, kidney, and brain ) of all mice at 

different sampling time after intravenously injected different surface functionalized 

QDs. From the results of hematology analysis, high dose of aQDs and cQDs could 

cause acute inflammation in the body, while hQDs mainly had adverse effects on red 

blood cells and platelets. From the results of biochemical analysis, the three QDs could 

affect the liver function of mice, the effect of hQDs was the most serious, and the effect 

of aQDs and cQDs was relatively mild. High dose of hQDs and aQDs could cause slight 

effects on cardiac function, while cQDs had almost no effect on cardiac function. No 

renal function was changed in all mice after exposed the three QDs. Moreover, the three 

InP/ZnS QDs with exposure concentration of 2.5mg/kg BW showed no obvious toxicity 

on liver function, renal function and cardiac function in mice at different sampling times. 

Although the long-term accumulation of the three QDs with high exposure dose in vivo 

caused the changes of biochemical indexes of liver function and cardiac function, it did 

not cause histopathological abnormalities to the main organs, nor significantly change 

the growth and living habits of mice. 

Conclusions 

InP/ZnS QDs are considered as safer alternatives to Cd-based QDs. However, it is 

still lack of systematic and comprehensive observation and studies about biological 

distribution and in vivo toxicity of InP/ZnS QDs. This work presents a detailed study 

of the toxicology and biodistribution of three InP/ZnS QDs modified with -OH, -NH2 

or -COOH groups respectively in mice following intravenous tail vein injection. 

Following administration, the three kinds of InP/ZnS QDs could be rapidly distributed 

into the main organs of mice, especiallyin the liver and spleen. The  three QDs were 

excreted from the body gradually, but the In element from QDs still could be detected 

in liver, spleen and kidney over 28 days period. Low concentration exposure of three 

QDs hardly caused obvious toxicity, while high concentration exposure of the three 

QDs could cause some changes in hematological parameters or biochemical parameters, 

and had no effect on histopathological changes. It should be noted that high dose 



exposure of cQDs could lead to death, acute inflammatory reaction and slight changes 

in liver function in mice, which was considered to be more toxic compared with the 

other two QDs. In conclusion, InP/ZnS QDs could be distributed to the main organs in 

vivo for a long time. Different surface modifications are crucial to the in vivo toxicity 

of QDs, which need to be taken into consideration in the synthesis and application of 

QDs in the future. Even though it will take quite a long time to realize the clinical 

transformation of QDs, especially in human body, we still hope that QDs can give full 

play to their excellent optical properties and drug delivery capacity in biological 

application with the rapid development of chemical synthesis technology, nano 

application and toxicology technology.  

Methods 

Characterization of InP/ZnS QDs 

InP/ZnS QDs used in this study were prepared by Najing tech Company, China. 

Prior to be used in our experiments, the surface of QDs was modified with hydroxyl, 

amino and carboxyl groups, respectively. Finally, three water-soluble InP/ZnS QDs, 

including hydroxylated QDs (hQDs), amino QDs (aQDs), and carboxylic QDs (cQDs) 

were obtained. The size and morphology of the three QDs were characterized by 

transmission electron microscopy (TEM) (HT7700, HITACHI, Japan). Zeta potential 

and hydrodynamic size distribution of the three QDs was characterized by zeta potential 

and particle size analyzer (Brookhaven Instruments Inc., USA). Fluorescence spectra 

and absorption spectra were measured by fluorescence spectrophotometer (F-4600, 

HITACHI, Japan) and UV/Vis spectrophotometer (DU720, Beckman Coulter Inc., 

USA), separately. Moreover, the concentration of In in the three InP/ZnS QDs solution 

was quantitatively measured by inductively coupled plasma mass spectrometry (ICP-

MS, PerkinElmer, USA) and the exposure dose of QDs were calculated based on the 

mass concentration of the In. 

Animals 

Healthy female BALB/c mice (six weeks old) were purchased from Medical 

Laboratory Animal Center of Guangdong Province. The mice were raised in a ventilated, 



temperature-controlled and standardized sterile animal room with a 12-hour day/light 

circle at Shenzhen University. The mice were allowed to adapt the animal facility for 7 

days prior to experimentation and had free access to food and water. All procedures 

used in this study were conducted in accordance with the Guide for the Care and Use 

of Laboratory Animals Center of Shenzhen University and approved by the 

Experimental Animal Ethics Committee of Shenzhen University (Permit No.2017011). 

