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Abstract

The immune health of a farm animal can have significant impact on its overall health, welfare 

and productivity. One of the most vulnerable physiological states for both humans and animals is 

pregnancy. Many systemic changes correlate with the gravid state, including shifts in the immune 

system that may impact the ability to respond optimally to pathogen challenge. Because of this, 

it would be beneficial to be able to monitor the immune health of the pregnant animals closely. 

Recently, we developed a new nanoparticle-enabled rapid blood test that can detect ongoing 

immune responses from both laboratory and farm animals. Here, we report that this novel test 

reveals highly repeatable and acute changes associated with pregnancy and peri-parturition period 

in laboratory mice and in cattle. We hypothesize that the test score change reflects changes in the 

immune status of the gravid females related to the humoral immune response. The test is easy to 

conduct, of low cost, with results obtained in less than 20 min. This rapid test could be potentially 

used as an onsite test in local farms and small clinics for animal health management.
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1. Introduction

Pregnancy represents a unique immune state in which humans and animals are more 

vulnerable to infectious disease. The underlying mechanisms leading to enhanced 

susceptibility in pregnant females are not entirely clear, but it has been suggested that there 

is an overall immune suppression [1] that goes beyond the maternal fetal interface to keep 

inflammation under control. Alternatively, it has been proposed that changes in the Th1/Th2 

response potential [2–7] can result in suboptimal immune-mediated attack against invading 

microbes. Th1 responses are directed by CD4 T cells that are polarized into specialized 

T helper type 1 lymphocytes by inflammatory factors in the priming environment. Th1 

cells mainly stimulates cell-mediated immune response, while Th2-polarized CD4 T 

cells orchestrate responses characterized by strong antibody-mediated immunity and high 

antibody titer. Th1 immunity is more protective against intracellular pathogens such as 

viruses, and Th2 immunity is more important for protection against extracellular pathogens 

[2]. Pregnancy has been associated with a propensity towards Th2 polarization of naive CD4 

T cells [8–12] which may result in compromised immunity against intracellular pathogens 

and viruses. It is thought the teleological reason behind this state at the maternal fetal 

interface is that it helps to protect the developing fetus against damaging cell-mediated 

responses triggered by recognition of allo-antigens that usually trigger strong Th1 activation. 

Th2-mediated responses that feature more robust antibody production and less cell-mediated 

attack have been suggested to present a reduced threat to the fetus. Such immune alterations 

in the periphery could compromise the ability of pregnant females to combat pathogens 

[13–17]. Additionally, several components of the innate immune system are differentially 

regulated during the gravid state, including elements of the complement system [18,19].

Despite the significance of the Th1/Th2 immunity balance in the general health and 

productivity of pregnant and non-pregnant agricultural animals, there is no convenient 

diagnostic test in the market that can be used for rapid assessment of the immune health 

of agricultural animals in farm and veterinary clinic settings. Techniques and methods that 

are commonly used in the laboratory to evaluate the immune status and functions, such as 

flow cytometry to analyze immune-related cells and immunoassays to quantify the level of 

antibodies and cytokines, are complicated, require expensive instruments, and take hours to 

days to obtain the results. These techniques and tests are thus not suitable for rapid testing 

and screening of farm animal immune health, especially when dealing with larger numbers 

of animals.

Recently, we have reported a rapid blood test, D2Dx (from Diameter to Diagnostics), that 

can effectively detect antibody-mediated immune response from laboratory mouse models 

and cattle [20,21]. This test uses a gold nanoparticle (AuNP) as a pathogen substitute to 

probe changes in constituents in the blood related to levels of different antibody isotypes 

and factors of the complement system from human or animal blood (Fig. 1). Upon mixing 

the AuNP reagent with a blood serum, proteins from the humoral immune system including 

IgG, IgM, and complement proteins, will interact with the gold nanoparticles in a way 

similar to what happens in vivo [20]. This interaction is measured and quantified by 

monitoring the average nanoparticle size change of the assay solution using a relatively low-

cost instrument called dynamic light scattering (DLS) [22–26]. The test result, expressed 
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as a test score (Fig. 1), is obtained within 20 min after blood serum is collected. A 

portable DLS device developed by Nano Discovery Inc., D2Dx-R, can be operated in 

small veterinary clinics or on farm sites to perform the test with minimum facility and 

personal training. Using this test, we were able to detect acute changes in the serum that 

are associated with infection and more longer-term changes associated with aging [20]. 