Animal treatments and sample collection 

Mice were randomly divided into 7 groups according to the kinds and doses of 

QDs exposed, as follows: (1) hQDs high dose group (hQDs-H), treated with 25 mg/kg 

BW hQDs; (2) hQDs low dose group (hQDs-L), treated with 2.5 mg/kg BW hQDs; (3) 

aQDs high dose group (aQDs-H), treated with 25 mg/kg BW aQDs; (4) aQDs low dose 

group (aQDs-L), treated with 2.5 mg/kg BW aQDs; (5) cQDs high dose group (cQDs-

H), treated with 25 mg/kg BW cQDs; (6) cQDs low dose group (cQDs-L), treated with 

2.5 mg/kg BW cQDs; (7) control group, treated with physiological saline. QDs were 

diluted in physiological saline and were injected intravenously into mice through the 

tail vein with a volume of 100 μL per mouse. Mice in the control group were treated 

with the same volume of physiological saline. Observation of survival, food intake, fur, 

behavior, mental status, urine, feces and body weight were recorded daily for each 

mouse. At predetermined time points (1, 3, 7, 14 and 28 days), seven mice from each 

group were anesthetized using isoflurane. Blood was harvested from the posterior 

orbital venous plexus of mice. About 50 μL of blood was collected with anticoagulant 

tubes for routine blood test. The rest of the blood was collected with procoagulant tube 

for biochemical analysis. Both routine blood test and biochemical analysis were 

operated immediately. Then the mice were sacrificed by cervical dislocation and the 

main organs (heart, liver, spleen, lung, kidney, and brain) were collected. Some pieces 

were fixed in tissue fixative (Wexis, China) for subsequent evaluation of 

histopathological changes. Some pieces were embedded in optimal cutting temperature 

compound (OCT, Sakura Finetek, USA) for tissue fluorescence imaging. Other fresh 

tissue samples were stored at -80°C for measurements of In levels in organs. 



Cryosection fluorescence microscopy 

Mice were administered intravenously with QDs with different surface functional 

groups at 25 mg/kg BW or 2.5 mg/kg BW and were sacrificed at various post-injection 

time points. The heart, liver, spleen, lung, kidney and brain was harvested, embedded 

into OCT compound and frozen at -80°C. The tissue frozen section was cut into 5 μm 

thick by freezing microtome (CM3050S, Leica, Germany). Fluorescence microscopic 

imaging of QDs was observed by a fluorescence microscope (Axio Observer, ZEISS, 

Germany). 

Quantification of uptake in organs 

Liver, spleen and kidney of each mouse were digested in the microwave digestion 

instrument by adding 4 mL 65% nitric acid (HNO3) and 1 mL 30% hydrogen peroxide 

(H2O2). The concentration of In in tissues was determined by ICP-MS (NexIon300X, 

PerkinElmer, USA). For all measurements, nitric acid blank and In standards was 

prepared and tested concurrently with test samples. Tissues from the control group at 

different post-injection time were dissolved in the similar manner. Concentration of In 

in the specific tissues was calculated using the following equations: [In] treated tissue (μg/g 

wet tissue) = [In] tissue suspension/ wet weight of tissue.  

Histopathological examination 

Mice were sacrificed on Day1, Day 3, Day 7, Day 14 and Day 28 after the injection. 

Major organs including heart, liver, spleen, lung, kidney and brain were removed and 

fixed in tissue fixative. After gradient dehydration with different concentrations of 

alcohol in an automatic tissue dehydrator (APS300S, Leica, Germany), tissues were 

embedded in paraffin blocks by paraffin embedding station (Leica, Germany). Then the 

tissues were cut into 5 μm thin slices by an ultra-thin semiautomatic microtome 

(RM2236, Leica, Germany) and adhered to the slides. After the slides were stained with 

hematoxylin and eosin (H&E), histopathological morphology was evaluated under the 

microscope (Axio Observer, ZEISS, Germany) by an independent pathologist unaware 

of the treatment. 

Hematology analysis 



After the mice were anaesthetized, blood samples were harvested from the 

posterior orbital venous plexus of mice. About 50 μL of blood were collected in tubes 

containing heparin sodium and routine blood analysis was determined by fully 

automatic five-classification hematology analyzer (BC5310, Mindray medical 

international limited, China). The specific hematology indexes in this study included 

white blood cell (WBC) count, neutrophils (Neu) percentage, lymphocyte (Lym) 

percentage, red blood cell (RBC) count, hematocrit (HCT), mean corpuscular volume 

(MCV), coefficient of variation of RBC volume distributing width (RDW-CV), 

hemoglobin concentration (HGB), mean corpuscular hemoglobin (MCH), platelet (PLT) 

count, thromboplastin (PCT), and mean platelet volume (MPV). 

Serum biochemical analysis 

The whole blood of mice was collected in disposable venous blood vessels 

containing separating gel and the serum was obtained by centrifugation for 15 mins at 

4°C, 3500 rpm/min. The serum biochemical parameters were detected by automatic 

blood biochemical analyzer (BS-220, Mindray medical international limited, China). 

All matching reagents were purchased from Mindray medical international limited, 

China. The specific biochemical indexes in this study included alanine 

aminotransferase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), 

total protein (TP), albumin (ALB), globulin (GLB), the albumin and globulin ratio 

(A/G), total bilirubin (T-Bil), direct bilirubin (D-Bil), triglyceride (TG), total 

cholesterol (TC), high density lipoprotein (HDL-C), low-density lipoprotein (LDL-C), 

glucose (GLU), lactate dehydrogenase (LDH), creatine kinase (CK), creatine kinase 

isoenzyme (CK-MB), α-hydroxy butyrate dehydrogenase (α-HBDH), uric acid (UA), 

urea and creatinine (CREA). 

Statistical analysis 

All statistical analysis was performed by SPSS 22.0 statistical software packages 

and figures were drawn with GraphPad Prism software package. Data was expressed as 

mean ± standard deviation (SD). The difference among the different groups was 

compared by one-way ANOVA. Results were considered significant if P < 0.05. 
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Figures

Figure 1

Characterization of InP/ZnS QDs with different surface modi�cations. (A-C) TEM image of hQDs, aQDs,
and cQDs, respectively. (D-F) DLS of hQDs, aQDs and cQDs dispersed in deionized water. (G-I) Normalized
absorption spectra and normalized PL spectra of hQDs, aQDs and cQDs, respectively



Figure 2

Body weight and organ index in mice. (A) The body weight curve of mice continuously monitored for 28
days (Inset showed the magni�ed state of the body weight curve). (B) The main organ index of mice on
Day 28 after administration.

Figure 3

Fluorescence images of main organ tissues of mice on Day 1, Day 3, Day 7, Day 14 and Day 28 after
treated with 25mg/kg BW hQDs (scale bar: 50 μm).



Figure 4

Fluorescence images of main organ tissues of mice on Day1, Day 3, Day 7, Day 14 and Day 28 after
treated with 25mg/kg BW aQDs (scale bar: 50 μm).

Figure 5



Fluorescence images of main organ tissues of mice on Day1, Day 3, Day 7, Day 14 and Day 28 after
treated with 25mg/kg BW cQDs (scale bar: 50 μm).

Figure 6

The In element concentration in organs over a period of 28 days in mice following administration of three
InP/ZnS QDs at 25 mg/kg BW. (A) Liver tissues. (B) Spleen tissues. (C) Kidney tissues.

Figure 7



Representative histological images of major organs including heart, liver, spleen, lung, kidney and brain
collected from the control group mice and different surface functionalized QDs treated mice following
intravenous injection at dose of 25 mg/kg at 1 day and 28 days post-injection (scale bar: 50 μm).

Figure 8

Hematology results of the control group mice and different surface functionalized QDs treated mice
following intravenous injection at 1, 3, 7, 14 and 28 days post-injection. (A) White blood cell (WBC). (B)



Neutrophils (Neu) percentage. (C) Lymphocyte (Lym) percentage. (D) Red blood cell (RBC) count. (E)
Hematocrit(HCT) levels. (F) Mean corpuscular volume (MCV) levels. (G) Coe�cient of variation of RBC
volume distributing width (RDW-CV) levels. (H) Hemoglobin concentration (HGB) levels. (I) Mean
corpuscular hemoglobin (MCH) levels. (J) Platelet (PLT) count. (K) Thromboplastin (PCT) levels. (L)
Mean platelet volume (MPV) levels. (*Signi�cantly different compared to control group at the same
sampling time, P < 0.05.)

Figure 9



Serum biochemical results of the control group mice and different surface functionalized QDs treated
mice following intravenous injection at 1, 3, 7, 14 and 28 days post-injection. (A) Alanine
aminotransferase (ALT) levels. (B) Aspartate transaminase (AST) levels. (C) Alkaline phosphatase (ALP)
levels. (D) Total protein (TP) levels. (E) Albumin (ALB) levels. (F) Globulin (GLB) levels. (G) Albumin and
globulin ratio (A/G). (H) Total bilirubin (T-Bil) levels. (I) Direct bilirubin (D-Bil) levels. (J) Triglyceride (TG)
levels. (K) Total cholesterol (TC) levels. (L) High density lipoprotein (HDL-C) levels. (M) Low-density
lipoprotein (LDL-C) levels. (N) Glucose (GLU) levels. (O) Lactate dehydrogenase (LDH) levels. (P) Creatine
kinase (CK) levels. (Q) Creatine kinase isoenzyme (CK-MB) levels. (R) α-Hydroxybutyrate dehydrogenase
(α-HBDH) levels. (S) Uric acid (UA) levels. (T) Urea levels. (U) Creatinine (CREA) levels. (*Signi�cantly
different compared to control group at the same sampling time, P < 0.05.)
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