The assay reveals similar results in inbred laboratory mice housed in specific pathogen-free 

conditions and in outbred cattle populations. We also identified that IgG and IgM antibody 

isotypes as well as complement proteins in the serum as key molecules that impact the test 

scores reported in our assay [20].

Indeed, given the potential for the rapid onset of serious health issues in pregnant cattle it 

is vital to develop diagnostics that can identify high risk animals quickly, at a low cost, and 

ideally in the field. Our newly developed assay may represent such a platform as it requires 

only a few drops of blood and can be completed within a few minutes using a mobile device. 

We show here proof-of-principle that our assay can not only detect changes in the serum 

associated with different stages of pregnancy, but can help to identify at risk individuals 

including gravid cattle suffering from infection. These studies thus have direct relevance to 

improving the management and health of livestock.

2. Material and methods

2.1. Murine models, breeding, and blood collection

All animals were housed at the University of Central Florida at Lake Nona Vivarium in 

specific pathogen free conditions. All experimental animal procedures were approved and 

conducted in accordance with the University of Central Florida’s Animal Care and Use 

Committee guidelines. BALB/c and C57BL/6 mice were bred at the University of Central 

Florida at Lake Nona Vivarium.

C57BL/6 breeding pairs were introduced at 7 weeks of age. BALB/c breeding pairs were 

introduced at 5 weeks of age. Additional female mice that were not placed in breeding 

but with matching ages were used to collect control blood samples. Blood samples were 

collected from each mouse every 7 days until the study ended. Peripheral blood was 

obtained from mice by submandibular bleeding. Blood samples were collected into 2mL 

microcentrifuge tubes. Immediately after obtaining the blood sample, the tubes were placed 

in an upright position for 1 h to allow complete blood clotting. The tubes were centrifuged 

using an Eppendorf Minispin for 5 min at 10,000 g. The serum was removed to a clean 

microtube and used immediately for testing.

2.2. Bovine blood collection and processing

Bovine blood samples used for the study were obtained from two sources. For data presented 

in Fig. 4, bovine blood samples were collected by Dr. CJ Haase from CJ Haase Veterinary 

& Immunological Service (Reeseville, WI). Holstein cows were housed at an individual 

private sand free stall dairy farm in south central Wisconsin. The herd consists of 900 total 

animals. Study procedures were reviewed and approved by the farm owners and overseeing 

veterinary staff. All animals were found to be in good health based on physical exam by 
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overseeing Veterinarian and lack of concurrent treatments found on Dairy Comp 305 (Valley 

Agricultural Software, Tulare, CA). Blood was collected from the coccygeal vein at time of 

herd health. For data presented in Fig. 5: Blood was sampled from the coccygeal vein before 

morning feeding during the transition period at −30, −15, −7, 5, 10, and 30 days relative 

to parturition. Samples were collected into evacuated serum tubes (BD Vacutainer, Becton 

Dickinson and Co., Franklin Lakes, NJ) containing clot activator for serum. After blood 

collection, tubes were kept at 21 °C until centrifugation (~30 min). Serum was obtained by 

centrifugation at 1900×g for 15 min at 4 °C. Aliquots of serum were frozen (−20 °C) until 

further analysis.

2.3. D2Dx test

Gold nanoparticles (AuNPs) used for this study were provided by Nano Discovery Inc. 

(Orlando, FL). The chemical composition of the AuNP is proprietary. The AuNP has an 

average diameter of 90 nm. The D2Dx blood test was performed using a D2Dx-R dynamic 

light scattering reader from Nano Discovery Inc. (Orlando, FL). All size measurements were 

conducted at an ambient temperature of 25 °C [20].

To perform the blood test, 3 μL of blood serum was mixed with 60 μL of AuNP solution. 

The mixture was vortexed for about 10 s and then incubated at room temperature. The 

particle size of the assay solution was measured using D2Dx-R after 20 min of incubation 

at room temperature (D2). The particle size of the original pure AuNP was measured by 

D2Dx-R, and denoted as D1 (90 nm). The ratio of D2/D1 was calculated and reported here as 

the D2Dx test score.

2.4. Statistical analyses

P values as presented in the figures were determined by either two-tailed unpaired Student’s 

t-test. P values < 0.05 were considered as significant difference. The numbers of asterisks 

indicate significance levels of P values, for example, the symbols of *, **, ***, and 

**** represent P values of ≤0.05, ≤0.01, ≤0.001, and ≤0.0001, respectively. If there is 

no significant difference (P > 0.05) between the groups, the results are presented as “ns”, 

namely, not significant. The correlation coefficient labeled in Fig. 4B was calculated using 

the CORREL function in Excel.

3. Results

3.1. Murine model study

Two laboratory mouse strains were used in this study: C57BL/6 and BALB/c mice are 

representative of mouse strains with more Th1- or Th2-dominant immunity, respectively 

[4,27]. Prior to studies on pregnancy, we conducted D2Dx tests on non-breeding C57BL/6 

and BBALB/c mice housed in the same facility to see if the test may be able to detect 

the Th1/Th2 immunity balance difference between these two mouse strains. In Fig. 2A, 

the D2Dx test results of these two mice strains are presented across comparable ages. The 

number of individual mice across the three age groups was 7, 3, 8 for C56BL/6 mice, and 

4, 20, 6 for BALB/c mice. At all three age groups, the BALB/c mice exhibited higher test 

scores than C57BL/6 mice. Using another set of mice (6 C57BL/6 mice and 4 BALB/c 
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mice), the exact same trend was observed: at the same age, the D2Dx test score of BALB/c 

mice was always higher than C57BL/6 mice (Fig. 2B). These results demonstrate that the 

D2Dx test reveals similar trends in mice with distinct genetic backgrounds known to favor 

Th1 or Th2 response phenotypes in at least certain situations.

We then repeated this analysis in breeding pairs of C57BL/6 and BALB/c mice through 

several rounds of pregnancy. For C57BL/6 mice, three breeding pairs were monitored 

weekly from 7 to 17 weeks of age. Blood samples were collected weekly from each 

breeding mice from 7 to 17 week. Additionally, three female littermates of the breeding 

females, but not involved in breeding, were used as negative controls to compare to gravid 

females and collected from 10 to 13 week. For BALB/c mice study, two breeding pairs and 

two female controls were monitored. All breeding pairs were 5 week-old when breeding 

began. Blood samples from breeding pair were collected and tested from 5 to 14 week, while 

the blood samples from female control mice were collected and tested from 7 to 14 week.

Fig. 3A and B presents the D2Dx test scores over the whole study period. The test score of 

each female breeding mouse is shown individually. The test scores of male breeding mice 

and female control mice (non-gravid) were averaged separately and presented over time. 

For both mice strains, we found the D2Dx test score of all pregnant mice increased sharply 

approximately 7–10 days before parturition. Following the dropping of litters, the test scores 

generally decreased, although not to the same level prior to pregnancy. The breeder cages 

were involved in a continuous breeding scheme, meaning that additional pregnancies were 

expected to occur in the female mice over time. Indeed, when the mice became pregnant 

again, the test score increased again. Thus, each spike in the curves of the female breeding 

mice over time represents roughly one cycle of pregnancy and parturition. In contrast, the 

test scores of male partners and female non-breeding controls all remain rather steady or 

increased slightly over time. This slight increase is in line with what we have observed 

previously from a longer-term age-dependent study of C57BL/6 and BALB/c mice [20]. 

The typical gestation period of mice is 18–21 days. We hypothesize that the D2Dx test can 

detect significant shifts in blood constituents that might be related to humoral capacity of the 

gravid mice from middle to late pregnancy, i.e., 7–10 days before parturition.

3.2. Bovine study

Given the findings above, and that we previously found the D2Dx test score to reveal similar 

patterns in mice housed in controlled specific-pathogen free conditions and in cattle in the 

field, we next tested bovine blood samples collected from two different locations. In one 

study, blood samples were collected from 79 pregnant dairy cows from a dairy farm in 

Wisconsin. These cows were at different stages of pregnancy. We divided the cows into 

several groups according to their DCC value (days carrying calf), with each group covering 

an approximately 50 day span of DCC. Fig. 4 shows the average test score of each DCC 

group. As a general trend, the D2Dx test score increased steadily as pregnancy progressed 

(Fig. 4A), similar to what was observed from breeding mice. This test score increase over 

DCC can be roughly fit into a linear curve, with a coefficient of determination R2 = 0.95 

(Fig. 4B).

Zheng et al. Page 5

Sens Int. Author manuscript; available in PMC 2022 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In another study, we analyzed blood samples from 20 Holstein cows during the peripartal 

period, at −30, −15, −7, 5, 10, and 30 days relative to parturition. Among the 20 cows, 8 

were healthy, 8 were subsequently found to have developed ketosis, and 4 were diagnosed 

with mastitis after calving. Data presented in Fig. 5A are the average test score of each 

group of cows (healthy, ketosis, and mastitis) during the study period. Fig. 5B is the same 

plot as Fig. 5A, without standard deviation, but with the average test score of each cow 

group combined for each sampling day. Fig. 5C is the average test score of healthy, ketosis 

and mastitis group on day −30 and day −15 combined. From Fig. 5A and B, even though 

the sample size is relatively small, a clear trend was observed: roughly the test score was the 

highest just before calving (day −30 and −15). Close to calving and after calving, the test 

score decreased gradually. Furthermore, we observed that the test score of the healthy group 

appeared to be able to return to or close to non-pregnant value more quickly than the ketosis 

and mastitis group. On day 30 after calving, the healthy group maintained a low-test score, 

while the test score of ketosis and mastitis group increased again to a substantially higher 

level. The post-calving test scores of the healthy group on day 10 and day 30, roughly at a 

value between 3.0 and 4.0, are very close to the average test scores of cows in very early 

pregnancy (as shown in Fig. 4).

Additionally, if we combine the test scores of each cow before calving on day −30 and 

−15, one can see that the average test scores of the ketosis and mastitis group are higher 

than the healthy group (Fig. 5C, p value for normal-ketosis group is 0.02; and p value for 

normal-ketosis/mastitis combined group is 0.01). These data suggest that the D2Dx test is 

sensitive enough to determine differences in components of humoral immunity regulated 

by the gravid state from those changes that are induced in gravid (or postpartum) animals 

by concurrent infection. It is acknowledged here that the number of cows used in this 

observational study is quite limited. More studies need to be conducted to confirm the 

difference between healthy and high-risk cows. However, the pattern of increasing test score 

with progressing pregnancy in general is clear.

4. Discussion

Overall, our study demonstrates that D2Dx test can effectively detect acute changes in 

systemic components related to immunity balance change during pregnancy and parturition. 

Our previously reported study established the use of D2Dx test to detect antibody-dependent 

immune responses in blood that also involve activation of the complement system [20,21]. 

Both our study in laboratory mice as well as our studies in farm cattle revealed significant 

and reproducible test score increases during pregnancy. The score reached the highest level 

just close to parturition and then started to decline around and immediately after parturition. 

Furthermore, our limited data observed from 20 transition cows suggests that unusually high 

D2Dx test scores may be linked to increased health risk of transition cows following calving. 

The exact basis of the increasing test scores in the gravid mice and cattle reported here are as 

yet unclear, but we hypothesize that they relate to changes in the absolute levels of specific 

antibody isotypes and/or complement components present in the blood. Whether or not the 

changes in test score related to pregnancy depend on the same changes in constituents of 

humoral immunity that we have defined during infection in our previous work requires 

future study.
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While alterations in immune response potential are likely unavoidable and necessary for a 

successful pregnancy, an unbalanced or suppressed response may expose the post-partum 

animals to an increased risk of diseases and other health problems. As found from the 

study of 20 transition cows, cows that developed mastitis and ketosis after calving exhibited 

exceptionally high-test scores (>10), significantly higher than the healthy transition cows. It 

may be possible to perform the D2Dx test on pregnant cows 30 to 15 days before calving, 

and use the test scores to predict the potential health risk level of the cows during transition 

period. For high risk cows, preventive treatment may be applied, while the low risk cows 

may be spared from excessive treatment, especially antibiotic treatment.

5. Conclusions

During pregnancy many physiological changes occur including shifts in immune response 

potential in animals and humans. While necessary for maintaining a successful pregnancy, 

suboptimal immune-mediated attack against certain invading microbes may result. It is thus 

important to be able to monitor the immune health of the pregnant animals closely. Here 

we demonstrate that our previously reported nanoparticle-enabled blood test, D2Dx, may be 

used to detect the changes in the immune status of both laboratory and farm animals. The 

test is easy to conduct, of low cost, with results obtained in less than 20 min. This rapid test 

could be potentially used as an onsite test in local farms and small clinics for cattle health 

management.
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Fig. 1. 
Illustration of the principle of D2Dx immunity test. In this test, a gold nanoparticle (AuNP) 

pseudo pathogen is mixed with a blood serum sample. Proteins that are major part of the 

humoral immune system, including IgG, IgM and complement proteins, will interact with 

the nanoparticles in a way similar to what happens in vivo. This interaction will lead to gold 

nanoparticle aggregate formation and the nanoparticle aggregates are detected by measuring 

the average particle size change of the assay solution using a particle sizing technique called 

dynamic light scattering. The test result is expressed as a test score, defined as the ratio of 

the average particle size of the assay solution product (D2) versus the average particle size of 

the original AuNP solution (D1). (For interpretation of the references to colour in this figure 

legend, the reader is referred to the Web version of this article.)
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Fig. 2. 
D2Dx immunity test score of two mouse model strains, C57BL/6 and BALB/c, from two 

studies. (A) The number of mice in the three age groups is 7, 3, 8 for C56BL/6 mice, and 

4, 20, 6 for BALB/c mice, respectively. (B) The ages of C57BL/6 and BALB/c mice are 

matched exactly. The test was conducted weekly for seven weeks, starting from week 7. The 

number of mice used in this study is 6 for C57BL/6 and 4 for BALB/c mice, respectively. 

Error bars represent the standard deviation of each mouse strain group.
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Fig. 3. 
D2Dx immunity test score change of C57BL/6 (A) and BALB/c (B) mice during pregnancy 

and parturition. For C57BL/6 group (A), 3330, 3331, and 3332 are three female breeding 

mice. For BALB/c group (B), 3380 and 3381 are the female breeding mice. Male average is 

the average test score of corresponding male mice partners to the female breeding mice (3 

for C57BL/6 group, and 2 for BALB/c group). Female controls are not placed for breeding. 

3 non-breeding female C57BL/6 and 2 non-breeding female BALB/c mice were used as 

negative controls. Breeding began when the C57BL/6 mice were 7 weeks old and the 

BALB/c mice were 5 weeks old. Blood samples were collected every 7 days from each study 

mouse.
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Fig. 4. 
D2Dx test score change of pregnant dairy cows with progressing DCC (days carrying calf). 

Total 79 cows were divided into 5 DCC groups. Each DCC group expands approximately 

50 days. (A) is the average test score of each DCC group. N = 5, 17, 14, 17 and 26 for 

DCC group 39–49 days; 50–99 days; 100–149 days; 150–199 days; and 200–258 days, 

respectively. (B) is the plot of the average DCC versus the D2Dx test score. The D2Dx-DCC 

correlation can be fitted into a linear curve, with an R2 value of 0.95.
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Fig. 5. 
D2Dx test score of dairy cows during transition period. Total 20 cows were studied. Among 

the 20 cows, 8 were observed as healthy, 8 developed ketosis, and 4 developed mastitis 

following calving. From each cow, 6 blood samples were collected on day −30, −15, −7, 5, 

10 and 30 before and after calving. (A) The average test score of each cow group (healthy, 

ketosis and mastitis), with standard deviation shown in the plot. (B) The same plot as (A), 

without standard deviation, but with the average test score of all 20 cows added in the plot. 

(C) is the average test score of healthy, ketosis and mastitis group on day −30 and −15 

combined.
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